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Abstract: Metal-organic  frameworks  (MOFs)  with  orderly  porous  structure,  large  surface  area,  high  electrochemical  response
and chemical tunability have been widely studied for energy conversion and storage. However, most reported MOFs still  suffer
from poor stability, insufficient conductivity, and low utilization of active sites. One strategy to circumvent these issues is to op-
timize MOFs via designing composites.  Here,  the design principle from the viewpoint of the intrinsic relationships among vari-
ous  components  will  be  illuminated  to  acquire  the  synergistic  effects,  including  two  working  modes:  (1)  MOFs  with  assistant
components, (2) MOFs with other function components. This review introduces recent research progress of MOF-based compos-
ites with their typical applications in energy conversion (catalysis) and storage (supercapacitor and ion battery). Finally, the chal-
lenges and future prospects of MOF-based composites will be discussed in terms of maximizing composite properties.
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1.  Introduction

With  dramatical  growth  of  the  global  energy  demand
and consumption,  there  is  a  urgent  need to  utilize  clean and
renewable  energy  resources,  such  as  solar  energy[1−3].  Yet
these resources are intermittent and strongly related to weath-
er and environment. Thus it is vital to develop efficient techno-
logies associated with energy conversion and storage to con-
vert  these  resources  into  usable  electricity[4].  Among  the  en-
ergy  conversion  systems,  catalysis  used  for  fuel  production
and water oxidation,  such as photochemical  or  electrochemi-
cal H2 production and CO2 reduction, are efficient ways to con-
vert solar energy into chemical energy[5]. Additionally, superca-
pacitors  and  ion  batteries  that  can  store  chemical  energy  to
electricity  have  been  regarded  as  promising  energy  storage
devices  for  large-scale  applications[6, 7].  Energy  conversion
and storage devices  with high efficiency and excellent  stabil-
ity  have attracted intensive attention from both fundamental
research  and  industry  fields[8].  Since  the  similar  construction
within these devices, materials used as electrodes and separa-
tors  are  basic  stone.  Designing  suitable  materials  are  facing
challenges.

Among  the  emerging  materials,  metal-organic  frame-
works  (MOFs)  have  gained  considerable  attention  and  exhib-
ited  remarkable  superiorities  over  the  conventional  materi-
als  for  energy  conversion  and  storage[9].  MOFs  are  generally
constructed  via  self-assembling  metal  ions  and  organic  lig-
ands[10].  However,  most  reported  MOFs  still  suffer  from  poor

stability,  insufficient  conductivity,  and  low  utilization  of  act-
ive  sites[11].  Thus,  the  full  utilization  of  MOFs  is  somewhat
hindered for practical applications. With the increased require-
ments  of  highly  efficient  energy  conversion  and  storage
devices,  a  single  material  is  insufficient  for  complex  func-
tions. The overall performance of MOF-based composites is ex-
pected to achieve further  improvements  based on the syner-
gistic  effects  by  integrating  the  advantages  of  different  com-
ponents.

Considering  that  properties  of  composites  are  mainly  re-
lated  to  the  kinds  of  components  and  the  interconnections
among  separated  components,  the  fundamental  principle  of
construction  is  vital  for  MOF-based  composites.  As  shown  in
Scheme 1, MOF-based composites can be generally divided in-
to two strategies according to the working modes during en-
ergy  conversion  and  storage  processes:  (1)  MOFs  with  assist-
ant  components,  (2)  MOFs  with  other  function  components.
For  the  former  one,  MOFs  possess  the  main  functions  within
the composites,  while  the other  components will  not  directly
participate  the energy conversion and storage,  but  can assist
MOFs  for  full  utilizations  by  adjusting  related  properties;  as
for the latter one, MOFs and the other components all  join in
energy conversion and storage simultaneously.

In  this  review,  we  present  a  deep  discussion  on  the
design  principle  of  MOF-based  composites  from  the  view-
point  of  the  intrinsic  relationships  among  various  compon-
ents.  Then,  MOF-based  composites  for  energy  conversion
and storage, such as catalysis[12], supercapacitor[13] and ion bat-
tery[14],  will be illustrated respectively to testify the superiorit-
ies of MOF-based composites with the two working modes. Fi-
nally, the challenges and perspectives of MOF-based compos-
ites are provided in terms of maximizing their applications for
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energy conversion and storage.

2.  Design principle of MOF-based composites

Tracing  the  previous  progress,  we  focus  on  the  progress
of MOF-based composites in catalysis, supercapacitor and ion
battery.  According  to  relationships  among  various  compon-
ents within composites, MOF-based composites can be classi-
fied  into  two  working  modes  in Scheme  1:  MOFs  with  assist-
ant components and MOFs with other function components.

The design of MOF-based composites with assistant com-
ponents is a design strategy where the performance of MOFs
is reinforced by the secondary component to improve the over-
all  performance.  In  the  composites,  MOFs  play  a  dominant
role, and the other component has auxiliary effect which is de-
noted  as  assistant  components.  And  the  assistant  compon-
ents  do not  directly  join  all  the  physical  process  and chemic-
al  reactions  of  energy  conversion  and  storage.  For  instance,
the  photosensitized  mechanism  to  extend  the  absorption  of
photons can achieve wide spectral response[15]. Through light
harvesting  of  photosensitive  components,  more  solar  energy
was  utilized  by  MOFs  to  produce  photo-generated  carriers.
On the other hand, combining MOFs with conductive materi-
als  can  facilitate  the  transfer  of  electrons  for  energy
storage[16].  High  carrier  migration  efficiency  due  to  conduct-
ive materials  would be efficient to solve the problems origin-
ated from poor conductivity of MOFs.

So  as  to  the  second  working  mode  of  MOFs  composites,
the  other  function  components  is  designed  to  achieve  co-
operative  effects,  where  the  improvements  of  comprehens-
ive  performance  is  attributed  to  the  comprehensive  actions
of  different  components.  Generally,  each  component  re-
mains the capability of  energy conversion or storage and dir-
ectly participates in the related steps while improving perform-
ance  in  the  composites.  For  example,  regulating  electronic
states  of  noble  metal/MOF  composites  is  able  to  facilitate
charge separation and transfer to improve performance for en-
ergy conversion[17]. It can improve light absorption by sensitiz-
ing  MOFs  with  wide  bandgap  based  on  injecting  hot  elec-
trons/hot  holes  into  MOFs.  On  the  other  hand,  cross  Schot-
tky barrier from MOFs to plasma can promote the charge sep-
aration  process.  In  addition,  the  optimization  of  the  effective
active sites  was a  method to enhanced charge transfer  kinet-
ics and ensure high charge storage capability[18]. The synergist-
ic  effects  between  different  components  can  not  only  re-

main the capacity of each components, but also shortened dif-
fusion paths  for  charge transfer  and facilitated the  fast  trans-
port of ions to realize extra energy storage.

Such a design principle,  which can acquire the synergist-
ic  effects  based  on  integration  the  advantages  of  different
components,  will  contribute  to  illuminate  the  correlations
between  the  intrinsic  relationships  of  different  components
and  properties  of  energy  conversion  and  storage.  And  the
further  instructions  will  be  elaborated  in  the  following  sec-
tions using the detailed application of energy conversion and
storage.

3.  MOFs with assistant components

3.1.  Catalysis

According to the energy source of catalytic reactions, cata-
lysis can be divided into photocatalysis, electrocatalysis, photo-
electrocatalysis and so on[1, 5, 19]. MOFs are considered as prom-
ising  catalysts  due  to  their  functional  surface  groups  and  the
adjustable band structure[20]. However, they are still limited in
some shortcomings,  such as  low energy utilization efficiency.
Herein,  there  are  three  main  aspects  results  from  the  assist-
ant components, including light absorption, separation/migra-
tion  of  charge  and  surface  reactions,  which  can  promote  the
development  and  practical  applications  of  MOFs  for  energy
conversion.  As  shown  in Table  1,  MOFs  undertake  the  main
tasks of  catalysis,  while related properties can be adjusted by
assistant components to enhance overall performance.

Light harvesting is the first step of photocatalysis or pho-
toelectrocatalysis,  which  determines  the  basis  for  the  sub-
sequent energy conversion. Thus, one of the limitations to in-
crease  the  efficiency  of  energy  conversion  process  is  insuffi-
cient photo-response to visible light or the unsatisfactory activ-
ity under solar-light exposure.  This downside of MOFs can be
ameliorated  with  the  assistant  components  such  as  dye  and
upconversion  materials[15, 21, 22].  In  the  composite  system,
both  photosensitized  materials  and  MOFs  synergistically
work  together  as  the  light  harvesting  and  catalytic  sites,
respectively.  Li  and co-workers[21] reported that  three yellow/
red/blue  cationic  dyes  were  successfully  assembled  into  an
identical  MOF  host  singly,  dually,  and  triply  (Figs.  1(a) and
1(b)).  Improvement  of  absorption  band  range  and  absorb-
ance intensities  for  multi-dye@MOF composites  could  be  ob-
served via UV–vis DRS. And the Eg value (1.72 eV) was far nar-
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Scheme 1. (Color online) Design principle of MOF-based composites.

2 Journal of Semiconductors      doi: 10.1088/1674-4926/41/9/091707

 

 
H Wang et al.: Metal-organic framework composites for energy conversion and storage

 



rower than that of  bare MOF (2.87 eV).  The composites could
improve  the  light  utilization  efficiency  by  the  incorporation
of photosensitive components into MOFs, exhibiting the super-
ior  performance  compared  with  the  commercial  TiO2.  Be-
sides, integrating upconversion materials with MOFs will  be a
good  choice  to  further  broaden  the  light  absorption  range.
And  it  will  be  able  to  utilize  both  UV-visible  and  near-in-
frared (NIR) lights due to the MOF photocatalysts can be activ-
ated by UV/visible photons.  Li  and co-workers proposed a fa-
cile  approach  to  integrate  NaYF4:Yb,  Tm  with  NH2-MIL-53(Fe)
to build a NIR-responsive composite photocatalyst[22]. The up-
conversion  materials  would  not  directly  join  in  photocatalyt-
ic  reactions,  but could enhance near-infrared light harvesting
(Figs.  1(c) and 1(d)).  Specifically,  the  main  absorption  of  NH2-

MIL-53(Fe)  is  in  the  range  of  200–700  nm.  After  modification
with UCNP, the absorption of the composites have been signi-
ficantly  enhanced,  and the absorption edge was extended to
1100 nm.

Additionally,  electron–hole  recombination  associated
with  low  internal  charge  separation  efficiency  of  MOFs  be-
comes  the  key  issues  of  limitation  of  energy  conversion  effi-
ciency.  And  the  most  organic  ligands  used  for  MOFs  synthe-
sis  do  not  facilitate  electron  transfer.  The  introduction  of
conductive  additives,  such  as  metal,  carbon  materials,  can
contribute  to  carrier  separation  for  photocatalysis  or  photo-
electrocatalysis,  leading  to  suppressing  carrier  recombina-
tion[23, 24].  On the other hand, this strategy can be used to re-
duce  the  charge  transfer  barrier  and  facilitate  charge  mobi-

Table 1.   MOF-based compositions for catalysis.

Material MOF Assistant species Influence Ref.

1 UiO-66/Erythrosin B UiO-66 Erythrosin B Enhance photon utilization [15]
2 cationic-dye@MOF In-MOF cationic dye Enhance photon utilization [21]
3 NaYF4:Yb,Tm/NH2-MIL-53(Fe) NH2-MIL-53(Fe) NaYF4:Yb,Tm Enhance photon utilization [22]
4 MIL-88A(Fe)/GO MIL-88A(Fe) GO Facilitate carrier separation [23]
5 CD@NH2-UiO-66 NH2-UiO-66 CD Facilitate carrier separation [24]
6 G-dye/Fe-MOF Fe-MOF G-dye Facilitate electron mobility [25]
7 Co-MOF@CNTs Co-MOF CNTs Facilitate electron mobility [26]
8 ZIF-67@HMCS ZIF-67 HMCS Facilitate electron mobility [27]
9 Fe-UiO-66 UiO-66 FeOx Accelerate surface reaction [28]
9 CoFeOx/Co-MOF Co-MOF CoFeOx Accelerate surface reaction [29]
10 MOF-525-Co MOF-525 Co Accelerate surface reaction [30]
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Fig. 1. (Color online) Typical examples of MOFs with assistance components for catalysis. (a) Schematic illustration of the cationic-dye@MOF. (b)
The CODCr changes of RB21 before and after visible-light irradiation in the presence of several composite photocatalysts[21]. Copyright 2018, Roy-
al Society of Chemistry. (c) Schematic illustration of the photocatalytic mechanism of the prepared composites. (d) Degradation profiles of RhB
solution of samples activities under the NIR light[22]. Copyright 2017, American Chemical Society. (e) Schematic illustration of synthetic proced-
ure for ZIF@HMCS. (f) The linear scan voltammogram (LSV) curves toward ORR of various samples. (g) LSV curves toward OER of various samples.
(h) High frequency range electrochemical impedance spectroscopy (EIS) after fitting of various samples (inset: the corresponding equivalent cir-
cuit diagram)[27]. Copyright 2019, Oxford University Press. (i) Schematic illustration of Fe-UiO-66 and activation of stubborn C–H bond under vis-
ible light irradiation. (j) Photocurrent signals of UiO-66 and Fe-UiO-66. (k) Conversion/Selectivity-Time plot of toluene oxidation over Fe-UiO-66 un-
der visible light irradiation. (l) Recycling tests of toluene oxidation over Fe-UiO-66 under optimized reaction conditions[28]. Copyright 2019, Americ-
an Chemical Society.
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lity[25−27].  Liu  and  co-workers[23] presented  the  MIL-88A/
graphene  oxide  composites  for  photocatalysis  via  polymeriz-
ing  the  ultrathin  graphene  oxides  on  the  surface  of  the  MIL-
88A.  The presence of  graphene oxide could improve electric-
al  conductivity.  And  the  intimate  interface  of  MIL-88A  and
graphene  oxide  provided  a  conductive  path  in  short  dis-
tance  to  facilitate  carriers  separation  and  avoid  recombina-
tion  of  photogenerated  electron–hole.  Additionally,  Xiong
and  colleagues[27] proposed  the  synthesis  of  ZIF-67@hollow
mesoporous  carbon  spheres  (HMCS)  via  a  facile  in-situ
growth  method  to  improve  the  electrochemical  activity  for
electrocatalysis  (Fig.  1(e)).  In  this  composite,  HMCS  increased
electrical  conductivity  and  shortened  the  diffusion  paths  to
facilitate  electron  mobility.  It  could  be  clearly  seen  from  the
electrochemical  data (Figs.  1(f)–1(h))  that  the ZIF@HMCS-25%
showed  a  highly  efficient  oxygen  reduction  reaction  activity
than  commercial  Pt/C,  and  excellent  oxygen  evolution  reac-
tion performance compared with IrO2.

In  addition,  surface  reaction  rates  have  also  been  re-
garded as another limitation in catalysis[28−30]. Modulating the
electronic  structure  and  configuration  by  changing  the  sur-
rounding  chemical  environment  of  MOFs  can  optimize  reac-
tion  intermediate  energies  and  decrease  reaction  barriers.  It
should  be  stated  that  the  assistant  components  to  MOFs
serve more likely as electron donors to change the required ac-
tivation  energy  of  catalysis  reactions  on  the  surface  of  MOFs,
instead of  electron mediators.  And assistant  components  will
not  directly  take  part  in  the  catalysis  reactions. Fig.  1(i)
showed a  typical  example  about  grafting FeOx onto the UiO-
66  to  afford  Fe-UiO-66[28].  The  FeOx to  M-oxo  clusters  herein
altered the surface coordination environment to reduce the ac-
tivation energy. Thus the Fe-UiO-66 achieved fast surface reac-
tions  to  activate  “inert”  MOFs  for  photocatalysis.  The  results
showed the Fe-UiO-66 displayed 70.1% toluene conversion in
the  first  2  h  and  finally  96.9%  conversion  with  nearly  com-
plete  selectivity  to  benzoic  acid  at  3.5  h.  It  indicated that  the
Fe-UiO-66  displayed  visible  light-driven  water  oxidation  and
cycling  stability,  which  was  impossible  for  pristine  UiO-66
(Figs.  1(j)–1(l)).  Moreover,  Zhang  and  co-workers  proposed
the  CoFeOx/Co-MOF  as  a  promising  OER  electrocatalyst[29].
The  interfacial  Co  possessed  a  higher  valence  and  changed
3d  electronic  configuration  compared  to  the  CoN4 sites  of
pure  Co-MOF.  Moreover,  it  showed  excellent  electrocatalytic
performance with a low overpotential  of  232 mV at  a  current
density of 10 mA/cm2. Besides, constructing single-atom cata-
lysts  on  MOFs  is  a  research  focus  due  to  the  involvement  of
the  strong  metal-support  interactions  arising  from  interfacial
bonding  based  on  the  presence  of  single  atoms.  And  it  will
contribute to accelerate surface reaction rates. Zhang and co-
workers[30] revealed the introduction of single Co atoms with-
in  the  MOF.  The  involvement  of  single  atoms  could  supply

long-lived  electrons  to  active  CO2 molecules  that  were  ad-
sorbed on Co centers.  Thus,  the MOF-525-Co significantly en-
hanced photocatalytic  conversion of  CO2,  which was equival-
ent  to  a  3.13-fold  enhancement  in  CO  generationration
(200.6 mmol g–1 h–1) and a 5.93-fold improvement in CH4 evol-
ution  rate  (36.67  mmol  g–1 h–1)  in  contrast  to  the  pristine
MOFs.

3.2.  Supercapacitor

Among  various  energy  storage  devices,  supercapacitors
have been widely studied owing to their fast charging/dischar-
ging,  high  power  density  and  long  cycle  life[2, 3].  The  energy
storage mechanism of supercapacitors can be generally classi-
fied  into  two  categories:  electric  double  layer  capacitance
and  pseudocapacitance.  Currently,  the  MOFs-based  elec-
trode materials have become the research focus of supercapa-
citors[31, 32]. Up to now, typical MOF composites used for super-
capacitors are briefly summarized in Table 2. And they will be
clarified  through the  functions  of  the  other  components  into
three  types,  boosting  charge  transfer,  improving  flexibility
and increasing stability.

Pristine  MOFs  with  poor  conductivity  always  have  lim-
ited electrochemical performance. In order to full  achieve the
theoretical capacity of active materials, researchers have tried
to  introduce  conductive  materials  as  assistant  components,
such  as  carbon,  metals  materials[33−35].  And  the  synergy  of
the  high  electrical  conductivity  from  assistant  components
and  capacitance  property  from  MOFs  can  reduce  the  charge
transfer barrier of MOFs to facilitate charge transfer. Conduct-
ive  materials  can  serve  as  a  current  collector  to  accelerate
charge  collection  and  shorten  the  charge  transfer  paths.  Bin-
ary  metal-organic  framework/reduced  graphene  oxide  (Na-
Zn-MOF/rGO)  is  a  typical  instance  (Fig.  2(a))[33].  As  shown  in
Figs.  2(b)–2(d),  the  composites  showed  the  specific  capacit-
ance of  435.2 F/g at  1.6 A/g,  and stable cycling efficiency (no
observed  loss  up  to  4000  cycles  in  the  absence  of  any  bind-
ers).  The  significantly  improved  performance  was  attributed
to  the  introduction  of  layered  structures  of  rGO  and  follow-
ingly  fast  charge  migration.  In  addition,  Wen  and  co-work-
ers[35] successfully  synthesized  nickel  metal-organic  frame-
work/carbon nanotube (Ni-MOF/CNT) to improve the conduct-
ivity  of  MOFs  achieving  a  specific  capacitance  of  1765  F/g  at
a current density of 0.5 A/g. Moreover, this asymmetric super-
capacitor revealed a cycle life along with 95% specific capacit-
ance retention after 5000 consecutive charge-discharge tests.

So  far,  various  conductive  MOFs  have  been  reported  by
linking  fully  conjugated  organic  linkers  to  improve  electro-
chemical  performance[32].  However,  inevitable  disadvantages
of MOFs like flexibility, limit their practical applications for en-
ergy-storage devices powering flexible electronics. It can con-
struct flexible supercapacitor with high mechanical and chem-

Table 2.   MOF-based compositions for supercapacitor.

Material MOF Assistant species Influence Ref.

1 Na-Zn-MOF/rGO Na/Zn-MOF rGO Boost charge transfer [33]
2 Ni-MOF@GO Ni-MOF GO Boost charge transfer [34]
3 Ni-MOF/CNT Ni-MOF CNT Boost charge transfer [35]
4 CoNi-MOF/CFP CoNi-MOF CFP Increasing stability [36]
5 CNF@Ni-MOF Ni-MOF CNF Improving flexibility [37]
6 PPNF@MOF MOF PPNF Increasing stability [38]
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ical  stability  by  introducing  flexible  substrate  material  to  im-
prove performance of  MOFs. Fig.  2(e) exhibited the  schemat-
ic of the fabrication of conductive Ni-MOF nanolayers on cellu-
lose nanofibers (CNFs) with formation of CNF@Ni-MOF by inter-
facial  synthesis[36].  Bending  (90°,  120°)  or  even  folding  (180°)
the  device  of  CNF@Ni-MOF  had  no  influence  on  the  CV
curves.  This  work  would  not  only  warrant  high  flexibility  of
the nanocomposites, but also increase the electrochemical per-
formance of the composites via uniform distribution of MOFs
at the surface of CNF (Figs. 2(f)–2(h)).

Besides,  stability  is  one  of  the  most  essential  parameter
for  supercapacitor[37, 38].  The  plugging  of  porous  channels
and  the  large  volume  change  of  MOFs  in  long-term  cycling
will  decrease surface area to reduced cyclic  stability.  And it  is
difficult  for  MOF  crystals  to  control  morphology/alignment
and  avert  aggregation.  The  preventive  strategy  is  to  intro-
duce  the  inner  scaffold  to  provide  the  in-situ  growing  plat-
form. Fig. 2(i) showed that a novel method to fabricate vertic-
ally-oriented MOF electrode on the surface of carbon fiber pa-
per (CFP) was proposed by Deng and co-workers[37]. The pres-
ence of CFP could suppress aggregation and ensure high load-
ing of CoNi-MOF simultaneously to enhance stability. As a dir-
ect return, the CoNi-MOF/CFP electrode displayed quite satis-
fied  electrochemical  performance  (Figs.  2(j)–2(k)).  The  elec-
trode showed a double high specific  capacitance of  1044 F/g
and great cyclability by delivering 94% specific capacitance re-
tention after 5000 cycles (Fig. 2(l)).

3.3.  Ion battery

Generally,  ion  batteries  like  Li  ion  battery,  Na  ion  battery

and  K  ion  battery,  etc.,  have  higher  energy  density  com-
pared with supercapacitors, but their lower power density is in-
sufficient for practical applications[7, 14, 39]. To date, MOFs com-
posites  have  utilized  for  ion  batteries  on  account  of  their
large surface area, high electrochemical response, and superi-
or  theoretical  ions  storage  capacity.  And  typical  MOF-based
composites  as  electrodes  and  separators  of  ion  battery  are
summarized  in Table  3.  The  rationale  behind  design  always
centers  on  enhancing  ions  migration  as  well  as  improving
processability and stability.

MOF-based  electrodes  usually  exhibit  poor  rate  capacit-
ies  owing  to  their  low  conductivity.  Moreover,  the  high  sur-
face  area  and  porosity  of  MOF  materials  may  lead  to  low  ini-
tial  Coulombic  efficiency  and  low  tap  density.  Combining
MOFs  with  conductive  agents  such  as  carbon  materials,  con-
ducting polymer and metal materials, has been used to circum-
vent  these  issues[16, 40−44].  Continuous  conductive  pathways
provide the efficient skeleton to fasten electron movement, es-
pecially  at  high  rates  where  electrons  are  generated  in  a
short  interval.  As  shown  in  the Figs.  3(a) and 3(b),  Al-
MOF/graphene composite was synthesized via a facile self-as-
sembly  method  by  Gao  and  colleagues[40].  These  graphene
sheets  with  high  electronic  conductivity  could  boost  the
charge  transfer  and  simultaneously  provide  a  new  path  for
the  Li+ ions  migration  during  the  lithiation/delithiation.  The
work  exhibited  a  drastic  increase  in  specific  capacity  from  60
to  400  mAh/g  at  the  current  density  of  100  mA/g  with  in-
creased  discharging/charging  cycles  (Figs.  3(c) and 3(d)).  For
Li–S battery, Mao and co-workers presented a MOFs/CNT thin
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Fig.  2.  (Color online)  Typical  examples of  MOFs with assistance components for  supercapacitor.  (a)  Schematic diagram of Na-Zn-MOF/rGO. (b)
The cyclic voltammograms (CV) collected of Na-Zn-MOF/rGO electrode. (c) A comparison of the GCD curves of a bare GCE, 1-GCE, 2-GCE and 3-
GCE.  (d)  Cycling stability  analysis  of  Na-Zn-MOF/rGO over  4000 cycles(the  left  and right  insets  show the  first  and last  25  cycles)[33].  Copyright
2019, Royal Society of Chemistry. (e) Schematic of synthesis procedure for CNF@MOF hybrid nanofibers. (f) Calculated areal capacitances of the
device at different current densities within 0–0.7 V (blue curve) and 0–1.0 V (orange curve). (g) The CV curves at scan rate of 100 mV/s under differ-
ent folding angles. (h) Cyclic performance and capacitance retention data of the device within 0–0.7 V (blue curve) and 0–1.0 V (orange curve)[36].
Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA. (i) The schematic illustration of the strategy to synthesize CoNi-MOF/CFP. (j) CV curves of
CoNi-MOF at a scan rate of 5, 10, and 25 mV/s. (k) Galvanostatic curves collected at a current density of 2, 4, 8, 16, and 32 A/g. (l) The cyclability of
the capacitor over 5000 cycles[37]. Copyright 2019, American Chemical Society.
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film[43].  As  presented  in Fig.  3(e),  the  CNTs  interpenetrated
with  the  MOFs  crystals  and  interweaved  the  electrode  into  a
stratified  structure  to  design  the  hierarchical  porous  struc-
ture  and  three-dimensional  conductive  networks.  The  design
demonstrated  great  cycling  stability  for  500  cycles  with
0.08% decay per cycle and high volumetric  energy density of
1195 mAh/cm3 (Figs. 3(f)–3(h)).

In  addition,  the open metal  sites  in  the MOFs provide an
effective  route  to  modulate  the  transport  of  ions  as  separat-
ors[45−47].  However,  due  to  the  intrinsic  mechanical  brittle-
ness  of  MOFs,  it  is  difficult  to  fabricate  an  ideal  ionic  sieve
membrane. The MOFs grown in situ on the polymer matrix to
improve  processability  can  suppress  the  aggregation  of
MOFs.  Thus  it  can  retain  the  ordered  microporous  structure
and  large  specific  surface  area  to  transfer  ions.  On  the  other
hand,  polymer  matrix  can  also  efficiently  prevent  volume  ex-

pansion and contraction during ions intercalation or deintercal-
ation  to  achieve  the  high  cycling  stability. Fig.  3(i) showed
the copper  metal-organic  framework/poly  vinylidenefluoride-
hexafluoro propylene (HKUST-1@PVDF-HFP) with good process-
ability by a facial  vacuum filtration strategy[46].  With a routine
separator,  the  soluble  intermediate  polysulfide  species
formed  from  sulfur  cathode  could  pass  through  the  separat-
or  to  Li  anode  and  react  with  the  Li-metal  to  produce  insol-
uble  Li2S  and  Li2S2 on  the  surface  of  anode,  resulting  in  sur-
face  passivation  of  Li  anode  (Fig.  3(j)).  Correspondingly,  the
uniformly  ordered  pores  with  around  9  Å  pore  sizes  were
generated  from  PVDF-HFP.  As  a  Li–S  battery  of  separator  of
MOF@PVDF-HFP,  a  cycle  life  with  an  ultralow capacity  fading
could  be  realized  upon  2000  cycles  (0.013%  per  cycle)
(Figs. 3(k) and 3(l)),  and it exhibited decent processability and
stability with different bended shapes.

Table 3.   The MOF-based compositions for ion battery.

Material MOF Assistant species Influence Application Ref.

1 Al-MOF/GO Al-MOF GO Enhance ions migration Anode [40]
2 POMOF/rGO POMOF rGO Enhance ions migration Anode [41]
3 MOF-74/super P MOF-74 Super P Enhance ions migration Cathode [16]
4 MIL-100/rGO MIL-100 rGO Enhance ions migration Cathode [42]
5 MOF@CNT MOF CNT Enhance ions migration Cathode [43]
6 PPy-PCN-224 PCN-224 PPy Enhance ions migration Cathode [39]
7 ZIF-8@CNT ZIF-8 CNT Enhance ions migration Cathode [44]
8 Ni3(HITP)2/PP Ni3(HITP)2 PP Improve processability and stability Separator [45]
9 HKUST-1@PVDF-HFP HKUST-1 PVDF-HFP Improve processability and stability Separator [46]
10 UiO-66/PVA UiO-66 PVA Improve processability and stability Separator [47]
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Fig. 3. (Color online) Typical examples of MOFs with assistance components for ion battery. (a) Schematic representation of the preparation pro-
cess of Al-MOF/GO composite. (b) Proposed Li+ ions insertion-extraction process into or from Al-MOF. (c) Cycling performance and coulombic effi-
ciency of Al-MOF and AMG at a current density of 100 mA/g. (d) The rate capability of Al-MOF and AMG[40]. Copyright 2019, Elsevier. (e) Synthes-
is of MOFs/CNT composite thin films. (f) The rate performances of S@HKUST-1/CNT electrode. (g) The cycling performances of S@HKUST-1/CNT,
S@MOF-5/CNT and S@ZIF-8/CNT electrodes, respectively. (h) Nyquist plots of S@HKUST-1/CNT, S@MOF-5/CNT and S@ZIF-8/CNT electrodes, re-
spectively[43]. Copyright 2017, Springer Nature. (i) Schematic illustration for fabricating a flexible MOF@PVDF-HFP membrane. (j) Schematic for Li-
S  batteries  with  different  separators  with  a  routine  separator  and  MOF@PVDF-HFP  separator.  (k)  The  rate  performance  of  Li –S  cells  with  and
without  MOF@PVDF-HFP separators.  (l)  Comparison of  the cycling performance of  Li–S  cells  with and without  MOF@PVDF-HFP separators[46].
Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA.
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4.  MOFs with other function components

4.1.  Catalysis

With  regard  to  ‘MOFs  with  other  function  components’,
the  other  function  components  hold  the  ability  of  catalysis
like  MOFs.  Meanwhile,  the  incorporation  of  different  func-
tion  components  can  achieve  synergetic  effect  as  shown  in
Table  4.  The  design  principle,  including  band  engineering,
surface  plasmon  resonance  (SPR)  effect  and  surface  reaction,
will be illuminated as following.

For  photocatalysis  or  photoelectrocatalysis,  light  absorp-
tion  range  can  also  be  adjusted  by  band  engineering  for
large  light  harvesting[5, 48−52].  MOFs  with  wide  bandgap  can
combine  with  a  component  with  relatively  narrow  bandgap
to absorb photons of higher energies and improve the harvest-
ing of visible light. Besides, it can form a heterojunction to pro-
duce strong electric fields at the interface between MOFs and
the  other  functional  components,  leading  to  more  efficient
electron–hole separation. So a promising approach is to com-
bine MOFs with other  semiconductor  materials  such as  cova-
lent organic frameworks (COFs), transition metal sulfides, per-
ovskites  and  so  on.  The  MOF/COF  hybrid  materials  by  cova-
lently  anchoring  NH2-UiO-66  onto  the  surface  of  TpPa-1-COF
as  shown  in  the Fig.  4(a),  were  synthesized  by  Zhang’s
group[48].  The  NH2-UiO-66/TpPa-1-COF  showed  the  maxim-
um  photocatalytic  H2 evolution  rate  of  23.41  mmol  g–1 h–1

under visible light irradiation (Figs.  4(b) and 4(c)).  NH2-UiO-66
exhibited  the  optical  absorbance  with  the  edge  at  440  nm
(2.88 eV),  while  the absorbance of  TpPa-1-COF can even cov-
er  the  whole  UV/Vis  region  with  a  broadly  intense  absorb-
ance  below  600  nm  (2.02  eV)  as  shown  in Fig.  4(d).  Due  to
the  introduction  of  TpPa-1-COF  the  composites  could
broaden  the  light  absorption  range  compared  to  the  pure
NH2-UiO-66.  In  addition,  due  to  the  heterojunction  between
the  NH2-UiO-66  and  TpPa-1-COF  ensured  the  separation  and
transfer of photogenerated electrons and holes. The photogen-
erated  electrons  of  TpPa-1-COF  migrated  from  valence  band
(VB) to conduction band (CB), which would further transfer to
the  CB  of  NH2-UiO-66  through  covalent  connecting  junction.
Besides,  Wu  and  co-workers[52] encapsulated  low-cost
CH3NH3PbI3 (MAPbI3)  perovskite  quantum  dots  in  the  pores

of  earth-abundant  Fe-porphyrin  based  PCN-221.  And  the
schematic  illustration  for  the  synthesis  of  MAPbI3@PCN-
221(Fex)  was  shown  in Fig.  4(e).  The  composite  photocata-
lysts  exhibited  significantly  enhanced  yields  for  CO2 reduc-
tion,  25–38  times  higher  than  the  corresponding  PCN-
221(Fex)  without  perovskite  quantum  dots  (Fig.  4(f)).  And  it
could  promote  carrier  separation,  and  electrons  could  trans-
fer rapidly from MAPbI3 to PCN-221 (Figs. 4(g) and 4(h)).

Another  solution  based  on  SPR  effect,  such  as  the  inte-
gration of  noble metal  into MOFs,  is  another effective way to
accelerate  photocatalysis  or  photoelectrocatalysis  reac-
tion[17, 53−55].  Plasmonic  components  can  not  only  directly
take  part  in  the  reactions  of  catalysis,  but  also  contribute  on
resonant photon-induced collective oscillation of valence elec-
trons.  On  the  one  hand,  the  introduction  of  SPR  effect  can
sensitize  wide-bandgap  MOFs  by  injecting  hot  electrons/hot
holes  into  MOFs  to  improve  light  absorption.  On  the  other
hand,  it  is  possible  to  cross  Schottky  barrier  from  MOFs  to
plasma  to  trap  electrons  from  MOFs,  and  thus  promote  the
charge separation process and mitigate the electron–hole re-
combination.  Fang  and  colleagues[53] explored  that  single  Pt
atoms were successfully confined into Al-MOF(denoted as Al-
TCPP). And electrons could transfer from MOF to Pt for hydro-
gen  production  under  visible-light  irradiation  as  shown  in
Fig.  4(i).  This work exhibited a much higher photocatalytic H2

production rate of 50 μmol g–1 h–1 and no noticeable change
in  the  H2 production  rate  during  the  four  runs  (Figs.  4(j) and
4(k)).  Highly  efficient  H2 production  of  the  composites  could
mainly  be  attributed  to  the  surface  plasma  resonance  effect
of  Pt  nanoparticles,  which  could  enhance  photon  absorption
and promote the carriers separation (Fig. 4(l)). In addition, Rui
and co-workers[55] explored a surfactant-free approach to real-
ize in-situ growth of Pt nanoparticles on MOF nanosheets, de-
noted as Ni-MOF@Pt, for the electrochemical H2 evolution reac-
tion.  Their  work  indicated  the  incorporation  of  highly  dis-
persed  noble  metal  nanoparticles  exhibited  excellent  elec-
trocatalytic activity under both acidic and alkaline conditions.

Additionally,  MOF  with  other  function  components  can
also facilitate surface reactions via the synergy of multiple act-
ive  sites,  which  can  increase  the  lifetime  of  the  electrons  by
many  orders  of  magnitude  in  catalysis[56, 57].  First,  the  func-
tion  components  can  contribute  to  capacity  of  catalysis
based on the intrinsic electrochemical activity. Second, the dir-
ect contact between MOFs and other function components en-
ables  the  creation  of  new  interfaces,  which  are  associating
with the reduction of required activation energy of catalysis re-
action. Fig.  4(m) showed  the  synthesis  hybridized  CoBDC
with  Ti3C2Tx nanosheets  via  an  interdiffusion  reaction-as-
sisted process[56].  The presence of  electrically  conductive  and
hydrophilic Ti3C2Tx nanosheets changed the coordination envir-
onment  of  metal  center  atoms  of  CoBDC.  The  study  indic-
ated  that  the  composites  reduced  the  charge  transfer  barrier
across the interface between Ti3C2Tx and CoBDC. And it could
be clearly seen from the electrochemical data (Figs. 4(n)–4(p))
that  the  Ti3C2Tx-CoBDC  contributed  to  the  high  OER  activity
than  commercial  IrO2.  Besides,  Liu  and  co-workers[57] repor-
ted  a  controllable  partial  phosphorization  strategy  to  gener-
ate  CoP  species  within  the  Co-MOF.  The  electron  transfer
through N-P/N-Co bonds could lead to the optimized adsorp-
tion energy of  H2O and hydrogen based on density function-
al  theory  calculations.  And  the  CoP/Co-MOF  achieved  the  re-

Table  4.   The  component  of  the  MOF-based  compositions  for
catalysis.

Material MOF Function species Ref.
1 NH2-MIL-

68@TPA-COF
NH2-MIL-68 TPA-COF [5]

2
NH2-UiO-
66/TpPa-1-
COF

NH2-UiO-66 TpPa-1-COF [48]

3 CdS/Ni-MOF Ni-MOF CdS [49]
4 UiO-66/CNNS UiO-6 CNNS [50]
5 CsPbBr3@ZIF ZIF CsPbBr3 [51]
6 MAPbI3@PCN-

221
PCN-221 MAPbI3 [52]

7 Pt/PCN-224 PCN-224 Pt [17]
8 Pt/Al-TCPP Al-TCPP Pt [53]
9 Pt@2D MOFs 2D MOFs Pt [54]
10 Ni-MOF@Pt Ni-MOF Pt [55]
11 Ti3C2Tx-CoBDC CoBDC Ti3C2Tx [56]
12 CoP/Co-MOF Co-MOF CoP [57]
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markable HER performance with an overpotential of 49 mV at
a current density of 10 mA/cm2.

4.2.  Supercapacitor

In  order  to  find  the  solution  to  improve  energy  density,
MOFs combining with electroactive materials of high pseudo-
capacitance  have  received  wide  attention,  and  the  compos-
ites  can  realize  synergetic  effect  of  multi-functionalities.
Based  on  different  charging/discharging  mechanism,  MOFs
with  other  function  components  have  been  used  to  acquire
efficient  supercapacitors.  Typical  MOF-based  composites  for
supercapacitor are summarized in Table 5.

The  introduction  of  conductive  polymer  is  a  choice  to
improve  supercapacitor  performance  due  to  their  low  cost,
high  electrical  conductivity  and  satisfactory  specific  capacit-
ance[58−63].  Reversible  redox  reaction  of  doping  and  de-dop-
ing  on  the  conductive  polymer  main  chain  not  only  in-
creases the charge transport between MOFs by effectively link-

ing  up  the  isolated  MOF  particles  and  forming  an  “MOF  to
polymer  to  MOF”  conducting  pathway,  but  also  provides  ex-
tra capacitance. Fig.  5(a) exhibited an effective strategy to re-
duce  the  bulk  electric  resistance  of  MOFs  by  interweaving
MOF  crystals  with  polyaniline  (PANI)  chains  that  are  electro-
chemically deposited on MOFs[58].  It  was noteworthy that the
PANI-ZIF-67  exhibited  areal  capacitance  of  2146  mF/cm2 at
10  mV/s  (Figs.  5(b)–5(d)).  Additionally,  the  hybrid  architec-
ture of Cu-MOF (Cu-CAT-NWAs) nanowire arrays on self-suppor-
ted polypyrrole (PPy) membrane was reported for flexible su-
percapacitor  electrodes  by  Hou  and  colleagues[63].  Prepara-
tion  illustration  of  Cu-CAT-NWAs/PPy  is  shown  in Fig.  5(e).
The  Cu-MOF  nanowire  arrays  afforded  high  conductivity  and
sufficient  active  surface  area  for  the  accessibility  of  electro-
lyte,  whereas  the  PPy  membrane  provided  efficient  charge
transfer skeleton and extra capacitance. It significantly optim-
ized the capacitive performance (Figs. 5(f)–(h)).

Additionally,  introducing  transition  metal  compounds
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Fig.  4.  (Color  online)  Typical  examples of  MOFs with function components  for  catalysis.  (a)  Schematic  illustration of  the synthesis  of  NH2-UiO-
66/TpPa-1-COF hybrid material.  (b) The photocatalytic H2 evolution activities. (c) The photocatalytic stability of NH2-UiO-66/TpPa-1-COF (4 :  6).
(d) Mechanism schematic of NH2-UiO-66/TpPa-1-COF (4 : 6) hybrid material[48]. Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA. (e) Schemat-
ic illustrations for the synthesis of MAPbI3@PCN-221. (f) The yields for CO2 reduction to CH4 and CO with PCN-221 and MAPbI3@PCN-221 as pho-
tocatalysts in the CO2-saturated ethyl acetate/water solution. (g) Steady-state photoluminescence spectra of various samples. (h) Time-resolved
photoluminescence decays of various samples[52]. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA. (i) Schematic illustration showing the syn-
thesis of Al-TCPP-Pt for photocatalytic hydrogen production. (j)  Photocatalytic hydrogen production rates of various samples (inset:  the calcu-
lated  turnover  frequency  (TOF)  of  Al-TCPP-PtNPs  and  Al-TCPP-0.1Pt).  (k)  Recycling  performance  comparison  for  Al-TCPP-PtNPs  and  Al-TCPP-
0.1Pt. (l) Calculated free energy diagram for photocatalytic H2 production[53]. Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA. (m) Schemat-
ic illustration of the synthesis process of Ti3C2Tx-CoBDC hybrid for oxygen evolution reaction. (n) OER polarization curves of various electrodes.
(o) Nyquist plots of the electrodes modified by IrO2, Ti3C2Tx, CoBDC, and Ti3C2Tx-CoBDC measured at a potential of 1.64 V vs RHE (Inset: Equival-
ent  circuit  used to  fit  the  Nyquist  plots).  (p)  Stability  test  of  Ti3C2Tx-CoBDC-based electrode in  comparison with  the standard IrO2-based elec-
trode, working at a constant potential of 1.64 V vs RHE for 10 000 s[56]. Copyright 2017, American Chemical Society.
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onto  the  surface  of  MOFs  can  also  optimize  active  sites  by
modulating the surrounding chemical environment of MOF sur-
face to promote surface redox reactions[64, 65]. The formed com-
posite  structure  can  not  only  accelerate  the  surface  electro-
chemical  adsorption  to  boost  redox  reaction,  but  also  dir-
ectly  provide  more  active  sites  to  enhance  the  energy  dens-
ity  and  power  capability.  MnOx-MHCF  was  a  typical  example
for  supercapacitor  to  develop  an  in-situ  self-transformation
method[64].  The  results  indicated  that  MnOx-MHCF  displayed
threefold  increase  in  capacitance  (an  areal  capacitance  of
175  mF/cm2 at  0.5  mA/cm2)  and  superior  rate  performance,
including  as  shown  in Figs.  5(j)–5(l).  MnOx-MHCF  electrode
retained  more  than  94.7%  of  its  initial  capacitance  after
10 000 cycles at 10 A/g as shown in Fig. 5(m). The highly effi-
cient supercapacitor performance of the composites was attrib-
uted  to  more  intimate  connection  between  MnOx and  MOFs
and  resulting  fast  surface  redox  reaction.  Besides,  Yue  and
co-workers  reported  a  hydrothermal  intercalation  self-as-
sembly  method  to  coat  Ni-MOF  on  the  spherical  nanoflower
MoS2

[65]. The introduced non-metal S could join different met-
al  ions  to  form  a  new  interface.  And  the  formed  structure
would  facilitate  charge  storage.  The  MoS2@Ni-MOF  exhibited
a  specific  capacitance  of  1590.24  F/g  at  a  current  density  of
1.0  A/g  and  a  cycle  stability  (retention  rate  of  87.97%  after
20 000 cycles at current of 5.0 A/g).

4.3.  Ion battery

Integrating  electrochemically  active  components  within
MOFs can directly enhance the capacity by taking the contribu-
tions  of  other  function  components.  Each  component  within
the  composites  serves  simultaneously  as  function  compon-
ents  and  further  achieves  the  synergy  because  of  the  strong
interconnection  among  these  components[18, 66].  Typical
MOF-based  composites  as  electrodes  and  separators  of  ion
battery are summarized in Table 6.

Electrodes  materials  are  the  key  and  core  constituents
within  ion  battery[67−69].  The  MOF-based  materials  with  other
function  components  can  provide  abundant  redox-active
sites  and  enhance  the  electronic  conductivity  to  ensure  high
ions storage capability. Both of MOFs and other function com-
ponents can provide capacity for energy storage. It should be
stated  that  extra  capability  can  also  be  provided  due  to  the
strong interconnection among these components or the inter-
faces  between  these  components.  On  one  hand,  enhanced
rate capability can be realized via smaller electrochemical res-
istance due to formation of interfaces between different func-
tion components. And it decreased the distance for ions migra-
tion and storage. On the other hand, introducing active materi-

als  can  reduce  the  pulverization  and  agglomeration  of  MOFs
to  improve  structural  stability.  As  shown  in Fig.  6(a),  the
CuS@Cu-BTC was designed as the anode of lithium-ion batter-
ies  by  Wang  and  colleagues[67].  This  composite  showed  a
high  capacity  (1609  mAh/g  at  100  mA/g)  and  490  mAh/g  at
1000 mA/g (Figs. 6(b)–6(d)).  The work achieved the synergist-
ic effects based on the advantages of robust structure intercon-
nected  between  CuS  and  Cu-BTC,  which  could  provide  extra
ion  storage  capacity.  On  the  one  hand,  Cu-BTC  not  only  en-
sured the porosity to improve ions storage and electrolyte dif-
fusion,  but  also  provided  substrates  to  accommodate  the
volume change of CuS and stress relaxation of electrodes. On
the  other  hand,  the  in-situ  fabrication  of  CuS  on  the  Cu-BTC
contributed  to  minimize  electrochemical  resistance.  And  it
shortened the diffusion path of ions and electrons. The syner-
gistic  effect  was also observed in few-layer  black phosphorus
(BP)  decorated  NiCo-MOF  nanosheets  as  anode  material  for
battery[68].  In  the  composites,  the  NiCo-MOF  increased  con-
tact areas between electrode and electrolyte. The BP could in-
crease  electronic  conductivity  to  provide  favorable  pathways
for  charge  transport.  And  2D  layer  nanostructure  of  compos-
ites provided sufficient space to buffer the volume change dur-
ing cycling due to the thermodynamic stability of BP. As a res-
ult,  the work displayed a  reversible  capacity  of  853 mAh/g at
0.5  A/g.  It  also  showed  long  cycle  life  and  high  rate  capabil-
ity  of  398  mAh/g  at  5  A/g  after  1000  cycles.  Additionally,  the
structure  of  MOFs  suffered  from  gradual  deterioration  after
long-term  cycling  as  a  cathode  for  Li–S  battery,  and  they
were  unable  to  retain  soluble  polysulfides.  It  inevitably  limits
their  practical  applications  for  energy  storage.  Baumann  and
co-workers[69] utilized  Li3PS4 within  the  Zr-MOF  (noted  as
LPS-UiO-66)  for  lithium–sulfur  batteries  as  shown  in Fig.  6(e).
The work  indicated that  lithium phosphorus  sulfide  encapsu-
lated in MOFs could decrease the harmful dissolution of poly-
sulfides and thiophosphate into the electrolyte. It could be at-
tributed to the reversible formation of S–S bonds between lithi-
um phosphorus sulfide and solubilized polysulfides based on
the  combination  of  Li3PS4 and  Zr-MOF.  The  formation  of  S–S
bonds could enhance polysulfide encapsulation to improve sta-
bility.  As  a  result,  it  gained  a  sustainable  high  capacity  over
prolonged  cycling  for  reasons  that  the  composites  could
boost  conversion  of  polysulfides  and  ensure  sulfur  utilization
at high sulfur loading (Figs. 6(f)–6(h)).

For composite separators, MOFs suffered from gradual de-
terioration and was unable to retain soluble polysulfides after
long-term  cycling[70−72].  Loading  MOFs  on  carbon  materials
can  develop  functional  separators.  The  separators  not  only
enhance  the  reaction  kinetics  process  to  boost  the  conver-
sion  of  polysulfides,  but  also  greatly  decreased  their  inter-
facial  resistance  to  gain  the  high  conductivity  derived  from
carbon materials. And carbon materials can also directly parti-
cipate  in  the  process  of  blocking  the  polysulfide  shuttle.
Hong  and  co-workers[72] proposed  Ce-MOF/CNT  composites
as  separator  coating  materials  in  the  Li–S  battery  system  as
shown in Fig.  6(i).  Due to the existence of  CNTs,  the compos-
ites could improve the surface reaction kinetics via transform-
ing  polysulfides  into  short  chain  lithium  sulfides  to  reduce
the shuttle  of  polysulfides.  And this  study indicated that  CNT
could  act  as  secondary  charge  collector  to  promote  electric
conduction.  It  was  noteworthy  that  the  initial  specific  capa-
city  of  the  cell  with  Ce-MOF-2/CNT  coating  was  as  high  as

Table 5.   The component of the MOF-based compositions for superca-
pacitor.

Material MOF Function species Ref.

1 PANI-ZIF-67 ZIF-67 PANI [58]
2 Zn-MOF/PANI Zn-MOF PANI [59]
3 Zn/Ni-MOF@PPy Zn/Ni-MOF PPy [60]
4 ZIF@PPy ZIF PPy [61]
5 NENU-5/PPy NENU-5 PPy [62]
6 Cu-MOF@PPy Cu-MOF PPy [63]
7 MnOx-MHCF MHCF(Mn) MnOx [64]
8 MoS2@Ni-MOF Ni-MOF MoS2 [65]

Journal of Semiconductors      doi: 10.1088/1674-4926/41/9/091707 9

 

 
H Wang et al.: Metal-organic framework composites for energy conversion and storage

 



1021.8  mAh/g,  which  was  reduced  to  838.8  mAh/g  after  800
cycles  with  a  decay  rate  of  0.022%,  and  the  Coulombic  effi-
ciency was nearly 100% (Figs. 6(j)–6(l)).

5.  Summary and perspective

MOFs  exhibit  impressive  physicochemical  properties  and
unique fancy owing to diversity of the organic linkers and the
metal nodes, regular and tunable pore structure, and chemic-
al tunability. Hence, MOF-based composites have attracted in-
tensive  attention  and  yielded  excellent  performance  for  en-
ergy conversion and storage. In this review, we have summar-
ized  recent  progress  and  typical  development  strategies  of
MOF-based  composites  for  energy  conversion  and  storage
such  as  catalysis,  supercapacitor,  and  ion  battery.  Moreover,
we present the design principle from the viewpoint of the in-
trinsic relationships among different components and proper-
ties  of  energy  conversion  and  storage,  including  two  work-

ing  modes:  MOFs  with  assistant  the  components  and  MOFs
with  other  function  components.  For  ‘MOFs  with  assistant
the  components’  mode,  MOFs  possess  the  main  function  in
the composites,  while  the other  components will  not  directly
participate  the energy conversion and storage,  but  can assist
MOFs  for  full  utilizations  by  adjusting  related  properties;  For
‘MOFs  with  other  function  components’  mode,  all  MOFs
and  the  other  components  join  energy  conversion  and  stor-
age simultaneously.

Despite these great achievements, there are still some fore-
seeable  challenges  in  large-scale  applications.  (1)  Although
the  addition  of  conductive  materials  can  mitigate  the  im-
pacts  of  poor  electrical  conductivity,  the  overall  resistance  of
MOF-based  composites  is  still  high.  Adjusting  ligands  of
MOFs  endow  tunable  electronic  structure  to  overcome  this
drawback. Similarly, combining molecular design within com-
posites  will  contribute more possibilities  to  optimizing the fi-
nal  energy  conversion and storage.  (2)  The precise  control  of
composite proportion and coordination environment is anoth-
er  inevitable  challenge.  Direct  insight  into  targeted  active
sites in practical  applications is  still  undefined,  which is  signi-
ficant  to  push  further  fundamental  understandings  towards
synergies among different components in the MOF-based com-
posites.

Recently,  rational  compositional  design  of  MOF-derived
materials based on judicious selection of MOF precursors and
controlled  thermal/chemical  conversion  processes  has  also
drawn  great  attention[73−75].  MOFs  or  MOF  composites  are

Table 6.   The component of the MOF-based compositions for battery.

Material MOF Function
species Application Ref.

1 CuFe-PBA@
NiFe-PBA

CuFe-PBA NiFe-PBA Cathode [18]

2 CuS@Cu-BTC Cu-BTC CuS Anode [67]
3 BP/NiCo-MOF NiCo-MOF BP Anode [68]
4 Li3PS4-Zr-MOF Zr-MOF Li3PS4 Cathode [69]
5 HKUST-1@GO HKUST-1 GO Separator [71]
6 Ce-MOF/CNT Ce-MOF CNT Separator [72]
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Fig. 5. (Color online) Typical examples of MOFs with function components for catalysis. (a) Schematic illustration of PANI-ZIF-67. (b) Nyquist elec-
trochemical impedance spectra of ZIF-67-CC and PANI-ZIF-67-CC. (c)  Cyclic voltammograms collected of PANI-ZIF-67-CC electrode at different
scan rate in 3 M KCl. (d) Cycling performance of the solid-state SC device measured at 0.1 mA/cm2 for 2000 cycles[58]. Copyright 2019, American
Chemical  Society.  (e)  Preparation illustration of  Cu-CAT-NWAs/PPy.  (f)  Nyquist  electrochemical  impedance spectra  of  pristine  PPy  and various
time-dependent  Cu-CAT-NWAs/PPy  based  electrodes.  (g)  The  galvanostatic  charge-discharge  curves  at  different  current  densities  of  Cu-CAT-
NWAs/PPy  electrode.  (h)  Cyclic  stability  over  5000  cycles  under  a  scan  rate  of  100  mV/s  for  Cu-CAT-NWAs/PPy  electrode[63].  Copyright  2020,
Wiley-VCH  Verlag  GmbH  &  Co.  KGaA.  (i)  Photographs  of  the  solidstate  SC  device  (inset:  SEM  image  of  MnOx-MHCF).  (j)  Cyclic  voltammogram
curves of MnOx-MHCF electrode at different scan rates in the range of 5–50 mV/s. (k) The galvanostatic charge-discharge curves of MnOx-MHCF
electrode at current densities of 1.3–10.0 A/g. (l) Specific capacitances of MnOx-MHCF nanocube electrodes derived from the discharging curves
at  the  current  density  of  1.3 –10.0  A/g.  (m)  Cycling  performance  of  the  MnOx-MHCF  nanocube  electrode  measured  at  the  current  density  of
10.0 A/g for 10 000 cycles[64]. Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA.
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used  as  sacrificial  templates  to  design  various  nanomateri-
als, which can form new active sites or improve electrochemic-
al performance. The metal nodes in MOFs can be converted in-
to metal  nanoparticles  or  metal  compounds,  and the organic
linkers  are  transformed  into  porous  carbon  materials  or  re-
moved[75].  The  rational  design  and  in-situ  synthesis  of  hie-
rarchical  porous  composites  could  improve the availability  of
active  sites,  mass  transport,  and  gas  release.  However,  some
key  problems  still  exist  for  practical  applications.  For  ex-
ample, the complexity of MOF-derived composites makes the
identification  and  optimization  of  true  active  sites  difficult.
And the high surface area and porosity  of  MOF-derived com-
posites  may  lead  to  low  initial  Coulombic  efficiency  and  low
tap density.

Although  there  are  still  many  challenges,  it  is  believed
that  more  progresses  of  MOF-based  composites,  based  on
the above design principle of two working modes, will  be ex-
pected to maximize composite performance for energy conver-
sion  and  storage  in  the  near  years.  In  addition,  the  MOF-
based  composites  are  encouraged  to  gain  more  achieve-
ment in new energy-related fields.  Hence, this review aims to
provide  general  design  principle  to  further  applications  of
MOF-based  composites  for  energy  conversion  and  storage.
We keep looking forward to the beautiful future of MOF.
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