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Metal-organic Frameworks for Catalysis

Liyu Chen and Qiang Xu

The design of efficient catalysts with high activity, selectivity, and stability is of vital importance for practical

applications. Metal-organic frameworks (MOFs) have been demonstrated to serve as a useful platform for the

design of effective heterogeneous catalysts. In this account, we systematically summarize the research progress of

pristine MOFs, MOF composites, MOF-derived nanomaterials for catalytic applications. We focus on the synthet-

ic strategies, structures, and their corresponding catalytic performances. We also proposed the challenges and op-

portunities in this research area.
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1. Introduction

Metal-organic frameworks, constructed by inorganic
nodes (metal ions or clusters) with organic linkers, have
attracted great attention over the past two decades as a
promising class of porous solid materials"” . MOFs have
several unique properties, such as high surface area, tun-
able composition, and versatile functionality, which have
provided them with high potential in a variety of
ﬁeldsH), especially in catalysislo’“)

The inorganic nodes of MOF's can behave as transition
metal catalysts. The inorganic units are well isolated and
homogeneously distributed throughout the framework.
The porous structure of MOFs allows the free diffusion
of substrates to access the active sites. Moreover, the sol-
id MOFs can be well recyclable after catalytic runs.
Therefore, MOFs combine the advantages of homoge-
neous catalyst with full usage of active sites and high re-
activity and heterogeneous catalysts with good recy-
clability.

The pore surface of MOFs can be rational functional-
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served.

ized through direct or post modification'” . The inorganic
nodes can immobilize active species (e.g., inorganic
acidic groups, organic molecules, and metal complexes)
and be exchanged with other catalytically active metal

13,14
nodes

). The organic linkers can be functionalized
with catalytically active organic groups, which can fur-
ther immobilize metal complexes for catalysis. The well-
developed methodologies for the functionalization of
MOF pore surface have greatly enhance the catalytic per-
formance of MOFs.

The pore structure of MOFs provides a great opportu-

15-17)

nity to immobilize a variety of guest species , such

as metal nanoparticles (NPs) "%19 The control of the
size, location, composition, and shape of metal NPs
within MOFs can greatly improve the properties of the
metal NP@MOF compositesm). Furthermore, the tuning
of the interactions between metal NPs and MOFs is im-
portant to activity and stability improvement.

Moreover, MOFs can act as outstanding precursors/
templates for the synthesis of nanostructures by high-

21-23) -
. Since our report on the use of

temperature pyrolysis
MOFs as precursors/templates for synthesis of porous
carbons in 200824>, a variety of nanomaterials have been
synthesized from MOFs, including carbon, metal oxides,
metal/metal chalcogenides/metal phosphides on carbon,
and metal on metal oxides. MOF-derived nanostructures
have shown high chemical and mechanical stabilities,

large specific surface areas, tunable pore structures and



various functionalities, which have greatly extended the
catalytic applications of MOFs, especially in electroca-
talysiszsm) .

The present article summarizes the research progress
of our group on the developments of pristine MOFs, met-
al NP@MOF composites and MOF derivatives for cata-
lytic applications. We have comprehensively discussed
the design, synthesis, structure, and catalytic perfor-
mance of the MOF-based materials, aiming to establish
the structure—performance relationship. Finally, we pres-

ent an outlook and prospective for future works with

MOF-based materials for catalytic applications.

2. Pristine MOFs for Catalysis

Pristine MOFs can be used directly as catalystszg). The
inorganic nodes of MOFs can act as metal catalyst and
the organic linkers containing free functional groups can

act as organocatalystszgf}l)

. Typically, when using the in-
organic nodes of MOFs as metal catalyst, the inorganic
nodes of MOFs should have coordination positions avail-
able for the binding and activation of substrates. Only a
few of as-synthesized MOFs can be directly used as cata-
lysts, allowing the exposure of the metal ions to sub-
strates by an expansion of their coordination sphere or a
reversible displacement of the organic linkers™ . Usually,
further treatment is required to expose the inorganic
nodes through removal of labile ligand (e.g., solvent
molecules and modulators) to fabricate coordinatively
unsaturated sites (CUSs) as Lewis acid catalysts. Rele-
vant examples of this type of MOFs, such as HKUST-1
(Cus (bte) 5 (H,0) 3, Hibtc = 1,3,5-benzenetricarboxylic
acid)’”, MIL-101 (CrsF (H,0) ;0 [ (0,C)-CHa-
(CO») ]3)34), Ui0-66 (Zr) 35), can generate Lewis acid
sites after the removal of labile ligands, which have been
successfully applied in a variety of chemical transforma-

tions, including liquid-phasez9,3o>

. 3738)
tions .

and gas-phase reac-

In 2006, we reported the first example of porous
MOFs as catalysts for the gas-phase transformation®” .
We constructed the functional MOFs by using the dis-
crete metal-organic cubic building block [NigLi,] >
(HsL =4,5-imidazoledicarboxylic acid), bridged by al-

kali-metal ions (Li" and Na') (Fig. 1). The obtained

Fig. 1. a) The cubic building block of 1 with the coordi-
nated and clathrated Lil ions. b) The 3D MOF of
{ [Liy; (NisL12) (H>0) 12]Lio (H20) 20t » (1) with
open channels. ¢) The cubic building block of
{ [Nazo (NisL12) (H20)25] (H20) 13 (CH;0H) 5t
(2) surrounded by the coordinated Nal ions. d)
The 3D MOF of 2 with open channels. Reprinted
with permissionm. Copyright 2006, Wiley-VCH.
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Fig. 2. FTIR spectra of CO ('’CO, “co, “co+"co)

adsorbed at room temperature on [Cu (mipt)

(H,0)](H;0), (1) activated at 250C (2113 cm™

for CO and 2064 cm ' for *CO). Adapted with

permissionm‘ Copyright 2007, American Chemical
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Society.

MOF bridged by Nal ions exhibited high and stable cata-
lytic activity in the CO oxidation to CO,. The reaction

rate and the activation energy over the MOF catalyst



(3)

were between those of NiO and Ni-Y zeolite. In addition,
the MOF catalyst showed stable activity for the initial 20
minutes, while the activity of Ni-Y zeolite and NiO de-
creased rapidly and took more than 50 minutes to reach
steady state.

In the subsequent study, we constructed a new MOF,
Cu (mipt) (mipt= 5-methylisophthalate), possessing co-
ordinated-unsaturated Lewis acid sites on the interior of
channel walls, which exhibited highly active and stable
catalytic performance in the oxidization of CO to C0238).
After activation at 250C in air for 3 h, the as-synthe-
sized MOF catalyst showed 100% CO conversion at
200C. The activity of the MOF catalyst was similar or
higher than those of CuO and CuO/AlL,Os. The acidity of
the MOF catalyst was examined by 2CO and "CO isoto-
pic probe molecules (Fig. 2). IR spectra showed the for-
mation of mono-CO species on the Cu center in the de-
hydrated MOF, while the signal was not observed in the
nonhydrated MOEF.

3. MOF Composites for Catalysis

The porous structure of MOFs enables MOFs to im-
mobilize a variety of catalytically active guest species in
the pores, which can greatly enhance their catalytic ac-
15-17)

tivity . Metal NPs with high chemical activity and

specificity have attracted great attention to be immobi-
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lized infon MOFs for the synthesis of MOF-metal NP
compositesls’”). It has been demonstrated that the size,
location, composition, and shape of metal NPs in MOFs
can greatly determine the performance of the MOF—met-
al NP composites4°743>. Therefore, it is of great impor-
tance to control the nucleation and growth processes of
metal NPs in MOFs. In this regard, our group have de-
veloped a variety of effective strategies to immobilize
mono- and bimetallic NPs in MOFs, which have shown
high catalytic activity, selectivity and stability in many
catalytic transformations, including oxidation of CO, hy-
drogenation, dehydrogenation of chemical hydrogen
storage materials.
3.1
In 2009, we reported the deposition of Au NPs on
ZIF-8 (Zn (MeIM) 5, MeIM = 2-methylimidazole) with

a simple solid grinding method*” . ZIF-8 and volatile or-

MOFs immobilized monometallic NPs

ganogold complex (CH;) >Au (acac), acac = acetylace-
tonate) was first ground uniformly in air, followed by
treatment in a stream of 10 vol% H, in He at 230C for
2.5 h to yield Au@ZIF-8. The obtained Au@ZIF-8 com-
posites were catalytically active in CO oxidation (Fig.
3). With the increase of Au loadings, the activity of the
Au@ZIF-8 composites improved, as demonstrated by the
decrease of the temperatures for 50% conversion (225,
200, 185, and 170C, for 0.5, 1.0, 2.0, and 5.0 wt% Au@

Conversion—temperature curves for CO oxidation over Au@ZIF-8 catalysts with different Au loadings after repeated

catalytic runs (left). TEM images of 1.0 wt% (a and b) and 5.0 wt% (c and d) Au@ZIF-8 before (a and ¢) and after
(band d) catalytic reaction (right). Adapted with permissionw. Copyright 2009, American Chemical Society.



MIL-101

Fig. 4. Schematic representation of synthesis of Pt nanoparticles inside the MIL-101 matrix using double solvents method. Re-

1) Double solvents method =
H,PtCl;/H,0 (smallamount) /-
Hexane (large amount) if

2) Hy/He reduction
200°C,5h

Pt@MIL-101

printed with permission%) . Copyright 2012, American Chemical Society.

ZIF-8 composites, respectively). This work represents
the first example of a porous MOF immobilized noble
metal NPs for gas phase catalysis. In order to prepare
low cost and efficient catalysts, we further synthesized
and investigated the catalytic performance of MOFs im-
mobilized non-noble metal NPs. In 2012, we reported the
immobilization of highly dispersed Ni NPs on ZIF-8 via
a sequential deposition—reduction method®”’. The ob-
tained Ni/ZIF-8 composites showed high catalytic activi-
ty and durability in the hydrolysis of aqueous ammonia
borane (NH;BHj3, AB) for hydrogen generation. At
room temperature, 19.0 wt% Ni/ZIF-8 could completely
transform AB to H, in 13 min, giving a turnover frequen-
cy (TOF) value of ~14.2 moly, moly; ' min'. More-
over, no significant decrease in catalytic activity could be
observed even after 5 runs. This work presents the first
successful example of MOF-supported metal catalysts
for the dehydrogenation of AB.

Traditional methods for the synthesis of metal NPs in
MOFs would inevitably afford metal NPs deposited on
the external surface of MOFs, which would easily aggre-
gate during the reaction condition, resulting in catalyst
deactivation. To address this challenge, we have devel-
oped a “double solvents” method to immobilize ultrafine
Pt NPs inside the pores of MIL-101 without aggregation
of Pt NPs on the external surface of framework™ . This
method is based on the dissolution of metal precursors
(H,PtClg) in a hydrophilic solvent (water) with a vol-
ume set equal to or less than the pore volume of the ad-
sorbent (MIL-101) and a hydrophobic solvent (hexane)
in a large amount to suspend the adsorbent and facilitate

the impregnation process (Fig. 4). Further treatment in a

stream of Hy/He (50 mL min /50 mL min ') at 200C
for 5 h yielded Pt@MIL-101. Electron tomographic re-
construction showed that Pt NPs with an average size of
1.8 0.2 nm were uniformly distributed in MIL-101
framework. The as-synthesized Pt@MIL-101 exhibited
excellent catalytic activities for reactions in all three
phases (i.e., liquid-phase AB hydrolysis, solid-phase AB
pyrolysis, and gas-phase CO oxidation). In the hydroly-
sis of AB, 2 wt% Pt@MIL-101 completely converted
AB to H; within 2.5 min, with a TOF value of 1.0 % 10°
Lii, molp; ' min . In the pyrolysis of AB, AB dehydroge-
nation in the pores of Pt@MIL-101 showed lower dehy-
drogenation temperature and higher H; selectivity com-
pared with pure AB and pristine MIL-101. In CO
oxidation, Pt@MIL-101 also showed high activity,
achieving complete conversion of CO at 150C. This
work represents the first example of highly active MOF-
immobilized metal nanocatalysts for catalytic reactions
in all three phases. The “double solvents” method has
been successfully extended to the synthesis of Pd NPs
within MOFs. The obtained Pd@MOF composites
showed high activity and stability in reduction of 4-nitro-
phenol (4-NPh) by sodium borohydride (NaBH4)47>,
hydrodeoxygenation of vanillin*’, reduction of Cr (VI)
using formic acid” .

The interactions between metal NPs and MOFs play
an important role in determining the reactivity of metal
NP@MOF composites. However, in the pores of MOFs,
the presence of organic linkers separates the inorganic
nodes from the guest metal NPs, resulting in weak inter-
actions between MOFs and the immobilized metal NPs.

Very recently, we demonstrated a new concept of “quasi-
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0, activation

Fig. 5. Schematic illustration of the calcination-induced structure changes of the Metal/ MOF Composites. At 373 K, the guest

H,0 molecules are released from MIL-101. At 473 K, accessible Cr—O sites are created upon removal of the coordinat-

ed H>O molecules and OH/F groups. More accessible Cr—O sites on “quasi-MIL-101" can be fabricated at 573 K as a

result of the release of CO; on the terephthalate ligand. However, a harsh temperature above 673 K results in the col-

lapse of the framework. The deligandation-induced accessible Cr—O sites can uptake and activate O, molecules and

then release active oxygen species to the CO molecules adsorbed on the Au NPs near the Cr—O sites for the oxidation of

CO. Reprinted with permissionSO). Copyright 2018, Elsevier Inc.

MOFs” fabricated through a controlled deligandation
process, which could realize both a porous structure and
a strong interaction between the inorganic nodes and the
guest metal NPs™ As a proof of concept, we calcined
Au/MIL-101 at different temperatures (i.e., 373, 473,
573, 673, and 1073 K) under an inert atmosphere to tune
the interface between Au NPs and inorganic Cr—O nodes
(Fig. 5). Characterizations demonstrated that MIL-101
underwent release of guest H,O at 373 K, followed by
removal of coordinated H,O and OH/F groups on the
Cr—O nodes at 473 K, consequent release of CO, from
the terephthalate ligand to form quasi-MIL-101 at 573 K,
and finally collapse of the framework along with carbon
formation above 673 K. In the CO oxidation, the cal-
cined Au/MIL-101 samples showed enhanced activity
compared with the non-calcined Au/MIL-101. With the
increase of calcination temperatures from 373 to 573 K,
the catalytic activity increased. Further increasing the
calcination temperature above 673 K resulted in a re-
markable decrease in activity. Aw/MIL-101 (573) exhib-
ited the highest activity, maintaining 100% CO conver-

sion up to 1700 min. The exhibited superior catalytic
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Fig. 6. Time-course plots for hydrogen generation from
formic acid in the presence of 20 mg of different
metal NP catalysts, 140 mg of formic acid, 70 mg
of sodium formate, and 1.0 mL of water at 90C.
Adapted with permissionsa). Copyright 2011,
American Chemical Society.

performance of Au/MIL-101 (573) is due to the en-
hanced metal—support interaction to show synergistic ef-
fect between the accessible Cr—O sites and Au NPs to co-
operatively activate O, and CO molecules to form CO,.

This controlled deligandation-transformation strategy is



a general method for the fabrication of quasi-MOFs,
which can greatly improve the performance of existing
MOFs.
3.2 MOF immobilized bimetallic NPs

Upgrading the monometallic NPs to bimetallic NPs
with controlled compositions can largely enhance the
properties due to the bimetallic synergistic effects’™ |
In 2011, we immobilized bimetallic Au—Pd NPs in MIL-
101 and ethylenediamine (ED)-grafted MIL-101 (ED-
MIL-101) using a simple liquid impregnation method

Y In the

coupled with reduction under a H,/He stream
hydrogen generation from formic acid, Au—Pd/MIL-101
could completely convert 140 mg of formic acid to H,
and CO; in 145 min at 90C (Fig. 6). Further grafting the
electron-rich functional group ethylenediamine (ED)
into MIL-101could improve the interactions between the
metal NPs and the MIL-101 support, thus allowing Au—
Pd/ED-MIL-101 to show superior catalytic activity (with
complete conversion in 65 min). Under the similar reac-
tion condition, Au/ED-MIL-101 had no catalytic activity
and Pd/ED-MIL-101 released only 10% hydrogen due to
catalyst poisoning by CO, implying the synergistic effect
between Pd and Au. Moreover, Au—Pd/ED-MIL-101
showed high stability/durability, with the productivity of
hydrogen remained almost unchanged after five runs.
This work represents the first example of highly active
MOF-immobilized metal catalysts for hydrogen genera-
tion from chemical hydrogen storage materials.

Considering that the cost of noble metals will restrict

V;olution < Vpore of MOF

A NPT @AuNi NPs

FERY (6)

their practical applications, the introduction of a transi-
tion metal to afford bimetallic NPs can not only reduce
the usage of noble metal, but also elicit unique proper-
ties. However, non-noble metal precursors have low re-
duction potentials thus require high reduction tempera-
tures when using hydrogen reduction method, which is
not suitable for MOFs with low thermal stabilities. In
this regard, we have developed a liquid-phase concentra-
tion-controlled reduction (CCR) strategy coupled with
the “double solvents” method to control the size and lo-
cation of non-noble based metal NPs in the pores of
MOFs (Fig. 7)54). Au’" and Ni** precursors were first
introduced into the pores of MIL-101 by the “double sol-
vents” method. When a high concentration of reductant
(NaBH,) solution was employed, ultrafine AuNi alloy
NPs were successfully encapsulated into the MOF pores
without aggregation on the external surface. In contrast,
using a low concentration of NaBH4 solution resulted in
serious agglomeration of AuNi alloy NPs on the external
surface of MOFs. In the hydrolytic dehydrogenation of
ammonia borane, AuNi@MIL-101 catalysts gave a TOF
value of 66.2 moly, mole ' min ', which was higher
than that of AuNi/MIL-101 with some AuNi NPs depos-
ited on the external surface (35.3 moly, mole | min ').
AuNi@MIL-101 catalysts showed higher activity com-
pared with the monometallic counterparts, attributing to
a synergistic effect between Au and Ni. Moreover,
AuNi@MIL-101 showed high durability, keeping the ac-

tivity almost unchanged after five runs. This work opens

Fig. 7. Schematic representation of immobilization of the AuNi nanoparticles by the MIL-101 matrix using the DSM combined

with a liquid-phase CCR strategy. Reprinted with pennission54). Copyright 2013, American Chemical Society.



new avenues for developing MOFs immobilized ultrafine
metal NPs, especially non-noble metal-based NPs, for
catalytic applications. Moreover, we further extended
this method to the immobilization of other non-noble
metal-based alloy NPs (e.g., AuCo® and RuNi56>) and
non-noble bimetallic alloy NPs (e.g., CuC057)) in MIL-
101, showing high catalytic activity and durability for
hydrogen generation from dehydrogenation of AB.
Bimetallic core—shell NPs have attracted a great atten-
tion due to their unique properties and specificities,
which are different from their monometallic counterparts
and alloy. However, it is more challenging to immobilize
bimetallic core—shell NPs to MOFs. In 2011, we report-
ed, for the first time, the immobilization of core—shell
Au@Ag NPs on ZIF-8 by a sequential deposition—reduc-
tion method’”. The synthesis of Au@Ag core—shell NPs
on ZIF-8 was proceed via sequentially immersing ZIF-8
in aqueous solutions of Au and Ag precursors, with re-
spective reduction and drying (Fig. 8). The reversed de-
position sequence for Ag and Au yielded Au@AuAg
NPs. In the reduction of 4-nitrophenol by NaBH4, mono-
metallic Au/ZIF-8 showed no catalytic activity, and Ag/
ZIF-8 proceeded slowly with “induction period”. The cat-

™
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alytic activity was significantly improved by using core—
shell Au@Ag/ZIF-8 as catalysts. Further tuning the ratio
of Au/Ag pointed to an optimized Au/Ag ratio of 2/2,
showing the highest activity with a rate constant to be
497X 107 s . This work opens a new avenue in the de-
velopment of MOFs supported bimetallic core—shell NPs
for catalytic applications.
3.3 MOF immobilized polyhedral metal nano-
crystals

Metal nanocrystals with different facets can show ex-
tremely different chemistries. The immobilization of
polyhedral metal nanocrystals on MOFs can greatly
broaden the metal NP@MOF family to show promising
properties for catalytic applications. In 2013, we reported
for the first time the fabrication of polyhedral metal
nanocrystals on MOFs by a CO-directed reduction strate-
gy59). M (acac) , (M = Pt, Pd or Pt/Pd) was first im-
pregnated into the preactivated MIL-101 by incipient
wetness method, followed by treatment in a stream of
CO/Hy/He (40/10/50 mL min"') at 200°C for 1 h to pro-
duce PUMIL-101, Pd/MIL-101, and PtPd/MIL-101 (Fig.
9). Transmission electron microscopy (TEM) showed

that most of the metal crystals in Pt/MIL-101, Pd/MIL-

< &, 28
N -

Fig. 8. Schematic illustration for the preparation methods. Reprinted with permissionSS). Copyright 2011, American Chemical

Society.

M = Pt, Pd, PtPd

Fig. 9.

Schematic illustration of the formation of cubic Pt, tetrahedral Pd, and octahedral PtPd metal nanocrystals on MIL-101

support in the presence of CO and H,. Reprinted with permission59>. Copyright 2013, American Chemical Society.
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101 and PtPd/MIL-101 were cubic (88%), tetrahedral
(80%), and octadedral (65% ), respectively. During the
reduction process, CO directed the growth of metal
nanocrystals. Due to the stronger binding of CO mole-
cules to Pt (100) and Pd (111) facets, the growth of Pt
(100) and Pd (111) planes were inhibited, resulting in
the formation of cubic Pt and tetrahedral Pd nanocrys-
tals. In the CO oxidation reaction, all the MIL-101 sup-
ported metal nanocrystals were found to be highly active.
Pt/MIL-101, Pd/MIL-101, PtPd/MIL-101, and Pt@Pd/
MIL-101 achieved the complete conversion of CO at
175, 200, 175, and 200°C, respectively. This work opens
a new avenue in the development of MOF immobilized
metal nanocrystals with different shapes and composi-

tions for heterogeneous catalysis.

4. MOF Derivatives for Catalysis

MOFs can be used as precursors/templates for the syn-
thesis of nanostructured materials (such as porous car-
bons, metal oxides, metal/carbon, metal/metal oxide).
Since our report in 200824>, the thermal transformation
strategy has enabled the synthesis of a variety of func-
tional nanomaterials with good performance in many
fields, especially in catalysis.
4.1 Porous carbon-based materials

In 2008, we demonstrated the synthesis of porous car-

FA introduction

bare ZIF-8

porous carbon

bons using MOF-5 as a precursor/template and furfuryl
alcohol (FA) as an additional carbon source’”. De-
gassed MOF-5 was first heated at 150C in FA vapor, al-
lowing FA to be polymerized in the pores of MOF-5. The
polymerized FA/MOF-5 composite was calcined at
1000C for 8 h under an Ar flow. During the calcination
process, Zn metal vaporized away, leaving carbon spe-
cies alone. The obtained carbon material showed a large
Brunauer—Emmett—Teller (BET) surface area
(2872m’ g ') and a large pore volume (2.06cm’ g ).
In the subsequent study, we detailed studied the influence
of the carbonization temperature to specific surface area,
pore size distribution, and electrical conductivity of the
obtained carbon materials® . MOF-5 accommodated FA
was carbonized at five different temperatures, e.g., 530,
650, 800, 900, 1000C. With the increase of carboniza-
tion temperatures, the BET surface areas showed a “V”
shape. In addition, among all the carbon materials, the
carbon material obtained by carbonization at 530C
showed poor electrical conductivity due to the low car-
bonization temperature.

The doping of heteroatoms in carbon structures can
enhance the properties of carbon materials. Heteroatom-
containing MOFs (e.g., ZIFs) can be employed as pre-
cursors/templates to synthesis heteroatom-doped carbon

materials in one step. In this regard, we used N-contain-

Fig. 10. Schematic illustration of the preparation procedure for nanoporous carbon (the cavity in ZIF-8 is highlighted in yel-

low) . Reprinted with permission(’I ), Copyright 2011, American Chemical Society.
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(d) Koutecky—Levich plots for NC900 obtained from the LSV curves in (c) at various potentials. Adapted with per-
mission® . Copyright 2014, American Chemical Society.

ing ZIF-8 as both a precursor and a template and FA as a
second precursor to prepare N-doped porous carbon
(Fig. 10) Y The carbon material obtained by carboniza-
tion at 1000C possessed a large BET surface area of
3405 mz/g and a pore volume of 2.58 cm3/g. Another
strategy to synthesize heteroatom-doped carbon is intro-
ducing heteroatom precursors (e.g., small organic mole-
cules and ionic liquidsm) into the pores of MOFs to
act as heteroatom sources in the carbonization process.
In 2014, we synthesized N-doped carbon materials using
ZIF-8 as a template and precursor along with furfuryl al-
cohol and NH4OH as the secondary carbon and nitrogen
sources, respectively&). FA and NH4OH were first intro-
duced into the cavities of activated ZIF-8, followed by
calcination at different temperatures (e.g., 600, 700, 800,
900, or 1000°C ) with subsequent HF washing to N-deco-
rated carbon materials (denoted as NCx, x represents the
calcination temperature) . NC900 and NC1000 had mod-
erate N contents, high surface areas, and large numbers
of mesopores, while NC800 had a high N content, a

moderate surface area, and large numbers of micropores.

In the oxygen reduction reaction (ORR), NC700,
NC800, NC900, and NC1000 showed onset potentials at
0.71, 0.76, 0.83, and 0.82 V, respectively (Fig. 11). The
Koutecky—Levich plots showed that N-rich NC800 fa-
vored the two-electron reduction process, while NC900
and NC1000 with moderate N favored the four-electron
reduction pathway. This work shows the great potential
of heteroatom-doped carbons derived from MOFs in
electrocatalysis.

The control of pore structures of carbon materials is
important for their on-demand applications. The carbon
materials derived from MOFs contain mainly micro-
pores, which are unfavorable for substrate diffusion in
catalytic applications. We have developed several strate-
gies to synthesize porous carbon materials with a hierar-
chical structure with micro- and mesopores derived from
MOFs. In 2014, we developed a ultrasonication treat-
ment strategy to assemble microporous ZIF-8 particles
into hierarchically porous ZIF-8 frameworks, which
could be transformed to 3-dimensional (3D) hierarchi-

cally porous carbon materials with micro-, meso- and
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Hollow C800

MIL-100(Al)
Carbonization
800 °C/Ar
Controlled
HF etching
—

Fig. 12. Schematic illustration of the formation of octahedral hollow carbon cage from a mesoporous MOF, MIL-100 (Al).

Reprinted with permission65>. Copyright 2015, Royal Chemical Society.

|

Capsular- MOF

+ Melamine

! Pyrolysis '
| Phosphidation

FeNiP/NCH CNTs

Fig. 13. Schematic illustration of the preparation process of FeNiP/NCH. Reprinted with permissionﬁg) . Copyright 2019,

American Chemical Society.

macroporesM). The large pores in the carbon materials
were originated from the spaces between the assembled
ZIF-8 particles. Alternatively, meso- and macropores can
be fabricated through post acid etching treatment after
carbonization of MOFs. We reported the synthesis of
hollow polyhedral carbons by using a mesoporous MOF
as a precursor/template followed by a controlled acid
etching treatment® . As a proof of concept, MIL-100
(A1), ALLO (OH) (H>0); (btc),, was calcined at 800C,
followed by hydrofluoric acid (HF) washing to give hol-
low carbons (Fig. 12). Pore size distribution showed that
the pore sizes of the obtained carbon mainly centered at
1-3 nm, with a peak centered at ~33 nm, reflecting the
hollow nature of carbon frameworks. Moreover, we re-
cently demonstrated that the surface area and pore vol-
ume could be greatly enhanced through incorporation of
pore-structure-directing agent, such as chitosan (CS)“).
CS was incorporated into MOF-5 during the synthesis of
MOF, followed by pyrolysis in an argon flow at 900C

and a subsequent acid treatment to remove the metal im-
purities to give hierarchically porous carbons (NPC).
The obtained NPC showed a high surface area
(2375m’ g ') a high total pore volume (2.49 cm’ g '),
and a high Vieso-macro/ Vimicro ratio (1.47). For compas-
sion, direct pyrolysis of MOF-5 resulted in a lower sur-
face area (1578 m’ gil), a lower total pore volume
(1.37 cm’ g_]), and a lower Vimeso-macro/ Vimicro Tatio
(0.73). Very recently, we demonstrated that energetic
MOFs (EMOFs) could act as precursors/templates for
the synthesis of carbon networks with hierarchically po-
rous structures induced by a large amount of gases gener-
ated during decomposition of the energetic ligandsm. A
triazole-based EMOF [Zn-(C,N3H,),] was doped with
transition metal (Co, Fe, or CoFe), which was further
carbonized to give atomically dispersed metal sites deco-
rated carbon networks (CoFe@C). In ORR, the obtained
CoFe@C showed a more positive half-wave potential

than that of commercial Pt/C in 0.1 M KOH electrolyte.
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Fig. 14. Scheme of synthesis of MOF-74-Rod, carbon nanorods and graphene nanoribbons. The thermal transformation of
MOF-74-Rod at 1000 results in the formation of carbon nanorods, which undergo unravelling by sonochemical

treatment followed by thermal activation to yield graphene nanoribbons. Reprinted with permission
2016, Nature Publishing Group.

'4 Hydrophobic solution
6 Hydrophilic solution

a) Encapsulation of secondary precursors TU and
CoCl; into the pores of MIL-101-NH, using the
DPEA. b) Formation of the [ (TU)4Co] Cl, coor-
dination compound in the pores of MIL-101-NH,.
¢) Pyrolysis of the MOF composite in Ar atmo-
sphere combining with a GIMC process and sub-
sequent etching of the unstable species with acid
to yield the honeycomb-like porous CooSg@CNS
T catalysts. Reprinted with permissionm. Copy-
right 2016, Wiley-VCH.

Rotating ring disk electrode (RRDE) investigation

showed that the electron transfer number was 3.9.

. Copyright

The morphology of carbon materials is a critical factor
that determines their performance in catalytic applica-
tions. The morphology control of MOF-derived carbon
materials is attractive, albeit challenging. In this regard,
we have developed a variety of strategies to prepare
MOF-derived carbon materials with diverse morpholo-
gies, including zero-dimensional (0D) polyhedral and
capsular structures, 1D rods and hollow tubes, 2D sheets
and ribbons; and 3D frameworks and honeycomb-like
structures. For the synthesis of MOF-derived carbon
composites with 0D capsular structures, we developed a
self-templated strategy to successfully fabricate an Fe—
Ni-based single-crystal open capsular-MOF, which could
be transformed to FeNiP NPs embedded in open capsular
carbons (FeNiP/NCH) through pyrolysis—phosphidation
with melamine (Fig. 13)68). The as-synthesized FeNiP/
NCH exhibited superior performance in oxygen evolu-
tion, hydrogen evolution, and oxygen reduction, and
achieved well-qualified assemblies of an overall water
splitting and a rechargeable Zn—air battery, outperform-
ing FeNiP/NCS and FeNiP/C composites derived from
solid MOF and FeNi-MIL-88B, respectively. In 2016, we
fabricated 1D carbon nanorods by self-sacrificial and
morphology-preserved thermal transformation of MOF-
74 with rod-shaped morphology (Fig. 14)6g>. A subse-
quent sonochemical treatment followed by thermal acti-
vation of the carbon nanorods could yield 2D graphene
nanoribbons with two- to six-layer thickness. Very re-
cently, we fabricated single-crystal MOF nanotubes via
an amorphous MOF-mediated recrystallization approach,
which acted as templates/precursors along with dicyandi-

amide as a nitrogen and a secondary carbon source to
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give long carbon nanofibers wrapped by carbon nano-
tubes with Co NPs on the topm). The resulting compos-
ites exhibited excellent electrocatalytic activity for ORR,
with a half-wave potential of 0.861 V vs RHE (RHE =
reversible hydrogen electrode). From K-L plots, the
electron transfer number was calculated to be 3.87-3.92
at potentials varying from 0.4 to 0.7 V. Furthermore, we
fabricated a unique 3D honeycomb-like porous carbon
nanostructure with immobilized CoySg NPs, using MOFs
as templates/precursors and thiourea (TU) and CoCl, as
the secondary precursors (Fig. 15)7]). TU and CoCl,
were introduced into the pores of MIL-101-NH, via a
double-phase encapsulation approach (DPEA), in which
a hydrophilic solvent (methanol-water solution) dis-
solved TU and CoCl, and hydrophobic solvent (n-hex-
ane) facilitated the impregnation process. Co (II) TU@
MIL-101-NH, was carbonized at various temperatures
under an Ar flow, followed by subsequent HF washing to
give N and S dual-doped honeycomb-like porous car-
bons with immobilized CosSg NPs (denoted as CoySs@
CNST). CooSs@CNS900 showed high electrocatalytic
activities toward ORR, with a half-wave potential of
—0.17 V, which was comparable to those of Pt/C
(=0.15 V). From the K-L plots, the electron transfer
number was calculated to be 3.94-3.99 at the potentials
ranging from —0.40 to —0.60 V. We further extended
the DPEA approach to the synthesis of atomically dis-
persed Fe/N-doped hierarchical carbon architecture’”
and N and S co-doped hollow cellular carbon nanocap-
sules” from MOF composites. Fe/N-doped hierarchical
carbon exhibited high catalytic performance for oxygen
reduction with a half-wave potential of —0.13 V, outper-
forming the benchmark Pt catalyst. K-L plots revealed
an electron transfer number of ~4.0 at —0.4to —0.6 V.
Very recently, we fabricated a spherical superstructure of
carbon nanorods (SS-CNR) derived from a spherical su-
perstructure of MOF nanorods (SS-MOFNR) ™. The
obtained SS-CNR preserved the chestnut-shell-like su-
perstructure originated from SS-MOFNR, with 1D po-
rous carbon nanorods on the shell, which was used as a
support for immobilizing ultrafine Pd NPs. In the dehy-
drogenation of FA, the as-synthesized Pd@SS-CNR
showed an exceptionally high activity with a TOF of

7200 h ' at 60C, which was about 6.3 times to that of
Pd@XC72. The exhibited superior performance of Pd@
SS-CNR could be attributed to the unique features of hi-
erarchical structure. The synthesis of carbon cages with
an open-wall structure and good contact with each other
is attractive. We constructed a hydrangea-like superstruc-
ture of open carbon cages through thermal transforma-
tion of metal ions doped core—shell MOFs™. Direct py-
rolysis of core—shell Zn@Co-MOFs produced open-wall
N-doped carbon cages. Further introducing guest Fe ions
into the core—shell MOF precursor yielded open carbon
cages assembled into a hydrangea-like 3D superstructure
interconnected by carbon nanotubes. The as-synthesized
composites exhibited superior electrocatalytic perfor-
mances toward OER and ORR, outperforming the RuO»
and Pt catalysts, respectively.
4.2 Carbon immobilized noble metal NP com-
posites

The carbon materials derived from MOFs can act as
ideal supports to immobilize catalytically active metal
NPs™ ™. We immobilized Pd NPs on porous N-doped
carbon obtained by direct carbonization of assembled
ZIF-8 NPs at different temperatures, denoted as Pd/ZC-x
(x=800, 900, 1000 and 1100°C)*”. Pd NPs were uni-
formly distributed in ZC-1000 with an average size of
2.4 nm. For comparison, Pd NPs supported on commer-
cial carbon black Vulcan XC-72R showed a larger size
(3.0 nm). In the methanol electrooxidation reaction
(MOR), the catalytic activity of Pd/ZC-1000 (45.20 mA
cm2) was 5 times higher than that of Pd/XC-72R (9.20
mA cm ). The superior activity of Pd/ZC-1000 could be
attributed to the high surface area, good conductivity, ni-
trogen doping of the carbon support and ultrafine Pd
NPs. Recently, we further demonstrated that an addition-
al treatment with ultrasonication in aqueous potassium
hydroxide (aqg KOH) could yield a hierarchically porous
carbon with micro- and mesopores to act as an excellent
support for Pd NpPs®!. AI-MIL-101-NH;, was employed
as a precursor to synthesize a N doped carbon composite
at 900C, followed by activation in aq KOH to remove
Al,O3, which was employed as a support to immobilize
Pd NPs (1.1 +0.2 nm). PA@CN900K showed high cata-

lytic activity in the hydrogenation evolution from formic
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Fig. 16. Schematic illustration of preparation of Au,Pd;@ (P) N-C nanocatalyst. Reprinted with permissionSZ). Copyright

2019, Wiley-VCH.

acid/sodium formate (FA/SF) solution, with a TOF val-
ue of 14400 h™'. Moreover, Pd@CN900K could retain its
activity over 5 cycles. The heteroatoms in carbon struc-
tures play an important role in stabilizing the immobi-
lized metal NPs. In previous studies, we demonstrated
that N species on carbon supports could enhance the dis-
persibility of metal NPs (especially Pd NPs), while they
are not sufficient for the dispersion of Au NPs. Very re-
cently, we developed a phosphate-mediation approach to
prepare highly active AuPd NPs on N-doped carbon ma-
terials (Fig. 16) 82 ZIF-8 was carbonized at 1000C un-
der an Ar flow followed by a subsequent acid etching to
afford a N-doped porous carbon. Then the N-doped car-
bon was treated with H;PO,4 in H,O to give a phosphate-
anchored carbon, which could anchor Au and Pd precur-
sors strongly. The subsequent reduction of metal
precursors in the alkaline solution removed the phos-
phate as well, affording highly dispersed AuPd NPs with
a mean diameter of 1.5+ 0.4 nm on the carbon support
(AuPd@ (P) N-C). In the dehydrogenation of FA reac-
tion, AuPd@ (P) N-C displayed an excellent catalytic
activity with a TOF value of 358.3 h™" without the addi-
tion of SF at 30°C. Moreover, AuPd@ (P) N-C showed
high durability, with no loss of activity for ten cycles.
Metal NP@carbon composites can also be prepared
through carbonization of metal NP@MOF composites.
As a proof of concept, we synthesized Ru@HKUST-1
composites by one-pot solvothermal reaction of Cu and
Ru precursors and H3;BTC, followed by carbonization at
800C to give Cu/Ru NPs (3—4 nm) embedded in car-

bon*’. In the hydrolysis of AB, Cu/Ru@C showed high
activity, giving a TOF value of 97 moly, mole, | min "
based on Ru. Moreover, Cu/Ru@C showed high stability
and durability, with the productivity of H, remained al-
most unchanged for five runs.
4.3 Metal oxide-based materials

In 2009, we demonstrated the first example of fabri-
cating metal oxide NPs through a one-step pyrolysis of
MOFs in air for the application as electrode materials for
batteries*”. A cobalt-based MOFE, Co;(NDC);(DMF),
(NDC = 2,6-naphthalene- dicarboxylate; DMF =N,N'-
dimethylformamide) , was selected as a template to con-
vert to cobalt oxide (Co304). The obtained agglomerated
Co304 NPs showed an average diameter of 250 nm,
which consisted of small NPs with a size of about 25 nm.

Metal NPs supported on metal oxides composites rep-
resent one major category of heterogeneous catalyst.
Metal oxides derived from MOFs can be employed as
excellent supports for immobilizing metal NPs. We em-
ployed porous TiO, nanoplates derived from MIL-125 to
immobilize core—shell Pt@Rh NPs via a two-step photo-
chemical route (Fig. 17) % The obtained Pt@Rh/p-TiO,
showed high catalytic activity in the hydrolytic dehydro-
genation of AB, with a TOF value of 2441 molu» molcaf1
min ' at 30°C. We showed that metal/metal oxide com-
posites could be synthesized through pyrolysis of metal
impregnated MOFs* . Platinum salt was first introduced
into the pores of MOF-5, followed by heating in air at
600C to afford Pt/ZnO. The sizes of Pt NPs can be con-

trolled by tuning the concentration of Pt precursors.
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Fig. 17. Schematic illustration of preparation of sub-nano-
meter Pt@Rh core—shell NPs highly dispersed on
MIL-125-derived porous TiO, nanoplates. Re-
printed with permissiongs). Copyright 2017, Wi-
ley-VCH.

When decreasing the concentration of Pt precursors from
0.1 to 0.025 to 0.005, the sizes of the obtained Pt NPs de-
creased from 10 to 5 to 2 nm, respectively, while the size
of ZnO kept the same. In the CO oxidation, Pt/ZnO sam-
ples displayed high catalytic activity. Pto1/ZnO, Pt 25/
ZnO and Pty 95/ZnO achieved complete CO conversions
at 154, 160, and 140°C, respectively. The catalytic activi-
ty of Pty1/ZnO was twice as high as that of Pt/ZnO ob-
tained by conventional methods. The superior activity of
Pt/ZnO prepared by MOF route could be attributed to the

stronger interaction between Pt and ZnO.

5. Conclusion

In this account, we have discussed recent advances
with respect to pristine MOFs, metal NP@MOF compos-
ites, and MOF-derived nanomaterials for catalytic appli-
cations. Pristine MOFs with abundant coordinatively un-
saturated metal sites can act as active Lewis acid
catalysts in gas-phase transformation, such as CO oxida-
tion. Porous MOFs can serve as excellent supports to im-
mobilize catalytically active metal nanoparticles (NPs)
to enhance the catalytic performance. We have developed
several strategies, including “double-solvents” method,
overwhelming reduction approach, and CO-direct reduc-

tion, to well control the sizes, locations, compositions,

4 b (14)

and shapes of metal NPs within MOFs. In this regard,
monometallic NPs, bimetallic metal alloy NPs, bimetal-
lic core—shell NPs, and polyhedral metal nanocrystals
have been successfully immobilized in MOFs to signifi-
cantly enhance the properties of metal NP@MOF com-
posites. Furthermore, we have proposed a new concept
of “quasi-MOFs” to greatly improve the interactions be-
tween guest metal NPs and inorganic nodes for enhanced
catalytic performance. The metal NP@MOF composites
have demonstrated to be excellent catalysts in many cata-
lytic transformations, including oxidation of CO, hydro-
genation, and dehydrogenation of chemical hydrogen
storage materials. MOFs can be employed as precursors/
templates for the synthesis of diverse nanomaterials, in-
cluding carbon, metal/carbon, metal oxides, and metal/
metal oxides. The control of the pore structure, morphol-
ogy, and doping of the MOF-derived nanomaterials can
regulate their electronic, physical and chemical proper-
ties and thus influence their catalytic performance.

Although tremendous efforts have been made and sig-
nificant advances have been achieved regarding MOF-
based materials for catalytic applications, there remain
challenges in material synthesis and catalytic perfor-
mance improvements to be addressed.

1) The stability issue of MOFs and MOF composites
should be addressed. The mechanical and chemical sta-
bility is of vital importance for the shaping and reuse of
catalyst in industrial applications. Strategies should be
developed to enhance the stability of MOFs and MOF
composites under the shaping and reaction condition.

2) The scalable and efficient methods for the synthesis
of MOFs and MOF composites with high yield are re-
quired. A one-pot protocol is preferred, which can omit
energy-consuming steps for the separation and purifica-
tion of intermediates.

3) The improvement of the interactions between
MOFs and guest active species is of vital importance for
activity and stability enhancement. Quasi-MOFs with ex-
posed inorganic nodes can offer stronger interactions
with guest species than MOF's, which can open new ave-
nues for the design of efficient catalysts.

4) The control of homogeneous doping and metal in-

corporation in the pyrolysis of MOFs and MOF compos-
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ites is desired to achieve the highest efficiency and to un-
derstand the structure—performance relationship.

In the past decade, significant progresses have been
made for the catalytic applications of functional MOFs,
MOF composites and their derivatives. Continued re-
search and development can be expected to enable the

practical applications of MOF-based materials.
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