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Abstract: Electrochemical CO2 reduction holds great promise in 
reducing atmospheric CO2 concentration. However, several 
challenges hinder the commercialization of this technology. 
Energy efficiency, CO2 solubility in aqueous phase, and 
electrode stability are among the current issues. In this mini-
review, we summarize and highlight the main advantages and 
limitations that Metal-Organic Frameworks may offer to this field 
of research, either when used directly as electrocatalysts or 
when used as catalyst precursors.  

1. Introduction 

The ever-increasing atmospheric CO2 concentration is one of 
the critical issues that require an urgent solution within this 
century. From a global carbon cycle point of view, industrial 
activity is the major CO2 contributor, causing a rapid 
accumulation of this greenhouse gas in the atmosphere. To 
counteract this unbalance, CO2 capture and utilization 
technologies should be implemented. In this spirit, several 
technologies have been proposed for CO2 utilization, based on 
thermocatalysis, photocatalysis, and electrocatalysis, etc. All the 
above-mentioned catalytic approaches have their economic 
advantages under certain conditions, and they may all contribute 
to reducing atmospheric CO2.[1] For example, thermocatalysis 
would already be economically competitive if green H2 (e.g. 
generated from water splitting using renewable energy) was 
massively available.[2] Photocatalysis, on the other hand, would 
be more favorable in remote locations with strong solar 
irradiation. Electrocatalytic reduction of CO2 (CO2ER) is the 
other technology that holds great promise if efficient 
electrocatalysts can be developed for the direct transformation 
of CO2 into valuable products.  
Initially, catalysts used for CO2ER were pure metal foils directly 
used as electrodes.[3] With the advancement of nanotechnology, 
other configurations have been used as catalysts in CO2ER, 
significantly enhancing CO2ER efficiency.[4] In these 
nanostructured electrocatalysts, the active phase is dispersed 
within a conductive support, such as carbon cloth, carbon paper 
or glassy carbon. In the following context, the electrode mainly 
refers to catalysts dispersed on a conductive support, and 
catalyst engineering represents the engineering effort to improve 
CO2ER efficiencies (including Faradaic efficiencies toward 
valuable products, current densities, and energy efficiencies) 
through the design of catalytic sites and/or the optimization of 
the catalyst structure. 
Metal-organic frameworks (MOFs) have recently emerged in the 

field of catalysis because of their unique textural and topological 
properties.[5] On the one hand, when MOFs are used directly as 
catalysts, not only the atomically dispersed metal nodes can be 
engineered into active sites, but also the organic linkers hold 
great potential as catalytic sites.[6] Besides, the porous structure 
can be tuned to enhance mass transport. On the other hand, 
MOFs can also be used as catalyst precursors, yielding MOF 
mediated catalysts.[7] Following this approach, the MOF is 
decomposed under controlled conditions to lead to the clustering 
of its metal component into small nanoparticles or to the 
formation of single atom catalytic sites. At the same time, the 
organic component (the linker) rearranges into a carbonaceous 
matrix that may be conductive.[8] Xia et al. reviewed the use of 
MOFs for electrochemical energy storage, including catalytic 
electrodes.[9] Herein, we summarize the recent works on 
electrochemical CO2 reduction using MOF and MOF derived 
catalysts.  
Next to reviewing the work done so far on this interesting topic, 
we have to realize that the commercialization of CO2ER will not 
solely rely on catalyst engineering. Indeed, the design of the 
electrochemical cell and the optimization of reaction conditions 
(pressure, temperature, etc.) will play a role as important as that 
of the catalyst itself. 
In this mini-review, we first give a brief introduction to the 
challenges faced by CO2ER, followed by a summary on MOF-
related catalyst engineering and MOF derived electrocatalysts. 
We finalize with our personal opinion on future developments. 
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2. Main challenges for CO2ER 

CO2 electrochemical reduction can be seen as a reversed 
process of fuel cells, and a lot of similarities are shared between 
these two processes, such as cell configuration, electrolyte, etc. 
CO2ER with H-cell, one of the most popular cell configurations 
so far, features cathode and anode compartments filled with 
aqueous electrolyte and separated by a membrane. MOFs and 
MOF-derived catalysts are mostly particles, and are used as 
supported catalysts in CO2ER cells. CO2 approaches the 
catalytic sites through diffusion in aqueous phase, and several 
valuable products can be generated, such as CO, C2H4, 
HCOOH, oxalic acid, alcohols, etc. As proposed by Koper and 
coworkers,[10] the reduction of CO2 starts with the formation of 
a ·COO- intermediate. Subsequent reaction with a proton-
electron pair leads to the formation of HCOO-, while the 
absorption of only a proton results in the formation of ·COOH, 
which will be further reduced to ·CO. On the one hand, if 
the ·CO intermediate is strongly bonded by the catalyst, for 
example Cu, it will be reduced to additional products. On the 
other hand, if the ·CO intermediate is weakly bonded (i.e. in 
case of Ag, Au or Zn) CO will desorb and become the main 
product. 
The challenges of CO2ER have been generally summarized and 
discussed,[1, 11] so we will only give a brief introduction to CO2ER 
here, with specific emphasis on commercializing considerations. 

2.1. Overpotential (voltage efficiency) 

One of the key drawbacks that hinder the commercialization of 
CO2ER is energy efficiency, which is primarily limited by the high 
overpotential of CO2ER. 

In electrochemistry, overpotential is the potential (voltage) 
difference between a half-reaction's reduction potential at 
thermodynamic equilibrium and the potential at which the redox 
reaction occurs. The existence of overpotential implies that more 
energy is required than thermodynamically needed to drive a 
given reaction, and this energy loss, usually in thermal form, 
directly affects voltage efficiency.  
It is widely accepted that the overpotential for CO2 
electrochemical reduction originates from the sluggish kinetics to 
form a •CO2- intermediate.[11a, 11c] This step has a standard 
potential of -1.9 V vs. SHE and is the main reason for high 
overpotentials. This potential can be improved (lowered) by 
stabilizing the intermediate, which is one of the primary functions 
of catalysts. 

2.2 Faradaic efficiency (FE) 

Faraday efficiency is described as energy losses in the current 
term. Although all the current in CO2ER is consumed to form 
products, the current directed toward undesirable reactions or 
products is usually considered as energy loss. 
One primary undesirable product is H2, generated by the 
competing hydrogen evolution reaction (HER) in the aqueous 
electrolyte. As a consequence, catalysts with high hydrogen 
overpotentials typically give favorable FE for CO2ER. 
From a commercialization perspective, the potential market of 
CO2ER will be fuel and commodity chemicals, where oil derived 
products are now dominating. Taking the competition between 
CO2ER derived chemicals and petrochemicals into consideration, 
it is clear that some CO2ER products, for example CH4, are 
economically unfavorable.  Formation of these products should 
be avoided since the electricity cost to produce them will not be 
paid off.[1] 
A scenario of CO2ER commercialization would be the direct 
treatment of post-combustion gas from power plants, avoiding in 
this case expensive (and highly energy consuming) separation. 
These streams usually contain a relatively high concentration of 
unreacted O2. Thus, CO2ER catalyst for this specific application 
should be inactive toward oxygen reduction reaction (ORR).[12] 
Moreover, the ORR products are reactive O2- and H2O2 species 
sometimes, which offer a harmful environment for CO2ER 
catalysts.[13] 

2.3 CO2 mass transport 

One of the key limiting factors in aqueous-phase CO2 conversion 
is the mass transfer of CO2 to the cathode surface, especially 
given the low solubility of CO2 in many electrolytes. In addition to 
catholyte CO2 capacity, product bubble formation can disrupt the 
reaction system as well. Although the low solubility of CO2 in 
aqueous phase can be overcome by using gas-diffusion 
electrodes (GDE), the current density of cathode GDEs may 
also be limited by the CO2 flux to the catalyst. The CO2 transport 
limit can be seen as the critical issue that hinders the 
enhancement of current density.[14] Configuration of 
electrochemical cells may largely influence the CO2 
transportation, and in turn influences the current density, thus it 
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should be noted that the comparison of current densities should 
take the cell configuration into consideration.[15] 

2.4 Electrode stability 

Stability is an essential criterion for commercial catalysts. 
Excellent stability can greatly reduce the operational costs.[16] In 
CO2ER, the electrode stability requires not only the resistance to 
deactivation but also the resistance to impurities.[17] The long-
time running of CO2ER has been reported in several articles.[18]  
However, the resistance to impurities has not been widely 
covered. Again, taking the example of using the post-
combustion gas from power plant as CO2 feedstock, the post-
combustion gas will contain a relatively high level of impurities, 
such as SOx and NOx, even after a primary treatment, and S has 
been identified as a harmful component to many 
electrocatalysts.[19] The electrolyte is another source of 
impurities.[11c, 20] In this regard, more research into impurity-
resistant electrodes will be important. Additionally, electrode 
stability should be separated from system stability. For instance, 
electrode clogging because of the formation of bicarbonate 
crystals during CO2ER is not related to the electrode itself but to 
the reactor system and such should be solved through system 
engineering. 

3. MOF-related catalysts for CO2ER 

 
Table 1. Summary of CO2ER performance with MOF-
related materials. 

 

Electro-
catalyst[a] 

Main 
product 

Peak 
FE[b] 
(%) 

Peak jtotal  

(mA cm-2) 

Peak 
potenti
al [c] (V) 

Electrolyte 

CR-MOF[21] Formic 
acid 

~100 7.1 -0.78 0.5 M KHCO3 

Cu-BTC[22] Oxalic 
acid 

~51 19.22 -2.5 vs 
Ag/Ag+ 

0.01 M 
TBATFB in 
DMF 

ZIF-8[23] CO 65 ~3 -1.14 0.5 M NaCl 

ZIF-8[24] CO 81 8.5 -1.1 0.25 M K2SO4 

ZIF-108[24] CO 52 24.6 -1.3 0.25 M K2SO4 

Cu-BTC[25] ethanol 10.3 10 -0.28 0.5 M KHCO3 

Ligand-doped 
–ZIF-8[26] 

CO 90 10.1 -1.2 0.1 M KHCO3 

Re-MOF[27] CO 93 >2 -1.6 vs 
NHE 0.1 M TBAH in 

CH3CN+5% 
trifluoroethanol 

ZIF-BTC[28] CH4 80 3.1 -2.2 vs 
Ag/Ag+ 

BmimBF4 

Fe_MOF-
525[29] 

CO 50 ~6 -1.3 vs 
NHE 

1 M TBATF6 in 
DMF 

PCN-
222(Fe)[30] 

CO 91 1.2 -0.6 0.5 M KHCO3 

Cu2(CuTCPP) 
nanosheet[31] 

HCOO- 68.4 ~4.5 -1.55 
vs 
Ag/Ag+ 

CH3CN with 1 
M H2O and 0.5 
M EMIMBF4 

Al2(OH)2TCP
P-Co MOF[32] 

CO 76 ~1 -0.7 0.5 M  KHCO3 

Ag2O/layered 
ZIF[33] 

CO ~80 32 -1.3 0.25 M K2SO4 

Cu-SIM NU-
1000[34] 

HCOO- 28 1.2 -0.82 0.1 M NaClO4 

Cu2O@Cu-
MOF[35] 

CH4 63.2 -14 -1.71 0.1 M KHCO3 

OD-Cu/C[36] CH3OH ~43.
2 

~8.9 -0.3 0.1 M KHCO3 

MOF-derived 
Cu NPs[37] 

CH4 ~50 7.5 -1.3 0.1 M KHCO3 

ZIF-8 derived 
Fe-N active 
sites[38] 

CO 93 5.2 -0.43 1 M  KHCO3 

Ni SA/N-C[39] CO 71.9 10.48 -1.0 0.5 M  KHCO3 

N-coordinated 
Fe[40] 

CO 93 2.8 -0.58 0.1 M KHCO3 

Low-CN Cu 
clusters[41] 

C2H4 45 262 -1.07 1 M KOH 

N-coordinated 
Co[42] 

CO 94 18.1 -0.63 0.5 M  KHCO3 

MOF-derived 
In-Cu 
bimetallic 
oxides[43] 

CO 92.1 11.2 -0.8 0.5 M  KHCO3 

ZIF-8 derived 
NC[44] 

CO 78 1.1 -0.93 0.1 M KHCO3 

ZIF-8 derived 
NC[45] 

CO 95.4 1 -0.5 0.5 M  KHCO3 

Pyrolyzed 
ZIF/MWCNT[4

6] 

CO 100 7.7 -0.86 0.1 M NaHCO3 

[a] The MOF-related catalysts mentioned in this table were 
used in a supporting manner. A list of abbreviations is 
presented at the end. 

[b] Peak FE represents the FE of main products. 

[c] Peak potential represents the potential where peak FE 
occurs, and is against RHE unless specifically noted. 
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Figure 1. Representative electron micrograph of directly using MOF as 
electrocatalyst. TEM image of (a) lower and (b) higher magnification, SAED 
pattern (inset) of Cu-BTC;[22] SEM images at 25 000× magnification of (a) 
HKUST-1, (b) CuAdeAce, (c) CuDTA, and (d) CuZnDTA, not real colors;[25] 
TEM images for ZIF-8-ZnSO4 (g), ZIF-8-Zn(NO3)2 (h), and ZIF-8-Zn(Ac)2 (i).[23] 
 
MOFs, combining the favorable characteristics of heterogeneous 
and homogeneous catalysts, have been explored as a novel 
class of model catalytic materials for understanding the 
electrochemical CO2 reduction. 
The application of MOF-related catalysts for CO2 
electrochemical reduction started in 2012,[21] when a copper 
rubeanate metal-organic framework (CR-MOF) was prepared by 
Hinogami et al. to electrochemically reduce CO2 into valuable 
products. With an onset potential of ~200 mV more positive than 
that of a Cu electrode in the aqueous electrolyte, formic acid 
(HCOOH) was virtually the only CO2 reduction product (FE = 
~100%), whereas various products were generated on a Cu 
electrode. The partial current of HCOOH by CR-MOF electrode 
was ~7.1 mA cm-2, which was also higher than for the Cu 
electrode. 
Kumar et al., also in 2012, reported cyclic voltammetry (CV) 
studies in 0.1 M KCl of Cu-BTC films on glassy carbon 
electrodes.[22] Well-defined Cu(II)/Cu(I) and Cu(I)/Cu(0) 
reversible redox responses were observed. The MOF film was 
then studied as electrocatalyst in N,N-dimethylformamide (DMF). 
The production of oxalic acid was confirmed by GC-MS with a 
FE of ~51% and a total current density of 19 mA cm-2. 
Following these pioneering works, additional MOF-based 
catalysts have been investigated for CO2ER. ZIF-8, an 
archetypical MOF material, was synthesized with various zinc 
sources by Wang et al. and used as electrocatalyst for CO2 
reduction to CO.[23] ZIF-8 prepared with ZnSO4 delivered the 
best catalytic activity towards CO2 electroreduction, with a FE 
toward CO (FECO) of 65% and a total current density (jTotal) of ~3 
mA cm-2, establishing a relation between the CO2ER 
performance and synthetic zinc sources. The main catalytic 
active sites were claimed to be the discrete Zn nodes in ZIF-8. 
Jiang et al. further identified the imidazolate ligands coordinated 
with the Zn(II) center in ZIFs as the catalytic sites of ZIFs for 

CO2ER with the help of in-situ X-ray absorption spectroscopy 
(XAS) measurements and density functional theory (DFT) 
calculations.[24] They investigated ZIFs with the same sodalite 
topology and different organic ligands, including ZIF-8, ZIF-108, 
ZIF-7, and SIM-1 for CO2ER in aqueous electrolyte. ZIF-8 
showed the highest FECO of 81.0% at -1.1 V vs. RHE among all 
the ZIF catalysts, and the CO current density could reach as 
high as 12.8 mA cm-2 at -1.3 V vs. RHE over ZIF-108.  
The effect of the linker on CO2ER was also investigated[25] by 
Albo et al.  Four Cu-based MOFs, namely, 1) Cu-BTC (HKUST-
1); 2) Cu-AdeAce; 3) Cu-DTA mesoporous metal-organic 
aerogel (MOA); and 4) CuZn-DTA MOA, were synthesized and 
supported on gas diffusion electrodes. The MOF-based 
electrodes showed electrocatalytic efficiency for the production 
of methanol and ethanol in the liquid phase. The maximum 
cumulative FE for CO2 conversion was measured at Cu-BTC 
based electrodes, which was 15.9 % at a current density of 10 
mA cm-2. It was demonstrated that MOFs with coordinately 
unsaturated metal sites were favorable for the enhancement of 
the electrocatalytic reduction of CO2 to alcohols. Furthermore, 
Cu-BTC based electrodes showed stable electrocatalytic 
performance for 17 h. 
In addition to the structural effect, the linker of MOFs can also be 
functionalized to boost the catalytic activity. The poor 
conductivity of MOFs largely hinders their direct application as 
electrocatalysts, thus, Dou et al.  reported a general strategy of 
ligand doping to enhance charge transfer, thereby improving the 
electrocatalytic activity.[26] A strong electron-donating molecule, 
1,10-phenanthroline, was introduced into ZIF-8 as CO2 reduction 
electrocatalyst. Experimental and theoretical results suggested 
that the electron-donating nature of phenanthroline enabled 
charge transfer, which facilitated the generation of •COOH. As a 
consequence, the ligand-doped ZIF-8 showed an FECO of 90% 
and a jTotal of 10.1 mA cm-2, both significantly improved 
compared with pristine ZIF-8. 
Ye et al. deposited a highly oriented monolithic Re-based MOF 
thin film onto a conductive FTO electrode using liquid-phase 
epitaxy.[27] The MOF film was grown exclusively along the [001] 
direction, and exhibited a high FECO of ~93% when operated as 
an electrocatalyst for the reduction of CO2, with a current density 
exceeding 2 mA cm-2. 
As discussed above, the overpotential is one of the key issues 
which needs to be addressed in CO2ER. A combination of ionic 
liquids (ILs) as the electrolyte and Zn-BTC as the catalyst was 
applied by Kang et al. as a strategy to lower overpotentials in 
CO2ER,[28] which was the first work combining a MOF electrode 
and pure IL electrolyte in this field. The Zn-BTC electrode 
showed a higher selectivity to CH4 (>80%) and higher current 
density (3 mA cm-2) at mild overpotentials (250 mV), than the 
commonly used metal electrodes. 

3.2 MOFs as active phase supports 
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Figure 2. Representative electron micrograph of using MOF as catalyst 
supports. (a) SEM image and (b) TEM image of Cu2(CuTCPP) nanosheets;[31] 
Top-view SEM images (c) and cross-sectional SEM image (d) of the Cu-SIM 
NU-1000 thin film;[34] SEM images of the MOF catalyst film before (e) and after 
electrolysis (f) revealing the retention of the plate-like morphology;[32] (g) SEM 
and TEM (inset in g) images of Cu2O spheres, (h) SEM image of Cu-MOF, (i) 
TEM and (j) HRTEM images of Cu2O@Cu-MOF after reacting for 12 h.[35] 
 
In addition to the direct application as electrocatalysts, the 
unique textural properties of MOFs also offer a number of 
opportunities for their application as active phase supports for 
CO2ER. 
Porphyrin-based molecular catalysts have been widely used in 
CO2ER.[47] The significance of molecular catalyst immobilization 
was highlighted by Hu et al.  by comparing the performance of 
cobalt meso-tetraphenylporphyrin (CoTPP) in CO2ER under both 
supported and unsupported conditions.[48] CoTPP performed 
poorly as a homogeneous electrocatalyst giving low product 
selectivity at a high overpotential, while a remarkable catalytic 
activity enhancement was seen with CO2 selectively forming CO 
(> 90%) at a low overpotential upon directly immobilizing CoTPP 
onto carbon nanotubes. Kramer et al. demonstrated that the 
immobilization agent had an effect on the molecular catalyst’s 
performance by comparing the CO2ER activity of cobalt 
phthalocyanine (CoPc) supported on edge-plane graphite and 
poly-4-vinylpridine (P4VP) thin films.[49] CoPc embedded in 
P4VP matrix displayed improved FECO and turnover frequency, 
which was attributed to the chemical coordination environment 
provided by the P4VP polymer matrix. 
Hod et al. used Fe-porphyrin as CO2 reduction catalyst, which 
was incorporated into MOF-525 as both a structural and 
functional element.[29] MOF-525 was first deposited onto a 
conductive ITO substrate, and then Fe-porphyrin was formed via 
a post-metalation strategy. The approach yielded a high surface 
coverage of electrochemically addressable Fe-porphyrin sites 
(∼1015 sites cm-2), forming a mixture of CO and H2 in roughly 
equal amounts (FECO = ~50 %) as products with a jTotal of ~6 mA 
cm-2. In spite of the low FE of CO2ER, these results 
demonstrated that porphyrins can be electrochemically 
accessed when incorporated into a MOF structure.  

Electroactive porphyrins can also be used as ligands to form 
MOFs. Dong et al. rationally introduced a Fe-TCPP porphyrin to 
form PCN-222(Fe) as CO2ER catalyst.[30] After dip-coating onto 
carbon substrate, the composite catalyst PCN-222(Fe)/C (mass 
ratio = 1:2) exhibited a maximum 91% FECO with 494 mV 
overpotential (where jTtoal = 1.2 mA cm−2) in an aqueous solution, 
achieving a TOF of 0.336 site−1 s−1. The catalyst was found to 
retain its crystallinity and stability after 10 h of electrolysis at 
−0.60 V versus RHE (average FECO = 80.4%).  
Wu et al. used porphyrinic MOF nanosheets for CO2ER.[31] The 
Cu2(CuTCPP) nanosheets were cathodized on FTO glasses, 
and exhibited significant activity for formate production with a FE 
of 68.4% at -1.55 V vs. Ag/Ag+. Moreover, the C–C coupling 
product acetate was also generated from the same catalyst at a 
voltage range of 1.40 - 1.65 V with the total liquid product FE of 
38.8 - 85.2%. Characterization results showed the instability of 
Cu2(CuTCPP), with Cu(II) being transformed into CuO, Cu2O 
and Cu4O3, which significantly catalyzed CO2 to formate and 
acetate.  
Kornienko et al. employed an aluminium porphyrin-based MOF-
55,[32] comprising cobalt porphyrin active sites, for the 
electrocatalytic reduction of CO2 to CO. An aluminium oxide thin 
film was first deposited via atomic layer deposition (ALD) as 
metal precursor, followed by subsequent MOF formation through 
the reaction of the coated aluminium oxide with the linker under 
solvothermal conditions. The thickness of the precursor could 
easily be controlled by the number of ALD cycles, thereby 
controlling the thickness of catalyst layers. The performance of 
the resulting MOF catalyst initially improved with increasing film 
thickness until reaching a maximum of ~2.8 mA cm-2, and the 
appearance of maximum performance possibly indicated a 
trade-off between electron and mass transport. The optimized 
catalyst thickness exhibited a FECO production of up to 76 % in a 
7 h test.  
In addition to molecular catalysts, MOFs have also been used 
for supporting metal nanoparticles in CO2ER. Jiang et al. 
reported the construction of Ag2O/layered ZIF composite 
structure by mixing pre-synthesized layered ZIF-7 with AgNO3 
aqueous solution, followed by refluxing at 100 °C.[33]  
Ag2O/layered ZIF composite showed much higher FECO (~80 %) 
and jCO (~32 mA cm-2) than the layered ZIF or Ag/C alone. The 
performance enhancement was attributed to the synergistic 
effect between Ag2O nanoparticles and the layered ZIF, as well 
as the facilitated mass transport by the high specific surface 
area of Ag2O/layered ZIF. 
Kung et al. embedded copper nanoparticles into a thin film of 
NU-1000,[34] by first installing single-site Cu(II) into the NU-1000 
thin film followed by electrochemical reduction of Cu(II) to 
metallic Cu. The obtained Cu nanoparticles were 
electrochemically addressable and exhibited a moderate 
electrocatalytic activity with a maximum FE toward HCOO- of 28 % 
and -1.2 mA cm-2 at -0.82 V vs. RHE. Both the crystallinity and 
morphology of the thin film remained unchanged after 
electrocatalysis. The authors also found that the particle sizes 
were largely dependent on the pore size of the MOF, which 
might offer an opportunity to achieve tunable catalyst sizes 
through this pore confinement effect of MOFs. 
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In a recent study, Tan et al. reported a tailor-made Cu2O@Cu-
MOF electrocatalyst,[35] by in-situ etching Cu2O spheres with 
H3BTC to form a Cu-MOF shell. The as-prepared electrocatalyst 
resulted in an intriguing performance towards the formation of 
hydrocarbons from CO2, with a high FE toward CH4 and C2H4 of 
79.4%, particularly, the FE of CH4 as high as 63.2% at −1.71 V.  

3.3 MOF as electrocatalyst precursors 

 

Figure 3. Representative electron micrograph of using MOF as catalyst 
precursors. TEM images of (a) ZIF–CNT–FA-p, and (b) ZIF–Fe–CNT–FA-p;[46] 
(c) SEM and (d) TEM images of N-coordinated Co. (e-f) Magnified HAADF-
STEM images of N-coordinated Co showing the atomic dispersion of Co 
atoms;[42] (g-i) SEM images of the OD-Cu/C processed with different 
temperature;[36] The HAADF-STEM images of (j-l) Fe–N–C;[40] Structural 
investigations of as-fabricated HKUST-1 by (m) SEM, (n) TEM bright field 
image, (o) TEM HAADF, and (p-r) TEM EDS.[41] 

Although quite a few works using MOFs directly as catalysts 
claimed that the MOF catalysts showed good stability during test, 
a lot of them failed to conduct post-reaction analysis to confirm 
these statements.[50] Indeed, stability is a serious issue for MOFs, 
especially under the highly negative potentials usually applied in 
CO2ER. These potentials are more negative than the reduction 
potential of many metals used in MOF synthesis (see Table 2). 
In this spirit, using a MOF as catalyst precursor can be a 
favorable way to produce a stable and efficient catalyst. 
 

Table 2. Standard electrode potentials of common metal nodes in MOFs.[51]  

Half reaction Potential (V vs. RHE) 

Co3+  + e- ⇌ Co2+ 1.82 

Ag+  + e- ⇌ Ag 0.8 

Fe3+  + e- ⇌ Fe2+ 0.77 

Cu+  + e- ⇌ Cu 0.52 

O2 + 2H2O +  4e- ⇌ 4OH- 0.4 

Cu2+  + 2e- ⇌ Cu 0.34 

Cu2+  + e- ⇌ Cu+ 0.15 

2H+  + 2e- ⇌ H2 0 

Fe3+  + 3e- ⇌ Fe -0.04 

Ni2+  + 2e- ⇌ Ni -0.25 

Co2+  + 2e- ⇌ Co -0.29 

Fe2+  + 2e- ⇌ Fe -0.41 

Cr3+  + e- ⇌ Cr2+ -0.42 

Cr3+  + 3e- ⇌ Cr -0.74 

Zn2+  + 2e- ⇌ Zn -0.76 

Ti3+  + 3e- ⇌ Ti -1.37 

Zr4+  + 4e- ⇌ Zr −1.45 

Ti2+  + 2e- ⇌ Ti -1.63 

Al3+  + 3e- ⇌ Al -1.66 

 
The decomposition of MOFs under controlled conditions usually 
leads to the clustering of its metal component into small 
nanoparticles. Zhao et al. synthesized oxide-derived Cu/carbon 
(OD Cu/C) catalysts by facile carbonization of Cu-BTC MOF 
(HKUST-1).[36] The resulting materials exhibited highly selective 
CO2 reduction to alcohols with total FE of 71.2% at -0.7 V vs. 
RHE. High yields to methanol and ethanol were achieved on OD 
Cu/C-1000 with the peak production rates of 12.4 mg L-1 h-1 at -
0.3V and 13.4 mg L-1 h-1 at -0.7V, respectively. Notably, the 
onset potential for C2H5OH formation was among the lowest 
overpotentials reported to date for the CO2 reduction to C2H5OH. 
The improvement in activity and selectivity of the oxide-derived 
Cu/carbon were attributed to the synergistic effect between the 
highly dispersed copper and the matrix of porous carbon.  
Kim et al. used an electrochemical reduction strategy to 
decompose MOFs,[37] obtaining an efficient electrocatalyst for 
the synthesis of CH4. Cu-based MOF-74 was chosen as the 
precursor, which was electrochemically reduced to Cu 
nanoparticles (NPs). The porous structure of the MOF serves as 
a template for the synthesis of isolated Cu NPs with high current 
densities and high FE toward CH4 in the electrochemical CO2 
reduction reaction. The MOF-derived Cu NPs resulted in a 
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FECH4 >50% and a 2.3-fold higher current density at -1.3 V vs. 
RHE than commercially available Cu NPs. 
Besides metal nanoparticles, MOF-mediated synthesis can also 
act as a method to generate isolated metal-nitrogen sites with 
high exposure of active sites for efficient catalysis. Ye et al. 
fabricated isolated iron-nitrogen sites, located on the surface of 
carbon matrix, through the pyrolysis of ammonium ferric citrate 
(AFC)/ZIF-8 composites.[38] The AFC/ZIF-8 composite was 
synthesized by reacting the Zn precursor solution, in which the 
AFC was also dissolved, with 2-methylimidazole solution, 
followed by cleaning, centrifuging, and drying. The highly 
exposed iron-nitrogen sites demonstrated high selectivity to CO 
(peak FECO = 93 %) and high activity (jCO = 9.5 mA cm-2). 
Zhao et al. adopted Ni ion exchanged ZIF-8 to assist the 
preparation of a catalyst containing single Ni sites for efficient 
CO2 electroreduction.[39] The synthesis was based on an 
inexpensive ionic exchange between Zn nodes and adsorbed Ni 
ions within the cavities of the MOF, which was followed by 
pyrolysis of the ion-exchanged MOF. This single-atom catalyst 
exhibited an outstanding turnover frequency for CO2 
electroreduction (5273 h-1), with a FECO of over 71.9% and a jTotal 
of 10.48 mA cm-2 at an overpotential of 890 mV. 
Pan et al. studied the reactivity and structure of atomically 
dispersed M-N4 (M = Fe and Co) single sites in CO2ER. Nitrogen 
coordinated Fe or Co single site atomically dispersed into a 
carbon matrix (M-N-C) were prepared by using MOF precursors 
which were further studied as model catalysts.[40] Fe was 
intrinsically more active than Co in M-N4 for the reduction of CO2 
to CO, in terms of a higher FECO (93% vs. 45%) and current 
density. First principle computations elucidated that the M-N2+2-
C8 moieties, which were distributed at the edge of carbon matrix 
and bridged two adjacent armchair-like graphitic layers, were the 
active sites for the CO2ER. 
Selectivity is one of the key issues faced by CO2ER, especially 
when Cu-based catalysts are used. Nam et al. reported a 
strategy involving MOF-regulated Cu cluster formation that 
shifted CO2 electroreduction with Cu based catalysts towards 
multiple-carbon products.[41] The symmetric paddle-wheel Cu 
dimer secondary building block of HKUST-1 was distorted to an 
asymmetric motif by separating adjacent benzene tricarboxylate 
moieties using thermal treatment. By varying materials 
processing conditions, the asymmetric local atomic structure, 
oxidation state and bonding strain of Cu dimers were modulated. 
The formation of Cu clusters with low coordination numbers from 
distorted Cu dimers in HKUST-1 was observed during CO2 
electroreduction, leading to a FE toward C2H4 of 45%. The 
enhanced performance was closely related to maintaining a low 
Cu-Cu coordination number among the Cu clusters during the 
reaction. 
Another example of regulating coordination number to tune the 
selectivity was reported by Wang et al.[42]  A series of atomically 
dispersed Co catalysts with different nitrogen coordination 
numbers were prepared for the CO2ER. The best catalyst, 
atomically dispersed Co with two-coordinate nitrogen atoms, 
achieved both high selectivity (FECO = 94 %) and superior 
activity (jTotal = 18.1 mAcm-2) at an overpotential of 520 mV. The 
CO formation turnover frequency reached a record value of 

18200 h-1. These results demonstrated that lower a coordination 
number facilitated activation of CO2 to the •COO- intermediate 
and hence enhanced CO2ER activity. 
Very recently, Guo et al. introduced a new method to tune the 
CO2ER selectivity via MOF-derived bimetallic oxide catalyst.[43] 
MOF-derived In-Cu bimetallic oxides were synthesized by 
pyrolysis of a Cu-In bimetallic MOF. By controlling In-Cu ratios, 
the FECO could reach 92.1%, along with a jTotal of 11.2 mA cm-2. 
The excellent performance was mainly attributed to stronger 
CO2 adsorption, higher electrochemical surface area and lower 
charge transfer resistance by the bimetallic catalyst. 
Besides metal-based catalysts, a carbon-rich organic linker, 
combined with the low-boiling point of some metal nodes, such 
as Zn, make MOFs a promising precursor to produce carbon-
based electrocatalysts.[52] Following this strategy, Wang et al. 
synthesized a nitrogen-doped carbon (NC), through the pyrolysis 
of the well-known metal-organic framework ZIF-8.[44] The 
resulting NC-based CO2ER electrode showed a FECO as high as 
~78%. It was also found that the pyrolysis temperature 
determined the amount and the accessibility of N species in the 
carbon electrode, in which pyridinic-N and quaternary-N species 
played key roles in the selective formation of CO. Generally the 
materials derived from Zn-based ZIFs are nothing less than 
nitrogen containing carbons and are active without other metal 
addition. Therefore it should be kept in mind to benchmark their 
performance against those materials prepared via other 
routes.[53] 
The pyrolysis temperature effect and the mechanism in the ZIF-
8-derived NC was further studied by Zheng et al.[45] NC catalysts 
were prepared by decomposing ZIF-8 at different temperatures 
in argon. The catalytic performances showed that the higher 
pyrolysis temperature resulted in a better CO2ER activity. The 
NC catalyst with the best performance achieved high selectivity 
with 95.4 % FECO at −0.5 V vs. RHE. The catalyst also 
maintained stability during 20 h operation, after which the FECO 
was still greater than 90%. The experiments showed that a 
higher pyrolysis temperature reduced the total nitrogen contents 
but changed the nature and density of N-species. DFT 
calculations revealed that higher pyrolysis temperature led to 
enhanced activity by promoting the formation of pyridinic N, 
which provided more efficient active sites. 
To relieve the electron transportation limit with MOF-mediated 
approach, Guo et al. synthesized a composite material by co-
pyrolysis of in-situ grown ZIF-8 on multi-walled carbon 
nanotubes (MWCNTs) substrate.[46] This composite could 
selectively catalyze the electrochemical reduction of CO2 to CO 
in aqueous solution with ~100 % FE and a current density up to 
7.7 mA cm-2 at an overpotential of 740 mV. By comparison, the 
pyrolyzed ZIF-8 without MWCNT only showed a FECO of ~50%. 
Addition of Fe to the ZIF could lower the overpotential, but also 
changed the selectivity. The MWCNT support was crucial to 
achieving superior efficiency, by enhancing electron transport 
through the MWCNT network and simultaneously expediting the 
CO2 transport in the mesoporous structure constructed by the 
MWCNTs. 
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4. Concluding remarks 

CO2ER is widely regarded as one of the most promising 
technologies to solve the CO2 emission issue, though it is still 
faced by several challenges on the path toward 
commercialization. In this work, we have summarized recent 
works on CO2 electroreduction with MOFs and MOF mediated 
catalysts. Generally speaking, the main advantages of MOFs in 
CO2ER originate from their unique textural and structural 
properties. When MOFs are used directly as catalysts for 
CO2ER, the atomically dispersed metal nodes can offer highly 
active sites, and the organic linkers can also be modified into 
catalytic sites or charge transfer agents. The porous structure, 
put up by the metal nodes and organic linkers, makes catalytic 
sites more accessible to CO2 either if catalysis takes place on 
the MOF itself or on supported species. Moreover, the 
compatibility of MOFs with ILs facilitates their application in this 
medium. The use of MOFs as catalyst precursors usually leads 
to highly dispersed metal particles or carbon-based catalysts, 
maximizing catalyst utilization. The homogeneously dispersed 
metal sites can be inherited by the MOF-derived catalysts to 
form efficient single-site catalysts with unprecedented TOFs. 
And the highly tunable building blocks of MOFs enable the 
formation of bi-metallic structures, providing a facile route to the 
synthesis of metal alloys, opening the door to breaking scaling 
relationships in CO2ER.[10]  
Although remarkable results have been reported with MOF-
related catalysts, there are still issues that need to be carefully 
addressed in future research. Stability is one of the most 
concerning issues for CO2ER. While most authors have claimed 
that pristine MOFs based on easily reducible metals are stable 
under reaction conditions, the catalyst stability has only been 
confirmed in a few cases by post-analysis characterization.[30, 32, 

34-35] Here, we would like to clarify that stability of the crystalline 
MOF does not necessarily need to be an issue. Indeed, from an 
application point of view, electrochemical reduction of MOFs to 
form small metal nanoparticles may render very interesting 
catalytic systems. However, as scientists, we should make sure 
that we do not jump into wrong conclusions by attributing the 
observed catalytic performance to the MOF scaffold.  
As it is the case in thermal catalysis, probably the most exciting 
results in terms of performance have been reported for MOF-
derived catalysts.[7a, 54] We believe that this route offers great 
possibilities for the further engineering of CO2ER catalysts and 
for the optimization of metal use in catalysis, an aspect that may 
become critical if CO2 electrolyzers are massively applied. 
Last but not least, it is fair to admit that so far most catalytic 
results have been reported using aqueous electrolytes and 
semi-batch experiments, where only low current densities can 
be achieved due to the low solubility of CO2 in aqueous phase. 
We are sure that, as it is already happening for “traditional” 
electrocatalysts, MOF-derived systems will soon be tested under 
commercially more relevant conditions by making use of gas-
diffusion electrochemical cells in which high current densities 
(>100 mA cm-2) have been achieved.[55] Through carbon capture 
technologies from point sources liquid CO2 will become available 
at pressures exceeding 100 bar and solubility may not be 

limiting any more. Also aspects of molecular and electron 
transport require careful attention, as shown by Guo et al.[46]  
Overall, we are confident that MOF-related catalysts engineering 
when combined with system integration of CO2ER, will mark a 
substantial contribution to the field of electrocatalytic CO2 
reduction. 
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