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Abstract 

Metal-organic frameworks (MOFs) have aroused great interest in many fields due to their 

appearing properties such as tailorable structure and function, high specific surface area and 

porosity. Electrocatalysis is attractive and significant  for the academia and industry because 

it underpins various clean and renewable technologies like water splitting, fuel cell, metal-air 

batteries, etc. In recent years, MOFs-derived materials prepared through post high-

temperature calcination have been widely investigated for electrocatalysis. However, the 

pyrolysis process always destroys the structure of the MOFs, resulting in the agglomeration 

of metal nodes and loss of organic ligands, which are not favourable for electrocatalysis. 

Meanwhile, only very limited number of works directly used pristine MOFs as 

electrocatalysts. To this end, this thesis aims to design and synthesize 2D MOF nanosheets 

and 2D MOF-based hybrid nanosheets for electrocatalysis. 

The first aspect of this thesis is about Ni-MOF nanosheets with high oxidation state for  urea 

oxidation reaction (UOR). High oxidation state of metal cations is critical in achieving 

outstanding performance of many transition metal-based materials towards electrochemical 

oxidation reactions such as UOR, which acts as a vital half reaction for several practical 

applications. However, it is still a great challenge to explore such a kind of materials for 

high-performance oxidation reactions. Herein, 2D MOF comprising nickel species and 

organic ligand of 1,4-benzenedicarboxylic acid (BDC) is fabricated and explored as an 

electrocatalyst for UOR, which exhibits high activity (120 mA cm-2 at 1.6 V vs. RHE) and 

strong catalyst durability after continuous operation for 10 hours. The excellent UOR 

performance is due to high active site density of the 2D MOF, and high oxidation state of the 

nickel species, which are proved by both X-ray photoelectron spectroscopy and Synchrotron-

based X-ray absorption near edge spectra. Our findings provide a suitable material for 

practical application of UOR, and this 2D MOF strategy could be used to fabricate other 

electrocatalyst with high oxidation state for a wide range of oxidation reactions.   

The second aspect of this thesis is about Ni-BDC/Ni(OH)2 hybrid nanosheets for oxygen 

evolution reaction (OER). Just like graphene, 2D MOF has an unwanted tendency to 

aggregate, which reduces the specific surface area. Ni(OH)2 is a typical catalyst for OER, but 

the reaction activity is far from satisfactory probably due to its low oxidation state. The Ni-

BDC/Ni(OH)2 hybrid nanosheets prepared through a facile sonication-assisted solution 

method can perfectly solve these two problems. After hybridization with Ni(OH)2, the large 
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surface area of Ni-BDC is well retained. Moreover, due to the strong electron interactions 

between BDC from Ni-BDC and Ni cations from Ni(OH)2, the electronic structure of Ni 

cations from Ni(OH)2 component can be well modified, leading to the generation of Ni 

cations with higher oxidation state, which surely contribute to enhanced OER activity. As a 

result, the Ni-BDC/Ni(OH)2 hybrid nanosheets exhibited remarkable OER performance in 1.0 

M KOH, outperforming pure Ni-BDC, Ni(OH)2 and even commercial Ir/C. 

The third aspect of this thesis is about Co-BDC/MoS2 hybrid nanosheets for alkaline 

hydrogen evolution reaction (HER). Generally, the reaction activity of a catalyst for alkaline 

HER is about 2-3 orders of magnitude lower than that for acidic HER. This is because the 

hydrogen intermediate (H*) comes from the dissociation of water in alkaline solution, and 

this step introduces an additional energy barrier for alkaline HER. At present, the oxidation 

reaction (e.g. OER) performance of MOFs are comparable or even superior to benchmark 

noble metals, but the HER activities of MOFs are far from satisfactory. To this end, Co-

BDC/MoS2 hybrid nanosheets are constructed for alkaline HER. The pristine 2H-MoS2 are 

transformed to 1T-MoS2 partially after the hybridization. This is beneficial for HER as 1T-

MoS2 is a much better HER catalyst. Moreover, the well-constructed Co-BDC/MoS2 

interface is vital for alkaline HER, as both components play specific roles in different 

elementary steps of alkaline HER. In specific, Co-BDC facilitates the dissociation of water to 

provide enough protons to the nearby MoS2, while phase-modified MoS2 is favourable for the 

following H2 generation. As expected, the as-fabricated Co-BDC/MoS2 nanosheets exhibit 

remarkable HER performance in 1.0 M KOH, outperforming those of Co-BDC nanosheets, 

MoS2 nanosheets and almost all the previously reported MOFs-based electrocatalysts. 
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Chapter 1: Introduction 

1.1 Significance of the Project 

In order to meet the ever-increasing energy demand of the world while also preserve the 

environment, renewable and clean energy technologies including fuel cell, water splitting, 

metal-air batteries, and carbon dioxide conversion to fuel, have been widely investigated.1-3 

Electrocatalysis underpins these energy technologies, such as hydrogen evolution reaction 

(HER) and oxygen evolution reaction (OER) for water splitting, oxygen reduction reaction 

(ORR) and OER for metal-air batteries, ORR for fuel cell.4-6 To achieve high energy 

efficiency of these reactions, advanced electrocatalysts are highly required to drive the 

sluggish kinetics.7-8 Currently, the state-of-the-art electrocatalysts are noble metal-based 

catalysts such as Pt for ORR and HER, RuO2 and IrO2 for OER.9 The high price, low 

abundance of noble metals greatly hinders the practical applications of these technologies. 

Therefore, developing low-cost, earth-abundant, stable and highly efficient non-noble metal-

based electrocatalysts for these reactions are highly urgent and significant.10 

Metal-organic frameworks (MOFs) are crystalline porous materials constructed by linking 

metal ions or clusters with organic ligands.11-12 Since the first report in 1989, more than 

20000 different MOFs are reported.13 Due to their unique features such as tunable structures 

and functions, ultrahigh porosity and large surface area, MOFs have been widely investigated 

and applied in various areas such as gas separation and storage, biomedicine, catalysis and 

sensing.14-15 As a subclass of MOFs, 2D MOFs also possess some advantages stemmed from 

2D structure. Compared to bulk materials, higher percentages of metal atoms are exposed on 

the surface of 2D materials as active sites for catalysis. More inspiringly, these exposed metal 

atoms are coordinatively unsaturated with more dangling bonds, and hence contribute to 

higher catalytic activities.16-17 Moreover, 2D materials lead to the formation of defeats, which 

can tailor the electronic structure of the 2D materials to achieve enhanced conductivity.18 In 

all, 2D MOFs are quite promising for electrocatalysis owning to the aforementioned 

characteristics. 

1.2 Research Objectives 

The major goals of this thesis are to design 2D MOF nanosheets or 2D MOF-based hybrid 

nanosheets for electrocatalysis and get more insights into the reaction mechanisms of several 
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key electrocatalytic processes such as HER and OER. Specifically, the objectives of this 

thesis are: 

• To fabricate ultrathin 2D Ni-BDC nanosheets with high oxidation state for urea 

oxidation reaction. 

• To understand the importance of electronic structure and oxidation state of the 

electrocatalysts for oxidation reactions. 

• To design novel 2D Ni-BDC/Ni(OH)2 hybrid nanosheets through a facile sonication-

assisted solution method for highly efficient oxygen evolution reaction. 

• To overcome the shortcomings of pristine 2D MOFs by the hybridization with other 2D 

functional materials. 

• To extend the application range of MOFs by constructing 2D Co-BDC/MoS2 hybrid 

nanosheets for alkaline hydrogen evolution.  

• To understand the important role of Co-BDC/MoS2 interface for the enhanced alkaline 

HER performance. 

1.3 Thesis Outline 

This thesis is the outcomes of my PhD research presented in the form of journal publications. 

This thesis is about MOF nanosheets for electrocatalysis. Electrochemical carbon dioxide 

reduction reaction (CRR), which can directly convert unwanted carbon dioxide to useful 

chemicals and fuels, has drawn increasing attention from the academia and industry. Thus, 

recent progresses and challenges of this emerging and significant reaction is reviewed in the 

thesis. Then we discuss how the MOF nanosheets can be applied in electrocatalysis without 

any calcination treatment. Specifically, the chapters in the thesis are presented in the 

following sequence: 

➢ Chapter 1 introduces the significance of this project and outlines the research objectives 

and key contributions to the field of MOF and electrocatalysis. 

➢ Chapter 2 reviews the recent progresses and challenges of inorganic heterogeneous 

electrocatalysts for electrochemical carbon dioxide reduction reaction.  

➢ Chapter 3 presents 2D Ni-MOF nanosheets with high oxidation states for efficient 

electrocatalytic urea oxidation 

➢ Chapter 4 investigates 2D Ni-BDC/Ni(OH)2 heterostructure for enhanced oxygen 

evolution reaction. 

➢ Chapter 5 studies 2D Co-BDC/MoS2 Interface for enhanced alkaline hydrogen evolution. 
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➢ Chapter 6 presents the conclusions and perspectives for further work on the design, 

application, and mechanisms of MOF nanosheets for electrocatalysis. 
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Chapter 2: Literature Review 

2.1 Introduction and Significance 

This chapter reviews the recent advances in inorganic heterogeneous electrocatalysts for 

carbon dioxide reduction reaction (CRR). Carbon dioxide electroreduction is significantly 

important and attractive because it can not only reduce the accumulation of CO2 in the 

atmosphere but also produce fuels and industrial chemicals, thus alleviating environmental 

problems and energy crisis simultaneously. Extensive studies have been carried out both 

experimentally and computationally to accelerate the development of electrocatalysis for CO2 

reduction. Though some reviews which are mainly focused on homogeneous catalysis for 

CO2 reduction have been published before, there are few reviews which are specifically 

devoted to heterogeneous catalysis. Moreover, a great number of high-performance inorganic 

heterogeneous electrocatalysts for CO2 reduction have been reported during these several 

years. These accumulated data and insights will certainly constitute new knowledge to the 

field of CO2 reduction. Therefore, a timely and comprehensive review of heterogeneous 

electrocatalysts for CO2 reduction presented here is meaningful to facilitate further research 

in this area. 

Herein, our review paper is mainly about recent advances in both theoretical and 

experimental studies of heterogeneous electrocatalysis for CO2 reduction. Besides metal 

electrocatalysts, which have been widely investigated throughout these years, our review also 

includes some other promising inorganic electrocatalysts like carbon-based materials, metal 

oxides and metal dichalcogenides. Very recently, these three groups of materials are proved 

to be good candidates as efficient electrocatalysts for CO2 reduction. The reaction mechanism, 

some fundamental concepts and influential factors to the catalytic results are also presented 

in this review. However, though great achievements have been made in this research area, the 

technology is still far from practical application. Therefore, we also proposed several 

strategies including surface engineering, chemical modification, nanostructured catalysts, 

composite materials and reaction mechanism to boost the performance of heterogeneous 

electrocatalysts in this review.   
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2.2 Recent Advances in Inorganic Heterogeneous Electrocatalysts for Reduction of 

Carbon Dioxide 

This chapter is included as it appears as a journal paper published by Dongdong Zhu, 

Jinlong Liu, Shi-Zhang Qiao, Recent advances in inorganic heterogeneous electrocatalysts 

for reduction of carbon dioxide, Advanced materials, 2016, 28, 3423-3452. 
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  1.     Introduction 

 Since the industrial revolution in the 19th century, fossil fuels 
(i.e., coal, petroleum and natural gas) have been exploited as 
the main energy source to sustain our economy and society. 
The excessive depletion of fossil fuels gives rise to a series 
of problems. [ 1–3 ]  On the one hand, with the fast development 
of the economy and the rapid growth of the population, the 
global demand for energy has been continuously increasing, 
while fossil fuels as non-renewable resources have very limited 
reserves, leading to an aggravated energy crisis. On the other 
hand, due to the huge consumption of fossil fuels, the as-
emitted carbon dioxide (CO 2 ) has been constantly accumulating 
in the atmosphere year by year. By July 2015, the concentration 
of atmospheric CO 2  reached as high as 401.3 parts per million 
(ppm), which far exceeds the upper safety limit of 350 ppm 

 In view of the climate changes caused by the continuously rising levels of 
atmospheric CO 2 , advanced technologies associated with CO 2  conversion 
are highly desirable. In recent decades, electrochemical reduction of CO 2  has 
been extensively studied since it can reduce CO 2  to value-added chemicals 
and fuels. Considering the sluggish reaction kinetics of the CO 2  molecule, 
effi cient and robust electrocatalysts are required to promote this conversion 
reaction. Here, recent progress and opportunities in inorganic heterogeneous 
electrocatalysts for CO 2  reduction are discussed, from the viewpoint of both 
experimental and computational aspects. Based on elemental composition, 
the inorganic catalysts presented here are classifi ed into four groups: metals, 
transition-metal oxides, transition-metal chalcogenides, and carbon-based 
materials. However, despite encouraging accomplishments made in this 
area, substantial advances in CO 2  electrolysis are still needed to meet the 
criteria for practical applications. Therefore, in the last part, several promising 
strategies, including surface engineering, chemical modifi cation, nanostruc-
tured catalysts, and composite materials, are proposed to facilitate the future 
development of CO 2  electroreduction. 

for atmospheric CO 2 . [ 4 ]  The overpro-
duction of CO 2  is believed to be a major 
contributor to some undesirable environ-
mental changes, such as global warming, 
desertifi cation, ocean acidifi cation, etc. 
Therefore, alleviating the effects caused 
by the heavy CO 2  emission has become a 
pressing issue to the modern society. [ 5,6 ]  

 To solve the aforementioned prob-
lems, numerous studies have focused 
on energy- and environmental-related 
topics. [ 7–9 ]  During the past several decades, 
fossil fuels have been partly replaced by 
clean and renewable energy sources (i.e., 
wind, tide, and solar) to mitigate CO 2  
emission. [ 10 ]  Despite the growth of renew-
able energy at an increasing rate, the per-
centage of these renewable sources is still 
very low (<5%) in today’s overall energy 
consumption. In addition, most of these 
renewable sources are geographical, sea-
sonal, and intermittent. Consequently, 
the full use of renewable energy is often 

concerned with energy conversion and storage technologies. 
Specifi cally, energy conversion and storage devices such as 
supercapacitors and rechargeable batteries (e.g., lithium-ion 
batteries) are supposed to level the electricity output. How-
ever, considering their low energy densities and high costs, the 
large-scale integration of these energy-storage devices into the 
grid can hardly be realized. [ 11,12 ]  Apart from the development 
of renewable energy and related technologies, carbon capture 
and sequestration (CCS) has also been adopted to prevent the 
release of large quantities of CO 2  into the atmosphere. [ 13,14 ]  
Nevertheless, CCS technology is energy-consuming and expen-
sive. Moreover, the risky leakage of stored CO 2  is a major con-
cern with CCS, preventing large-scale CCS deployment from 
being commercialized. Accordingly, CO 2  fi xation is still a great 
challenge for human beings worldwide. 

 In fact, an ideal solution is to convert atmospheric CO 2  into 
small organic molecules with improved energy density, such 
as carbon monoxide (CO), formic acid, methanol, methane, 
etc., using renewable energy. [ 15,16 ]  Such a strategy can not only 
reduce the accumulation of CO 2  in the atmosphere, but also 
produce fuels and useful industrial chemicals, thus relieving 
our dependency on conventional fossil resources. To this end, 
various CO 2  reduction approaches, including electrochemical, 
photochemical, biochemical and thermochemical methods, 
have been proposed and intensively studied in the past dec-
ades. [ 17–20 ]  Among these methods, reducing CO 2  with renew-
able electricity is particularly appealing, due to its moderate 

Adv. Mater. 2016, 28, 3423–3452
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enormous potential for real industrial applications. [ 21,22 ]  More-
over, CO 2  electroreduction can also be regarded as a convenient 
way to store the renewable energies above in chemical forms. 

 Considering the fact that the linear CO 2  molecule is fully 
oxidized and extremely stable, effi cient and robust electrocata-
lysts are needed to promote this kinetically sluggish reduction 
process. [ 18 ]  Therefore, the performance of CO 2  electrochemical 
reduction essentially depends on the properties of the applied 
electrocatalysts. Electroreduction of CO 2  can be carried out 
via homogeneous or heterogeneous reactions. Correspond-
ingly, electrocatalysts for CO 2  reduction are generally classifi ed 
into homogeneous and heterogeneous catalysts. [ 23 ]  In a typical 
homogeneous reduction of CO 2 , electrocatalysts are organics or 
metal–organic molecules dissolved in electrolytes with unique 
active centers interacting with CO 2  molecules. [ 24,25 ]  Owing to 
their special molecular structure, homogeneous electrocatalysts 
often exhibit excellent selectivity toward reduction of CO 2 , thus 
attracting considerable attention and being widely investigated 
since the 1970s. Nevertheless, there are some disadvantages of 
homogeneous electrocatalysts, such as high cost, toxicity, and 
complicated post-separation, which hinder their real application 
in industry. On the contrary, inorganic heterogeneous electrocata-
lysts have stimulated more and more interest in recent years, due 
to their facile synthesis, environmental friendliness, outstanding 
effi ciency, and great potential for large-scale applications. 

 A number of high-quality review articles covering homo-
geneous catalysis for electrochemical CO 2  reduction have been 
published, [ 23–27 ]  while there are few reviews devoted entirely 
to heterogeneous catalysis. In spite of traditional metal elec-
trocatalysts, which have been treated as typical electrodes for 
CO 2  electroreduction, a variety of new inorganic heterogeneous 
electrocatalysts have been reported in recent years with modest 
electrochemical results, in virtue of the rapid development of 
advanced nanotechnology and the giant progress in compu-
tational methods. More importantly, the emergence of these 
novel inorganic heterogeneous electrocatalysts has resulted in 
some mechanistic studies of CO 2  electroreduction. The accu-
mulated data on CO 2  electroreduction constitute a new knowl-
edge to this topic. Therefore, a timely and comprehensive 
review devoted to heterogeneous electrocatalysts for CO 2  reduc-
tion is defi nitely meaningful to stimulate further research in 
this area. The current review covers more than transition-metal 
(e.g., Cu, Ag, Au, and Sn) electrocatalysts. [ 28–31 ]  As illustrated in 
 Scheme    1  , other promising electrocatalysts such as metal-free 
carbons (e.g., carbon nanotubes (CNTs) and carbon nanofi bers 
(CNFs)), [ 32,33 ]  transition-metal oxides (e.g., TiO 2  and SnO 2 ) and 
transition-metal dichalcogenides (MX 2 , M = Mo, W; X = S, Se, 
Te) [ 34 ]  are also summarized here. At the same time, some inter-
esting reaction mechanisms associated with specifi c electrocat-
alysts are also described and discussed.   

  2.     Fundamentals of Electrochemical CO 2  
Reduction (ECR) 

  2.1. Reaction Mechanism of ECR 

 Electrochemical reduction of CO 2  is a multi-step reaction 
process generally involving two-, four-, six-, or eight-electron 

reaction pathways. [ 35 ]  For heterogeneous catalysts applied in 
CO 2  reduction, the reaction often takes place at the electrode–
electrolyte interface, where the electrode is a solid electrocatalyst 
while the electrolyte is usually an aqueous solution saturated 
with CO 2  by bubbling. Typically, this heterogeneous catalysis 
process involves three major steps: i) chemical adsorption of 
CO 2  on an electrocatalyst; ii) electron transfer and/or proton 
migration to cleave C–O bonds and/or form C–H bonds; and iii) 
confi guration rearrangement of products to desorb them from 
the electrocatalyst surface and diffuse into the electrolyte. [ 36 ]  
The electrocatalyst employed and the electrode potential applied 
have a great infl uence on the fi nal reduction products. In gen-
eral, the reaction products are a mixture of carbon compounds 
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with different oxidation states, and they often include carbon 
monoxide (CO), formate (HCOO − ) or formic acid (HCOOH), 
methane (CH 4 ), ethylene (C 2 H 4 ), ethanol (C 2 H 5 OH), methanol 
(CH 3 OH), etc. [ 37,38 ]  

 From a thermodynamic point of view, the equilibrium poten-
tials of CO 2  reduction are comparable to that of the hydrogen 
evolution reaction (HER), as displayed in Reaction  ( R1)  − ( R7)   
(pH 7 in aqueous solution versus standard hydrogen electrode 
(SHE), 25 °C, 1 atmosphere gas pressure, and 1  M  concentra-
tion of other solutes). This coincides well with the fact that H 2  
is the major side-product for CO 2  electroreduction in aqueous 
electrolytes. Moreover, the small thermodynamic potential dif-
ferences for CO 2  reduction products (Reaction  ( R1)  — ( R6)  ) 
indicate the reason why it is quite challenging to reduce CO 2  to 
the desirable product with good selectivity. However, the actual 
electrode potentials required to drive the reductions are much 
more negative than the equilibrium ones. [ 25 ] 

 CO +2H + 2e CO + H O = – 0.52 V2
+ –

2
0E→   (R1)

 CO + 2H + 2e HCOOH = – 0.61V2
+ – 0E→   (R2)

 CO + 4H +4e HCHO+H O = – 0.51V2
+ –

2
0E→   (R3)

 CO + 8H + 8e CH +2H O = – 0.24 V2
+ –

4 2
0→ E   (R4)

 2CO + 12H + 12e C H + 4H O = – 0.34 V2
+ –

2 4 2
0E→   (R5)

 CO + 6H + 6e CH OH + H O = – 0.38V2
+ –

3 2
0E→   (R6)

 2H + 2e H = – 0.42V+ –
2

0E→   (R7)

 CO + e CO = –1.9 V2
–

2
•– 0E→   (R8)

 In fact, the large overpotential (the difference between the 
equilibrium potential and applied one) mainly originates from 
the fi rst step of CO 2  reduction. As mentioned above, CO 2  elec-
troreduction can be divided into three steps. In the fi rst step, 
a key intermediate CO 2  •–  is formed by one-electron transfer to
a CO 2  molecule. Due to the enormous energy requirement to 
rearrange a linear molecule to a bent radical anion, the reaction 
occurs at −1.90 V versus SHE (Reaction  ( R8)  ). [ 24 ]  The obtained 
CO 2  •–  radical is highly reactive, then several proton-coupled
multiple-electron-transfer reactions, which are thermodynami-
cally more favorable, take place almost instantaneously. In a 
practical CO 2  electrocatalytic cell (Scheme  1 ), the oxygen evo-
lution reaction (OER) takes place simultaneously at the anode 
electrode, and an ion exchange membrane is adopted to sepa-
rate the cathode and anode compartments to prevent further 
oxidation of gaseous products formed from CO 2  reduction, only 
allowing the transfer of corresponding ions. [ 16 ]   

  2.2. Useful Notions in ECR 

 With respect to the evaluation and comparison of the perfor-
mance of electrocatalysts for CO 2  reduction, it is necessary to 
clarify the defi nitions of several fundamental parameters. [ 39 ]  

   i)  Onset potential. The onset potential refers to the applied
voltage on the electrocatalyst versus the reference electrode,
under which the desired product is yielded at a detectable
amount. It should be noted that the onset potential is usually
lower than the CO 2  reduction equilibrium potential, and the
difference between them is identifi ed as the overpotential.

  ii)    Faradaic effi ciency (FE). The FE is defi ned as the percentage
of electrons consumed for the formation of a given product.
The FE can be simply calculated by Equation  ( 1)  :

nF
Q

Faradaicε α=
 

(1)

where  α  is the number of electrons transferred (e.g.,  α  = 8 
for reduction of CO 2  to CH 4 ),  n  is the number of moles for a 
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 Scheme 1.    Illustration of a reaction unit and four categories of the catalysts used for electrochemical CO 2  reduction.
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while  Q  represents all the charge passed. The Faradaic effi -
ciency is directly related to the product selectivity. 

   iii)    The energetic effi ciency (EE). The EE defi nes the overall ener-
gy utilization toward the desired product. The equation used 
to calculate EE is listed below:  

eq

eq +
energetic Faradaicε

η
ε= ×

E

E (2) 

where  E  eq  is the equilibrium potential and  η  refers to the 
overpotential. Based on this equation, one can conclude that 
the high EE of CO 2  reduction arises from the combination 
of both a low overpotential and a high FE. 

   iv)  The current density. The overall current density for CO 2  
reduction is typically calculated via dividing the current by the 
geometric surface area of the working electrode. As a meas-
ure of the reaction rate, this parameter is crucial for practi-
cal applications, since it determines the electrolyzer size and 
the cost needed for the process. Moreover, the partial current 
density for a specifi c product can be acquired by multiplying 
the corresponding FE by the overall current density. 

  v)  The Tafel plot. The Tafel plot connects the overpotential
with the logarithm of the current density, which is very 
useful in evaluating the performance of electrocatalysts. 
In general, a smaller Tafel slope indicates better catalytic 
performance. In the case of CO 2  electroreduction, the Tafel 
slope is very useful for investigating the reaction mecha-
nism. A Tafel slope of 118 mV dec −1  implies that the rate-
determining step for CO 2  reduction is the generation of the 
CO2 •–  key intermediate by the initial one-electron transfer 
step, while the slope of 59 mV dec −1  is indicative of a one-
electron pre-equilibrium step before a later rate-limiting 
chemical step. [ 40 ]     

  2.    3. Advantages and Challenges of ECR 

 Recently, electrocatalytic reduction of CO 2  has attracted exten-
sive interest from both industry and academia due to its 
intrinsic advantages such as:

   i)  Fuels and useful chemical feedstocks can be obtained as fi nal
products, while the overall chemical consumption is just wa-
ter and greenhouse-gas CO 2  since the electrolyte can be fully
recycled;

  ii)  The electricity used can be derived from renewable resourc-
es, meaning that no extra CO 2  is generated during this reduc-
tion;

  iii)    The electrochemical reduction occurs under ambient 
pressures and temperatures;

  iv)  The reaction process can be controlled easily by adjusting the
external parameters such as the applied potentials;

  v)  The modular characteristics of the electrocatalytic reaction
system may enable its large-scale applications. [ 41 ]    

 Due to the enormous potential rewards, extensive studies
have been done to accelerate the development of electro-
catalysis for CO 2  reduction. However, up till now, none of 

the reported electrocatalysts have met the requirements for 
 practical use. Several major scientifi c challenges still remain, 
such as:

   i)  Because of the high energy barrier for the formation of the
CO 2  •–  intermediate, a large overpotential is required, imply-
ing low energy effi ciency of the reduction process;

  ii)  Hindered by the sluggish kinetics of CO 2  reduction and the
limited mass transfer ability of CO 2  to the electrocatalyst
surfaces, the reaction rates are rather low;

  iii)    Mixed products containing various gaseous and liquid
species can be obtained from CO 2  reduction, in which case
the product separation would be costly;

  iv)  During the reduction process, the catalytic active sites of
electrocatalysts can be blocked or poisoned by reaction inter-
mediates, by-products, and impurities from the electrolyte,
resulting in severe deactivation. [ 42,43 ]  In general, the lifetime
of electrocatalysts reported so far is less than 100 h;

  v)    Since CO 2  reduction is performed in aqueous solutions, the
competitive hydrogen evolution reaction (HER) should be
considered. [ 44 ]  As a signifi cant side-reaction, which occurs
with a much lower potential, the HER greatly infl uences the
Faradaic effi ciency and selectivity of CO 2  electrocatalysts; 

  vi)    Compared with the HER, OER, and oxygen reduction reaction
(ORR), CO 2  reduction is much more complicated due to many
possible products and multiple coupling steps of electrons and 
protons. Thus, it is much more diffi cult to uncover the funda-
mental principles and exact reaction process of CO 2  reduction.   

 Overall, promising electrocatalysts for CO 2  reduction should
feature a low overpotential, a high current density, and good 
stability, while simultaneously the HER should be strongly sup-
pressed to yield desired products with high selectivity.   

  3.     Electrocatalysts for Carbon Dioxide Reduction 

  3.1. Metal Electrocatalysts 

 During the past few decades, metal electrodes like Cu, Au, Sn 
etc. have been widely explored as electrocatalysts for CO 2  reduc-
tion. [ 45,46 ]  In fact, the generation of the CO 2  •–  intermediate has
been regarded as a rate-determining step for CO 2  reduction in 
most cases. Therefore, one of the main functions of these elec-
trocatalysts is to stabilize this key intermediate to achieve high 
energy effi ciency for CO 2  reduction. Depending on the tendency 
to bind various intermediates and fi nal products, metal elec-
trodes can be classifi ed into three groups. [ 21,47 ]  As displayed in 
 Figure    1  , group 1 includes Sn, Hg, Pb, and In, etc., generating 
formate or formic acid as the main products. Metals belonging 
to this group can hardly bind the CO 2  •–  intermediate, there-
fore formate or formic acid is formed through an outer-sphere 
mechanism. [ 47 ]  Au, Ag, Zn, and Pd are typical representatives of 
the group 2 metals, which can bind *COOH tightly enough for 
further reduction. However, the obtained *CO intermediate is 
weakly bound to the metal surface. Thus, it desorbs readily from 
the surface and emerges as a predominant reaction product. Cu 
is the only metal belonging to the group 3, which is capable of 
binding and converting *CO intermediate to higher value-added 
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products (such as hydrocarbons and alcohols) through *COH or 
*CHO intermediates. Overall, the major products generated by
these three groups of catalysts are HCOO −  (HCOOH), CO, and 
higher value-added products, respectively. As was mentioned 
above, a competitive process, HER, should not be forgotten in 
the case of CO 2  electrochemical reduction in aqueous solutions. 
As *CO intermediate is adsorbed strongly enough to exclude 
further reduction of CO 2 , the HER almost exclusively occurs on 
metals like Pt, Ti, Fe, and Ni. Thus, tuning the binding ener-
gies of the key reaction intermediates is critical for fi nal product 
selectivity and energy effi ciency of CO 2  electroreduction. 
According to the principle of Sabatier, the best catalysts should 
feature appropriate interactions between reaction intermediates 
and surfaces of catalysts. [ 48–50 ]   

 In fact, the actual surface chemistry of transition metals 
during CO 2  reduction is even more complicated than the 
 aforementioned theories. [ 51–53 ]  Recently, Kuhl et al. performed 
CO 2  reduction on seven transition metals. [ 54 ]  Interestingly, as 
 displayed in  Figure    2  a, both methane and methanol were formed 
on Ag, Zn, Cu, Ni, and Pt metals. Meanwhile, only methane 
was generated on Fe, and methanol was produced on Au. The 
different oxophilicities between Au and Fe should contribute 
to those results. Because of a strong binding affi nity for O, Fe 
should break the second C–O bond of the CO 2 , leading to the for-
mation of methane. In contrast, less-oxophilic Au prefers to keep 
the second C–O bond intact, and methanol is the only product. 
Therefore, it seems practical to obtain desired hydrocarbon 
or alcohol products by adjusting the binding strength of O ads . 
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 Figure 1.    Reaction mechanism of electrochemical CO 2  reduction on metal electrodes in aqueous solutions.

 Figure 2.    a) Partial current densities of methane and methanol on seven metals. b) Volcano plot of the current density for ECR at −0.8 V vs CO binding 
strength. c) Two distinct onset potentials plotted against CO binding energy: ECR and methane or methanol. The dashed lines are to guide the eye. 
Reproduced with permission. [ 54 ]  Copyright 2014, The American Chemical Society.
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Furthermore, it was demonstrated that the catalytic activity and 
product selectivity greatly depend on the CO binding strength. 
The volcano-type plot for the CO 2  reduction activity is shown in 
Figure  2 b,c with Au at the top, featuring both the highest current 
density and the lowest onset potential for CO 2  reduction. Owing 
to the lower CO binding strength, CO 2  activation becomes quite 
diffi cult on Ag and Zn, resulting in lower activity for CO 2  reduc-
tion than that of Au. However, for Cu, Ni, and Pt, which can bind 
*CO tightly, CO 2  activation seems to be facile, while it is diffi cult
to further desorb CO or reduce it to other products. Importantly, 
as displayed in Figure  2 c, a higher CO binding strength than that 
of Au is desired for the formation of methane and methanol. 
Interestingly, Pt, Ni, Fe, and Cu show similar onset potentials for 
the production of methane/methanol. Because of the high cov-
erage of *CO intermediates on Pt, Ni, Fe, and Cu, the reduction 
of *CO is supposed to be the rate-determining step. Moreover, 
this rate-limiting step was shown to be rather insensitive to the 
CO binding strength, resulting in similar overpotentials. In con-
trast, for metals like Au, Ag, and Zn, a higher overpotential is 
needed for *CO reduction to compete with fast CO desorption.  

  3.1.1. Cu 

 Copper (Cu) is capable of directly converting CO 2  into varieties 
of hydrocarbons and alcohols. [ 55–57 ]  These products are more 
valuable than CO or formate because they can be directly used 

in existing infrastructure with high energy densities. However, 
a relatively large overpotential (nearly 1 V) is required for the 
reduction, resulting in a low energy effi ciency of the Cu elec-
trode. Besides that, low product selectivity and fast deactiva-
tion of catalysts are typical barriers for practical use. [ 58,59 ]  Thus, 
better understanding of the catalytic mechanism is of great sig-
nifi cance for the future design of effi cient and selective cata-
lysts for CO 2  reduction. [ 60,61 ]  

 Reaction mechanisms: Pioneering research work on Cu 
electrodes was carried out by Hori in the 1980s. [ 62 ]  He found 
that electrochemical reduction of CO 2  on a Cu electrode could 
effectively yield hydrocarbons and alcohols under ambient 
conditions. As displayed in  Figure    3  a, the product distribution 
varies signifi cantly with applied potential. H 2 , HCOOH, and 
CO are dominant reaction products at less-negative potentials, 
while CH 4  and C 2 H 4  are preferentially produced at more nega-
tive potentials. These interesting phenomena can be explained 
by the following hypothesis. Initially, CO 2  is reduced to CO 
and HCOOH at less-negative potentials (more positive than 
−0.7 V vs RHE). Then, interfering with the cathodic HER, 
absorbed CO is further reduced to hydrocarbons and alcohols 
at more-negative potentials. In contrast, HCOOH is not further 
reduced. Therefore, CO is regarded as an intermediate species 
for CO 2  reduction on a Cu electrode.  

 Recently, Peterson et al. tried to explain CO 2  reduction on Cu 
electrodes by density functional theory (DFT) calculations. [ 63 ]  In 
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 Figure 3.    a) Product distribution and total current produced as a function of the applied potential (versus RHE) in the electrochemical reduction of 
CO 2  at a copper electrode in 0.1  M  KHCO 3  (pH 6.8) at 18.5 °C. Free-energy diagrams for the lowest energy pathways leading to: b) HCOOH, c) CO, and 
d) CH 4 . In each diagram, the black (higher) pathway represents the free energy at 0 V vs RHE and the grey (lower) pathway represents the free energy
at the indicated potential. Reproduced with permission. [ 63 ]  Copyright 2010, The Royal Society of Chemistry.
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detail, the computational hydrogen electrode (CHE) model was 
applied to elucidate the exact reaction pathways for CO 2  reduc-
tion. Figure  3 b shows the free-energy diagram for the lowest 
energy pathway to HCOOH. Firstly, adsorption of a proton–
electron pair results in the formation of carboxyl (*COOH) 
species, and −0.41 V is required for this rate-determining 
step. Then, the obtained *COOH intermediate reacts with the 
second proton–electron pair to get the fi nal product HCOOH. 
The route for CO production is also limited by the formation of 
*COOH. After that, by removing water, the *COOH interme-
diate is further reduced to *CO. Since *CO is weakly bonded, 
CO emerges as both a gas and a surface species for the reac-
tion (Figure  3 c). As illustrated in Figure  3 d, the exact reaction 
pathway for CH 4  is *CO 2  → *COOH → *CO → *CHO → 
*CH 2 O → *CH 3 O → CH 4 . Moreover, the reaction barrier of
*CHO generation is signifi cantly higher than that of *COOH
generation. Therefore, for CH 4  formation, the rate-limiting step 
is the generation of the *CHO intermediate by protonation 
of *CO. This key step occurs at −0.74 V, which is consistent 
with the fact that CH 4  is produced at a more-negative range. 
The reduction of adsorbed *CO to *CHO is also considered 

to be the potential-limiting step for C 2 H 4 . However, the C–C 
bond in C 2 H 4  is formed in a non-electrochemical way, while 
the CHE model is more suitable for simple proton-transfer 
reactions. Therefore, the CHE model is not applicable for the 
formation of C 2 H 4 . Moreover, the fl uctuation of current density 
in Figure  3 a can be attributed to surface coverage effects. The 
adsorbed *CO species on the Cu surface are responsible for the 
decreased overall current, since they block the active reaction 
sites. While the potential is negative enough to protonate the 
absorbed *CO intermediate, the catalyst surface is self-cleaned 
and some blocked catalytic active sites become free, resulting in 
recovered total current. 

 With the help of a highly sensitive reaction cell and advanced 
characterization techniques, 16 different products were detected 
on polycrystalline Cu surface by Jaramillo’s group. [ 64 ]  Notably, 
fi ve of them including ethylene glycol, glycolaldehyde, hydroxy-
acetone, acetone, and glyoxal were reported for the fi rst time. 
As illustrated in  Figure    4  a, the variety of reaction products is 
strongly related to the applied potential. In detail, four major 
products CO, formate, CH 4 , and C 2 H 4  were observed at less-
negative potentials (−0.65 to −0.8 V vs RHE). Then, a signifi cant 
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 Figure 4.    Electrochemical reduction of CO 2  performed at a copper electrode in 0.1  M  KHCO 3  (pH 6.8) electrolyte. a) Current effi ciency for major, 
intermediate range, and minor products as a function of potential. b) Tafel plot of the partial current going to each product. Reproduced with permis-
sion. [ 64 ]  Copyright 2012, The Royal Society of Chemistry.
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number of C1–C3 intermediates or minor products emerged at 
the more-negative region (−0.9 to −1.1 V vs RHE). At the highly 
negative range (−1.1 V vs RHE), the current effi ciency for all 
the products declined except that for H 2  and CH 4 . Since elec-
tron and proton transfer became more facile at the highly nega-
tive range, as compared with C–C coupling, the reduction of 
C1 species to CH 4  was preferred. The Tafel plots in Figure  4 b 
imply that the partial current densities of C2 and C3 products 
generally tracked that of C 2 H 4 . In order to explain the appear-
ance of so many C2 and C3 products, several hypotheses were 
proposed. i) Different types of reaction sites on the Cu surface 
result in different products. ii) Different C1 species originating 
from the same type of surface sites are capable of coupling with 
each other to achieve diverse products at high overpotentials. 
However, according to the experimental fi ndings, a completely 
novel opinion is ventured here. The repeated dihydroxylation 
of enol-like surface intermediates with 2H +  and 2e −  should be 
responsible for the formation of extensive C2 and C3 species.  

 Recently, Nie et al. found that the reduction pathways on 
the Cu electrode are determined by both the reaction free 
energy and the kinetics of the elementary steps. [ 65 ]  As shown in 
 Figure    5  , *CO reduction to a *CHO (path I) or a *COH (path 
II) intermediate is regarded as the selectivity-determining step.
As mentioned before, solely based on the free-energy analysis, 
Peterson et al. proposed that CH 4  is formed through the *CHO 
intermediate. [ 63 ]  However, this confl icts with experimental fact 

that electrochemical reduction of CH 2 O on the Cu electrode 
predominantly gives CH 3 OH. [ 66 ]  Since C–O bond dissociation 
and C–H formation occur on a metal surface, *CH 3 O inter-
mediates are required to bend to rearrange the C atom to the 
metal surface, leading to a high kinetic barrier for the forma-
tion of CH 4  from *CH 3 O intermediate. Therefore, path I fol-
lows the following order: *CO → *CHO → *CH 2 O → *CH 3 O 
→ CH 3 OH. In contrast, both CH 4  and C 2 H 4  originate through 
the further reduction of the *COH intermediate. A typical for-
mation path for CH 4  is: *CO → *COH → *C → *CH → *CH 2  
→ *CH 3  → CH 4 , which can be evidenced by the presence of 
graphitic carbon species during CO 2  reduction on the Cu sur-
face. [ 67 ]  Meanwhile, C 2 H 4  should form through non-electro-
chemical *CH 2  dimerization. The activation barrier for *COH 
formation from *CO is much lower than that for *CHO, indi-
cating that the dominant reduction products are CH 4  and C 2 H 4 , 
which is consistent with the experimental results.  

 The C–C bond can be formed on the Cu metal under 
ambient conditions during electrochemical reduction, while 
high temperatures and pressures are required in the gas phase 
Fischer–Tropsch process to produce higher hydrocarbons. 
Montoya et al. demonstrated that the C–C coupling between 
hydrogenated species (*CHO, *CH 2 O) rather than bare *CO 
intermediates is kinetically more favorable in an electrochem-
ical environment. [ 68 ]  The degree of hydrogenation of *CO can 
be tailored by adjusting the applied potential, thus tuning the 
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 Figure 5.    Proposed reaction pathways of CO 2  electroreduction to methane, methanol, and ethylene on Cu (111). Electrochemical elementary steps 
for CH 4  and CH 3 OH formation involve electron and proton transfer, whereas C 2 H 4  is produced through non-electrochemical CH 2  dimerization. H + +e −  
reactants and H 2 O products are omitted. Reproduced with permission. [ 65 ]  Copyright 2013, Wiley-VCH.
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activation barrier for C–C coupling. Therefore, *CO is proton-
ated fi rst, then the obtained *CH  x  O species couple with each 
other to yield high-value-added products at room temperature. 

 In order to identify possible intermediates for CO 2  reduc-
tion, Schouten et al. investigated the reduction of several small 
organic molecules using online mass spectrometry (MS). [ 66 ]  
Examining the acquired experimental data with the former 
insights in this fi eld, a new mechanism for CO 2  reduction was 
proposed. In detail, for the C2 reaction path, the CO dimer is 
formed by electrochemical dimerization of adsorbed CO inter-
mediate. Then the CO dimer is reduced to enediol or oxamet-
allacycle species, followed by further reduction to C 2 H 4 . Mean-
while, *CHO is regarded as the key intermediate for CH 4  for-
mation, since CO can be activated by hydrogenation for further 
C–O bond breaking. Thus, the reaction pathway for CH 4  forma-
tion is predicted to be: *CO → *CHO → *CH 2  → *CH 3  → CH 4 . 

 In conclusion, the study of the reaction mechanisms for CO 2  
reduction on the Cu catalyst is still in its infancy, and different 
possible reaction pathways have been proposed to match the 
experimental results. Therefore, more efforts should be under-
taken in this area to uncover the reaction mechanisms for CO 2  
reduction, which is quite essential for developing highly effi -
cient and selective catalysts. 

  Infl uential Factors : As discussed above, there are many pos-
sible reaction pathways and various fi nal products for CO 2  elec-
troreduction on the Cu electrodes. Though different theories 
have been proposed to uncover the details of the reduction, the 
debate is still going on. Actually, the reaction system of the Cu 
electrocatalyst can be even more complicated, since the catalytic 
ability and product selectivity are greatly infl uenced by many 
other important factors, which are briefl y presented below. 

 i) Morphology. Tang et al. found that roughened polycrystal-
line Cu electrodes (Cu-nanoparticle-covered surface and sput-
tered surface) exhibited better electrocatalytic performance for 
CO 2  reduction than their smooth counterpart. [ 69 ]  The high cur-
rent density of the roughened Cu is simply attributed to higher 
specifi c surface area, which means more reaction active sites 
for CO 2  reduction and HER. Better selectivity of the roughened 
Cu toward hydrocarbon products implies the importance of sur-
face morphology for CO 2  reduction. In contrast to the smooth 
surface, which is mainly composed of low-index crystal facets, 
the roughened surfaces possess a signifi cant number of under-
coordinated sites (edges, steps, and defects). As calculated 
by DFT, these low-coordination sites are more active for CO 2  
reduction owing to lower energy barriers for the formation of 
key intermediates. Gonçalves et al. also reported that the mor-
phology of the Cu electrode has a great impact on the product 
selectivity. [ 70 ]  The major gaseous products for dendritic Cu 
are CO, methane, and ethylene. In contrast, C2 hydrocarbons 
(C 2 H 4  and C 2 H 6 ) are formed on the honeycomb and 3D struc-
tured Cu electrodes, while methane is suppressed. Recently, 
Sen et al. tested the performance of porous Cu nanofoams for 
CO 2  reduction. [ 71 ]  As compared with smooth Cu electrodes, the 
overpotential of Cu nanofoams is about 200 mV lower. The dis-
tribution of products and their FEs are also signifi cantly altered 
with changing morphology of the catalyst. A better selectivity 
for formic acid was achieved on the Cu nanofoams, while 
methane and ethylene are greatly suppressed to be minor prod-
ucts (FE < 2%). 

 ii) Surface Modifi cation. Frese reported that CO 2  can be
reduced to CH 3 OH on oxidized Cu electrodes in 1991. [ 72 ]  Since 
then, extensive studies on the modifi cation of Cu electrodes 
have been reported. [ 73 ]  Xiao et al. found that subsurface oxygen 
impurities could improve the binding strength of CO 2  mol-
ecules on the modifi ed Cu, leading to lower overpotentials. [ 74 ]  
Moreover, the authors proposed that during CO 2  reduction, 
the carbon-modifi ed Cu electrode had a better selectivity to 
HCOOH than CO. In order to identify the infl uence of the local 
surface environment, Zhang and Peterson investigated the 
selectivity of the *CH 3 O intermediate by DFT. [ 75 ]  As illustrated 
in  Figure    6  a, because of a lower free energy, CH 4  is thermo-
dynamically more favorable on pure Cu surface (Cu (111)). In 
contrast, CH 3 OH is preferred on both fully oxidized Cu (Cu 2 O) 
and partially oxidized Cu (Cu (110) − (2×1) O) electrodes due to 
the reverse free-energy distribution. Moreover, hydroxyl (OH) 
coverage on the clean Cu surface results in the formation of 
CH 3 OH, while CO coverage has little infl uence on the prefer-
ence of fi nal products. Therefore, by introducing a moderate 
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 Figure 6.    a) Free-energy diagram of the electrochemical step from CH 3 O* 
on Cu (111), Cu 2 O (111) and Cu (110)–(2 × 1) O. The step involves 
transfer of a proton and electron (H +  + e − ) in the CHE model. b) Oxygen 
binding energy as an activity descriptor for CH 4 /CH 3 OH selectivity. The 
dashed line indicates the cutoff binding energy at which the thermo-
dynamic selectivity of the elementary step changes between methane 
and methanol. Reproduced with permission. [ 75 ]  Copyright 2015, The Royal 
Society of Chemistry.
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amount of oxygen (either oxidized surface or OH species), 
the reduction product would switch from CH 4  to CH 3 OH on 
the Cu surface. According to the assumption of the *CH 3 O 
intermediate, the authors also proposed a simple descriptor 
for CH 4 /CH 3 OH selectivity in Figure  6 b, indicating that the 
oxygen binding energy is a key factor determining the exact 
reaction pathway.  

 iii) Cu Metal Overlayers. Recently, Cu overlayers have been
investigated for CO 2  reduction, as the tensile strain stemmed 
from lattice mismatch between Cu and substrate metal could 
alter the binding energies of the reaction intermediates. [ 76 ]  
Reske et al. performed CO 2  reduction on the Cu metal over-
layers supported on the Pt substrate. [ 77 ]  Introduction of a Cu 
monolayer altered signifi cantly the nature of the Pt surface, 
as indicated by the much more negative onset potential for 
the HER. Moreover, the thickness of the Cu overlayers greatly 
infl uenced the reaction activity and product selectivity for CO 2  
electrolysis. In detail, the partial current densities for methane 
and ethylene increased with the thickness of the Cu overlayers. 
Compared with Cu 5nm /Pt, Cu 15nm /Pt also exhibited better selec-
tivity to methane than ethylene. Since electronic interaction 
between Pt and Cu atoms decreases with overlayer thickness, 
the strain effects should be mainly responsible for the above 
data obtained for Cu overlayers. However, despite the high cur-
rent densities achieved on the Cu overlayers/Pt substrate, the 
FEs of hydrocarbons are signifi cantly lower than those on the 
polycrystalline Cu. Varela et al. found that, due to the presence 
of *CO intermediates during CO 2  reduction, the morphology 
of the Cu overlayers changed from a continuous fl at surface 
to a granular structure with the Pt surface partly exposed. [ 78 ]  
Therefore, the HER was promoted, leading to poor selectivity 
toward CO 2  reduction. Thus, the lattice strain should be seri-
ously considered when designing advanced electrocatalysts for 
CO 2  reduction. 

 iv) Electrolyte and CO 2  Pressure. Recently, Kas et al. demon-
strated that the hydrocarbon selectivity of Cu can be manipu-
lated by process conditions. [ 79 ]  As can be seen from  Figure    7  a,b, 
ethylene is the dominant product at low electrolyte concentra-
tion or high CO 2  pressure. The Faradaic effi ciency of ethylene 
is almost constant, whereas that of methane declines signifi -
cantly (Figure  7 c). Moreover, because of the buffer capacity of 
the electrolyte, a lower concentration of KHCO 3  solution leads 
to a higher local pH at electrode surface (Figure  7 d). As shown 
in Figure  7 e, protonation of *CO is regarded as the rate-deter-
mining step for methane formation, which is greatly infl u-
enced by the pH value. Deactivation of methane seems to be 
caused by graphitic carbon formed through decomposition of 
intermediates. Meanwhile, ethylene is formed mainly through 
*CO coupling, and C−C coupling is a pH-independent process.
Thus, high local pH arising from low electrolyte concentration 
should contribute to the formation of ethylene. Though higher 
CO 2  pressure results in lower local pH (Figure  7 d), the corre-
sponding high *CO surface coverage favors C−C coupling, thus 
promoting the generation of ethylene. Due to the release of 
OH −  through the HER and CO 2  reduction, a high local pH can
be obtained through the high local current density, leading to 
the high selectivity to ethylene. In all, ethylene is favored to be 
produced on the Cu surface with low electrolyte concentration 
(high local pH), high local current density (high local pH), and 
high CO 2  pressure (high *CO coverage).  

  Nanoscaled Cu electrodes : Recently, Reske et al. fabricated 
Cu nanoparticles (NPs) with different sizes ranging from 2 to 
15 nm for electrochemical CO 2  reduction. [ 80 ]  As compared with 
the bulk Cu electrode, Cu NPs exhibit a dramatic increase in 
the overall current density, especially under 5 nm ( Figure    8  a). 
More interestingly, the product selectivity is greatly infl uenced 
by the particle size. As shown in Figure  8 b, the formation of 
hydrocarbons (methane and ethylene) is suppressed on Cu 
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 Figure 7.    Product distributions for CO 2  reduction as a function of: a) electrolyte concentration, and b) CO 2  pressure. c) FE of the products versus 
time at 0.5  M  KHCO 3  and 1 atm CO 2 . d) Local pH at the electrode surface as a function of electrolyte concentration at different current densities and 
pressures and the corresponding bulk pH values. e) Proposed reaction scheme for CO 2  reduction. Reproduced with permission. [ 79 ]  Copyright 2015, 
Wiley-VCH.

24



3433wileyonlinelibrary.com

R
EV

IEW

NPs, whereas the HER becomes dominant with a high Fara-
daic effi ciency over 60%. Though Cu NPs also possess a better 
selectivity to produce CO, the total Faradaic effi ciency for CO 2  
reduction still declines. Based on the modeling study, the high 
population of low-coordinated atoms (coordination number 
CN < 8) in Cu NPs seems to be responsible for this phenom-
enon (Figure  8 c). The formation of *H and *COOH interme-
diates are the rate-determining steps for the production of H 2  
and CO, respectively. Therefore, the higher binding strength 
between low-coordinated atoms and those key intermedi-
ates can undoubtedly promote the generation of H 2  and CO. 
However, due to the reduced mobility of *CO and *H, further 
hydrogenation of *CO becomes unfavorable, leading to smaller 
selectivity towards hydrocarbons.  

 However, Alivisatos’s group found that methane genera-
tion was greatly enhanced on well-dispersed Cu nanoparticles 
(7.0 ± 0.4 nm) supported on glassy carbon (n-Cu/C). [ 81 ]  A higher 
total current density and better selectivity to methane were 
achieved on an n-Cu/C electrode simultaneously, resulting in 
four-times greater partial current density for methane as com-
pared with a Cu foil electrode (Figure  8 d). The authors also 

discovered that the morphology of the deposited Cu has a dra-
matic impact on the catalytic methane production. The catalytic 
sites of isolated Cu nanoparticles are much more effective for 
methanation than those of dense aggregated nanoparticles. In 
fact, the reaction mechanism on n-Cu/C is distinct from that on 
Cu foil. The Tafel slope of n-Cu/C is approximately 60 mV dec −1 , 
indicating that one-electron pre-equilibrium process occurs 
prior to the rate-determining step. More interestingly, the par-
tial current density for methane has a second-order dependence 
on the pressure of CO 2 . Based on these insights, a completely 
novel reaction mechanism of CO 2  reduction on n-Cu/C is pro-
posed as follows. Firstly, CO 2  •–  is formed by a reversible one-
electron-transfer pre-equilibrium reaction. Then, the obtained 
CO 2  •–  reacts with another CO 2  molecule from solution to yield
a CO 2 −CO 2  •–  intermediate by C−O coupling. This rate-deter-
mining step agrees well with the aforementioned second-order 
dependence. Finally, methane is produced by further reduction 
of the CO 2 −CO 2  •–  intermediate as displayed in Figure  8 e.

 Xie et al. also proved that the nanostructured Cu facilitates 
the reduction of CO 2 . [ 82 ]  The overpotential of a Cu nanofl ower 
electrode was 400 mV lower than that on polycrystalline Cu 
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 Figure 8.    a) Particle-size effect during catalytic CO 2  electroreduction. The current densities at −1.1 and−1.0 V vs RHE as a function of Cu NP size. 
b) Particle-size dependence of the Faradaic selectivity for reaction products during CO 2  electroreduction on Cu NPs. c) Population (relative ratio) of
surface atoms with a specifi c coordination number (CN) as a function of the particle diameter. Reproduced with permission. [ 80 ]  Copyright 2014, The 
American Chemical Society. d) Comparison of methanation current density for n-Cu/C and copper foil electrodes. e) Proposed mechanism for the 
electrochemical reduction of CO 2  to methane, including an interesting rate-limiting step (RLS). Reproduced with permission. [ 81 ]  Copyright 2014, The 
American Chemical Society.
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foil. Moreover, the high current density and better selectivity 
toward carbonaceous products are accomplished at the same 
time. The Cu nanofl ower electrode also exhibited a better sta-
bility than that of Cu foil. Importantly, amorphous carbon was 
directly observed on the catalyst surface, which is consistent 
with the previous hypothesis. The thin carbon layer on the 
Cu nanofl ower electrode surface can be regarded as a reaction 
intermediate, which is consumed quickly during hydrocarbon 
formation. In contrast, the thick carbon layer formed on the Cu 
foil turns out to be a poisoning species, which may block active 
reaction sites for further CO 2  reduction.  

  3.1.2. Au 

 Due to the ability to convert CO 2  to CO selectively and effi -
ciently, Au has attracted a lot of attention, though the scar-
city and high cost may hinder its practical use. [ 83 ]  Zhu et al. 
fabricated a series of monodisperse Au nanoparticles (NPs) 
( Figure    9  a) and tested their catalytic ability to reduce CO 2 . [ 30 ]  
Among all the tested Au NPs, 8 nm Au NPs exhibited the 
highest FE up to 90% at −0.67V vs RHE (Figure  9 b). Such 
a high selectivity of CO on Au NPs can be well explained by 

DFT. For Au (111) crystal faces (Figure  9 c), a high free-energy 
(Δ G ) increase between CO 2  and COOH* means that a large 
overpotential is needed for this process. On contrary, the free 
energy for the formation of COOH* on Au (211) is signifi cantly 
lower than that on Au (111), indicating that the stepped sur-
faces are more active for CO 2  reduction. Though the formation 
of COOH* is relatively facile on Au 13  cluster, the obvious Δ G  
increase in the last step makes the release of CO quite diffi cult. 
Furthermore, as compared with Au (111) and Au (211), the Au 13  
cluster is a better HER catalyst due to the much smaller Δ G  
increase (Figure  9 d). These DFT calculations uncover the fact 
that the edge sites are more benefi cial for CO evolution, while 
corner sites favor the HER. 8 nm Au NPs with 4 nm crystallite 
diameter can minimize the number of corner sites but provide 
enough edge sites, resulting in an excellent electrocatalytic per-
formance for CO 2  reduction.  

 Since 1D nanowires have more edge sites but far fewer corner 
sites than NPs, Au nanowires are considered to be better candi-
dates as effi cient electrocatalysts for CO 2  reduction. Then, the 
same group further synthesized ultrathin Au nanowires (2 nm 
wide) by a facile seed-assisted growth method and tested their 
catalytic performance. [ 84 ]  The positive onset potential (−0.2 V vs 
RHE), high Faradaic effi ciency (94% at −0.35V vs RHE) and 
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 Figure 9.    a) TEM image of C-Au NPs. b) Potential-dependent FEs for electrochemical reduction of CO 2  to CO on C-Au NPs with different sizes. 
c,d) Free-energy diagrams for electrochemical reduction of CO 2  to CO (c) and protons to hydrogen (d) on Au(111), Au(211), and a 13-atom Au cluster 
at −0.11 V. Reproduced with permission. [ 30 ]  Copyright 2013, The American Chemical Society.
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a reasonable stability were achieved on 
500 nm nanowires. According to DFT calcu-
lations, such outstanding catalytic results of 
Au nanowires originate from the high mass 
density of edge sites (16%), which favors CO 
formation, and the weak CO binding to these 
sites that facilitates the release of CO. 

 Mistry et al. also investigated the rela-
tionship between catalytic activity and Au 
NP size. [ 85 ]  It was found that when the NP 
size decreased, the overall current density 
increased drastically. Due to a slight increase 
of CO production and a sharp increase in 
H 2 , the Faradaic effi ciency for CO 2  reduction 
dropped. Owing to signifi cant number of 
low-coordinated sites on small Au NPs, both 
CO 2  reduction and the HER are promoted, 
even though the HER is more favored than 
CO 2  conversion to CO. Therefore, the CO/
H 2  product ratio can be tuned by changing 
the size of the catalyst particles, which rep-
resents a great value for practical industrial 
applications. 

 Koh et al. fabricated a hierarchically struc-
tured Au fi lm composed of nanoscale islands 
by the oxygen-plasma method. [ 86 ]  Thanks 
to the expanded specifi c surface area, the 
Au island-type electrocatalyst showed an 
outstanding CO 2  reduction performance 
including enhanced current density, good 
selectivity for CO (FE > 95%) and relatively 
positive onset potential as compared with the 
Au foil. The performance of the Au island-type electrode was 
further improved by using an ionic liquid (1-butyl-3-methylimi-
dazolium tetrafl uoroborate ([BMIM]BF 4 )), since the ionic liquid 
can reduce the overpotential by stabilizing the key CO 2  •–  inter-
mediate. [ 87 ]  Despite improved CO 2  reduction activity, according 
to the analysis of the Tafel slopes, the rate-limiting step remains 
unchanged for the Au islands, and is still the formation of 
CO 2  •–  intermediate by initial one-electron transfer.

 More recently, Feng et al. reported that grain boundaries 
(GB) can play a signifi cant role during CO 2  reduction on metal 
catalysts. [ 88 ]  The vapor deposition method was adopted to 
deposit Au NPs on a carbon nanotube fi lm (Au/CNT), as shown 
in  Figure    10  a. The grain boundaries can be clearly observed 
in the HRTEM image of the Au NPs shown in Figure  10 b. 
In order to investigate the relationship between the catalytic 
activity and the GB density quantitatively, the GB surface den-
sity was tailored by thermal annealing. The GB density drops 
drastically as the annealing temperature increases. As com-
pared with the annealed counterparts, the as-deposited Au/
CNT electrode exhibited an extremely high CO partial current 
density (Figure  10 c). The data shown in Figure  10 d highlight 
the linear relationship between the GB density and the CO 
partial current density, indicating that a higher GB surface 
density results in an enhanced reaction activity for CO 2  reduc-
tion. Meanwhile, the HER was also found to be suppressed on 
the as-deposited Au/CNT. Moreover, the as-deposited Au/CNT 
electrode can survive for 12 h with still well-retained grain 

boundaries. Therefore, GB engineering seems to be promising 
for the development of highly effi cient metal electrocatalysts for 
CO 2  reduction.   

  3.1.3. Ag 

 Ag is promising as a CO 2  reduction catalyst due to its relatively 
low overpotential and high selectivity. [ 89 ]  Rosen et al. found 
that CO 2  can be exclusively converted to CO (FE > 95%) on a 
Ag catalyst with an overpotential smaller than 200 mV. Impor-
tantly, these outstanding results were achieved in 18 mol% 
1-ethyl-3-methylimidazolium tetrafl uoroborate (EMIM-BF 4 ) (a 
typical ionic liquid) solution. [ 90 ]  As illustrated in  Figure    11  a, 
EMIM-BF 4  was expected to stabilize the CO 2  •–  intermediate 
by forming complexes, thus signifi cantly lowering the reac-
tion barrier for CO 2  reduction. The same group also demon-
strated that an appropriate water content in EMIM-BF 4  solution 
can accelerate CO 2  reduction to desired products. [ 91 ]  Moreover, 
due to the better solubility of CO 2  and the suppressed HER in 
ionic liquids, the reaction rate of CO 2  reduction can be further 
enhanced. Interestingly, several reports show that ionic liquids 
can modulate the exact reaction process of CO 2  electroreduc-
tion, leading to different product selectivity. [ 92–94 ]  Despite the 
high cost and ambiguous reaction mechanisms of CO 2  reduc-
tion in ionic liquids, they are still extensively applied in electro-
chemical CO 2  reduction studies.  
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 Figure 10.    a,b) TEM images of as-deposited Au/CNT electrode. The left column shows the 
overview image of the electrode, and the right image shows some selected high-resolution TEM 
images of Au NPs. The arrows indicate grain boundaries in NPs. c) Specifi c current densities 
for CO production vs potential on different Au/CNT electrodes. d) Correlation between the 
specifi c CO current densities and GB surface density at low overpotentials. Reproduced with 
permission. [ 88 ]  Copyright 2015, The American Chemical Society.
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 Recently, Lu et al. fabricated a nanoporous silver (np-Ag) cat-
alyst (Figure  11 b) that is capable of converting CO 2  to CO with 
92% selectivity at a moderate potential of −0.6 V vs RHE. [ 29 ]  In 
contrast, as displayed in Figure  11 d, the current density of poly-
crystalline Ag is much lower than that of np-Ag. In combination 
with an extremely poor FE (1.1%), the partial current density of 
CO on polycrystalline Ag is about 3000 times lower. However, 
the electrochemical surface area of np-Ag is only about 150 
times larger than polycrystalline silver, meaning that the activity 
of the catalytic sites on np-Ag is about 20 times higher. It seems 
plausible that the intrinsically high activity of np-Ag arises 
from the stabilization of the CO 2   •–   intermediates on the curved
internal surface (Figure  11 c). As can be seen from Figure  11 e, 
the Tafel slope of np-Ag is 58 mV dec −1 , suggesting a fast initial 
electron-transfer step before the later rate-determining step, and 
this again confi rms the stabilization of the CO 2  •–  intermediate 
on np-Ag. Next, the same group further demonstrated that the 
low-coordinated surface atoms (steps or edges), which are more 
prevalent in nanostructured Ag catalysts, should be responsible 
for the enhanced catalytic activity and selectivity. [ 95 ]  In fact, as 
compared to fl at Ag surfaces, the activation energy needed to 
form *COOH intermediates from CO 2  is signifi cantly reduced 
on these low-coordinated Ag atoms. 

 Salehi-Khojin et al. also demonstrated that an enhanced CO 2  
reduction activity can be accomplished with Ag nanoparticles 
(NPs). [ 96 ]  As the particle size decreased, the catalytic activity 
of the Ag NPs increased fi rst, and then dropped dramatically 
when the particle size was smaller than 5 nm. In detail, the 
reaction rate of CO 2  reduction was about 10 times higher on 

5 nm Ag NPs than that on the bulk Ag. The authors attrib-
uted these changes to the variation in binding energy of the 
key intermediates. Smaller particles possess higher binding 
energies than the bulk counterparts; therefore, the interme-
diates are better stabilized for further reduction, resulting in 
higher reaction rates. However, once the particles are too small 
(<5 nm), these intermediates bind too strongly to the surface, 
making it diffi cult to release the reaction product. Therefore, 
for ideal electrocatalysts, the binding strength of key intermedi-
ates should be appropriate: neither too strong nor too weak. 

 Thanks to the high sensitivity of the experimental setup 
used, 6 different products were observed on the Ag surface by 
Jaramillo's group. [ 97 ]  As displayed in  Figure    12  a, H 2  and CO 
were the major products with a total FE over 90%, while for-
mate, methanol, ethanol, and methane emerged as minor prod-
ucts. Obviously, the applied potential has a great infl uence on 
the selectivity between CO and H 2 . H 2  dominates at low and 
high overpotentials, whereas CO surpasses H 2  at intermediate 
overpotentials. Interestingly, methanol, ethanol, and methane 
appear in a highly negative range with similar onset potentials, 
indicating the possibility of a common rate-limiting step. The 
authors proposed a possible mechanism for the reduction of 
CO 2  on the Ag surface (Figure  12 b). Similar to the aforemen-
tioned Cu catalyst, the reaction pathway for CO formation is 
CO 2  → *CO 2  → *COOH → *CO → CO. As mentioned before, 
Ag is a typical group 2 metal that can bind *COOH strongly 
enough for further reduction to generate the *CO intermediate; 
therefore, it is quite diffi cult for formate to desorb easily from 
the catalyst surface, which makes formate a minor product in 
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 Figure 11.    a) Scheme illustrating the free-energy changes during CO 2  reduction to CO in water or acetonitrile (solid line) or EMIM-BF 4  (dashed line). 
Reproduced with permission. [ 90 ]  Copyright 2011, The American Association for the Advancement of Science. b) SEM image of de-alloyed np-Ag (scale 
bar, 500 nm). c) Schematic illustration of a nanopore in the silver electrocatalyst with highly curved internal surface. d) CO 2  reduction activity of np-Ag 
and polycrystalline silver at −0.60 V. Total current density versus time (left axis) and CO FE versus time (right axis). e) Overpotential versus CO produc-
tion partial current density on polycrystalline silver and np-Ag. Reproduced with permission. [ 29 ]  Copyright 2014, Nature Publishing Group.
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CO 2  reduction. Then, as the binding strength between the gen-
erated *CO intermediate and the Ag is so weak, CO can desorb 
easily and appears as the major product. However, because of 
the weak binding, it is also diffi cult to stabilize *CO interme-
diate for further reduction. Therefore, high overpotentials are 
required to promote the formation of *CHO or *COH interme-
diates. After this rate-determining step, methanol, ethanol, and 
methane can be generated by the reduction of *CHO or *COH 
intermediates. In contrast, the intermediate overpotentials 
are essential for selective conversion of CO 2  to CO, because 
they can facilitate the formation of the *CO 2  key intermediate 
without suppressing further CO evolution.   

  3.1.4. Other Metals 

 In fact, besides the aforementioned Au, Ag, and Cu electrodes, 
some other metals like Sn, Pd, Bi, Pb, [ 92 ]  In, [ 98 ]  and Pt [ 99,100 ]  have 
also been investigated as potential electrocatalysts for CO 2  con-
version. To have a better understanding of these metal catalysts, 
several of them, such as Sn, Pd, and Bi, are presented here. 

  Sn : In 1994, Hori et al. found that tin (Sn) can selectively 
convert CO 2  to formate, despite the fact that a high overpoten-
tial is required to achieve moderate current densities. [ 47 ]  Since 
then, numerous studies on Sn catalyst for CO 2  reduction have 
been reported. [ 101–105 ]  Bumroongsakulsawat and Kelsall found 
that both formate and CO can be obtained by reducing CO 2  on 
the Sn electrode. [ 106 ]  Interestingly, the product selectivity was 
greatly infl uenced by the electrolyte, and a low pH was pre-
ferred for the conversion of CO to formate. The authors pro-
posed that three different intermediates can appear during CO 2  
reduction, and a lower pH promotes the protonation of CO 2  •–  
to form CO 2 H 2  •+ , which is benefi cial for the production of CO.

Recently, Medina-Ramos et al. fabricated inexpensive Sn, Bi, 
Pb, and Sb catalysts by a facile electrodeposition method. [ 107 ]  
The as-fabricated Sn and Bi electrodes were capable of con-
verting CO 2  to CO effi ciently with the help of ionic liquids, 
while Pb was much less active and Sb even showed no activity 
for CO 2  reduction. In detail, a relatively high FE of CO (about 
80%), an enhanced current density (7.2 mA cm −2 ), and a good 
stability were achieved simultaneously on the Sn electrode with 
a small overpotential of about 200 mV. The XPS results indi-
cate that the Sn electrode was composed of Sn 0  and Sn 2+/4+ , and 
a similar composition has been previously observed on other 
Sn-based catalysts. [ 108 ]  As will be discussed later, the catalytic 
performance of some metal electrodes can be signifi cantly 
improved by the introduction of suitable metal oxides. 

  Pd : Palladium (Pd) is generally regarded as a group-2 metal 
for CO 2  reduction, giving CO as the main reaction product. 
However, because of the competitive HER, the FE of CO on 
Pd is below 30%, which is much lower than that of Au and 
Ag. [ 47,109 ]  Recently, Gao et al. demonstrated that the catalytic 
performance of Pd nanoparticles for CO 2  reduction is greatly 
infl uenced by the particle size. [ 110 ]  In general, small Pd NPs 
showed much higher CO FE and partial current density than 
large ones. Besides an 18.4-fold enhancement in the partial cur-
rent density, the FE of CO also increased strikingly from 5.8% 
(10.3 nm) to 91.2% (3.7 nm) at −0.89V (vs RHE). In contrast 
to the aforementioned Au NPs, based on the DFT calculations, 
here both corner sites and edge sites (small Pd NPs) can facili-
tate CO 2  adsorption and formation of the key intermediate 
*COOH. Meanwhile, CO 2  prefers to stay away from terrace
sites (large Pd NPs), and a higher free energy is required for 
*COOH formation. Therefore, the size effect observed on Pd
NPs is attributed to the different ratios of corner, edge, and ter-
race sites. 
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 Figure 12.    a) FE for each product as a function of potential. b) Possible mechanistic pathways for electrochemical reduction of CO 2  on silver. Repro-
duced with permission. [ 97 ]  Copyright 2014, The Royal Society of Chemistry.
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 Meanwhile, several early studies found that Pd can also 
selectively convert CO 2  to formate. Unfortunately, the reaction 
current densities were extremely low, or the Pd electrode deac-
tivated quickly. [ 111–113 ]  Very recently, Min and Kanan prepared 
Pd/C electrocatalysts for CO 2  reduction. [ 114 ]  As displayed in 
 Figure    13  a, small Pd nanoparticles (5 nm) were well-dispersed 
on carbon particles. The as-fabricated Pd/C electrode can selec-
tively reduce CO 2  to formate with high current density at a 
small overpotential (Figure  13 b,c). Though the catalyst deacti-
vated signifi cantly during a 3 h experiment, the average mass 
activity was still as high as 83 mA mg −1  at −0.15V vs RHE. 
Interestingly, based on electrokinetic results, a completely 
new mechanism for CO 2  reduction to formate was proposed, 
as shown in Figure  13 d. The fi rst step is the formation of Pd 
hydride on the surface, and then CO 2  is reduced by adsorbed 
hydrogen in an electro-hydrogenation way. As compared to the 
formation of CO 2  •–  intermediates in most cases, this rate-lim-
iting step is more facile to occur, resulting in a low overpoten-
tial for CO 2  reduction on Pd. Moreover, the authors attributed 
the deactivation of the Pd electrode to CO poisoning. By simply 
removing CO with air exposure, the catalytic activity can be well 
restored.  

  Bi : Due to its relatively low price and nontoxic character, bis-
muth (Bi) has drawn some attention recently as an intriguing 
electrocatalyst for CO 2  reduction. Dimeglio and Rosenthal elec-
trodeposited a Bi-based material containing metallic Bi 0  and 
Bi 3+  ions onto a glassy carbon electrode (GCE). [ 93 ]  Besides the 
commonly applied supporting electrolyte consisting of MeCN 
and TBAPF 6  (tetrabutylammonium hexafl uorophosphate), 
ionic liquids (ILs) were also used for CO 2  reduction, as they 
can help to stabilize the key intermediates. In detail, in com-
bination with [BMIM]BF 4 , the Bi-modifi ed electrode selectively 
(95% FE) reduced CO 2  to CO with moderate partial current 
density (5.51 mA cm −2  ) at an overpotential below 200 mV. [ 84 ]  

The authors believed that the enhanced catalytic activity may 
arise from the metastable surface of the Bi 0 /Bi 3+  material, or 
the interface between Bi 3+  and Bi 0  sites can further stabilize 
CO 2  •–  intermediates. 

 Then, the same research group obtained Bi-based material 
from an organic Bi 3+  precursor by in situ electrodeposition. [ 94 ]  
Signifi cantly, the organic electrolyte used for the fabrication of 
the aforementioned Bi-based catalyst can be directly used for 
further CO 2  reduction. Furthermore, the imidazolium-based 
IL was proved to be bifunctional, since it not only promoted 
CO 2  activation, but also served as the supporting electrolyte. 
Thus, without the aforementioned expensive TBAPF 6 , the as-
fabricated Bi-modifi ed electrode was also highly effi cient in 
converting CO 2  to CO. In summary, this relatively inexpensive 
system exhibited superior electrocatalytic results for CO 2  reduc-
tion, such as enhanced partial current density (25−30 mA cm −2 ), 
low overpotential (less than 250 mV), and comparable high 
energy effi ciency (nearly 80%) to that of noble metals.  

  3.1.5. Oxide-Derived Metals 

 Recently, metallic electrodes derived from corresponding metal 
oxides have seemed promising to promote catalytic perfor-
mance for CO 2  reduction. Chen and Kanan found that, as com-
pared with a normal Sn electrode coated with a thin native SnO  x   
fi lm, an electrodeposited Sn/SnO  x   composite exhibited greatly 
enhanced the current density and Faradaic effi ciency for CO 2  
reduction. [ 115 ]  In contrast, an etched Sn electrode with a freshly 
exposed Sn 0  surface showed an extremely low CO 2  reduction 
Faradaic effi ciency (<1%). Although the exact reaction mecha-
nism on the Sn/SnO  x   composite is still to be determined, SnO  x   
seems to stabilize the CO 2  •–  intermediate. Moreover, Baruch
et al. investigated CO 2  reduction on the native Sn surface 
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 Figure 13.    a) SEM image of Pd/C electrode before CO 2  electroreduction. b) Total geometric current density vs time and the mass activity for HCO 2  –  
synthesis averaged over 3 h. c) HCO 2  –  Faraday effi ciency vs time in CO 2 -saturated 2.8  M  KHCO 3 . d) Electrohydrogenation mechanism for CO 2  reduction 
on Pd/C. Adapted with permission. [ 114 ]  Copyright 2015, The American Chemical Society.

30



3439wileyonlinelibrary.com

R
EV

IEW

using in situ attenuated total refl ectance infrared (ATR-IR) 
spectroscopy. [ 116 ]  The intense peaks in the ATR-IR spectrum 
indicate the formation of surface-bound tin carbonates. Since 
Sn 6 O 4 (OH) 4  nanoparticles produced much more formate than 
SnO 2  nanoparticles at a less-negative potential, Sn 2+  was pro-
posed to be an active catalytic site for CO 2  reduction. Therefore, 
the authors suggested that the native surface SnO 2  was reduced 
to Sn 2+  species fi rst, and then reacted with CO 2  to form the sur-
face-bound carbonates, which were further reduced to formate. 
In this case the surface-bound carbonates are regarded as key 
intermediates, not CO 2  •– . These results undoubtedly confi rm
that SnO  x   participates in the CO 2  reduction on the Sn surface, 
suggesting that metal/metal oxide can be an effi cient catalyst 
for CO 2  reduction. 

 Li and Kanan successfully fabricated an oxide-derived (OD) 
Cu electrode as a superior CO 2  electrocatalyst, which was 
formed by in situ electrochemical reduction of the thermally 
grown Cu 2 O layer. [ 28 ]  The OD Cu electrode (derived from a 
thick Cu 2 O layer formed at 500 °C) was able to effi ciently con-
vert CO 2  into CO and HCOOH at a much lower overpotential 
than polycrystalline Cu. A high current density and a very good 
stability were also achieved at the same time. These exceptional 
results may arise from the highly active reaction sites on the 
grain boundaries formed during conversion of the solid Cu 2 O 
phase to OD Cu. [ 117 ]  Thus, engineering of metal surfaces to 
produce enough active catalytic sites, for instance, by reducing 
thick metal oxide layers to metallic electrodes, can be an attrac-
tive approach to boost the catalytic performance. Kas et al. also 
performed CO 2  reduction on the OD Cu nanoparticles, [ 118 ]  and 

found that the thickness of the parent Cu 2 O 
layer dominated the product distribution, 
while the initial orientation of Cu 2 O crystals 
had only minor infl uence. 

 Since then, this fascinating method has 
been widely used for other metals such as 
Au, [ 119 ]  Sn, [ 31 ]  and Pb. [ 120 ]  Chen and Kanan 
obtained the OD Au nanoparticles ( Figure    14  a) 
by reducing thick Au oxide fi lms. [ 119 ]  The 
obtained OD Au electrode showed much 
higher current density than that of the poly-
crystalline Au at −0.4 V in Figure  14 b. The 
CO Faradaic effi ciency of OD Au was approxi-
mately 96%, while the HER took place almost 
exclusively on the polycrystalline Au elec-
trode. As illustrated in Figure  14 c, in the 
case of polycrystalline Au, the initial electron 
transfer to CO 2  is the rate-determining step 
(114 mV dec −1 ), which needs a high overpo-
tential to overcome the barrier. In contrast, a 
fast one-electron pre-equilibrium step occurs 
before the rate-determining one (56 mV dec −1 ) 
on the OD Au electrode. The proposed mecha-
nisms suggest that OD Au better stabilizes the 
key CO 2   •–   intermediate than the polycrystal-
line Au does, leading to a greatly enhanced 
catalytic performance.  

 Then, the same group reported that OD Pb 
can largely suppress the HER while main-
taining the activity of CO 2  reduction. [ 120 ]  In 

fact, the partial current densities of formate on the OD Pb elec-
trode and Pb foil were similar. However, as compared to Pb foil, 
the OD Pb possessed a 700-fold lower activity for the HER in a 
0.25  M  Na 2 CO 3  electrolyte, leading to a greatly enhanced Faradaic 
effi ciency. Based on the experimental data, the thin metastable 
Pb oxide formed on the Pb surface should be responsible for 
the difference in the product selectivity. The Pb oxide seems to 
be passive for the HER, while the reaction activity for CO 2  reduc-
tion is not compromised. Thanks to the high density of defects, 
the formation of metastable Pb oxide is more facile on OD Pb. 
Therefore, OD Pb showed higher coverage of Pb oxide, and the 
selectivity difference actually arose from the coverage difference. 

 Recently, Zhang et al. synthesized OD Sn by electroreduc-
tion of SnO 2  nanoparticles, which were prepared by a hydro-
thermal method. [ 31 ]  The as-fabricated OD Sn/carbon black 
exhibited signifi cantly improved current density as compared 
with electrodeposited Sn ( Figure    15  a). The current effi ciency of 
formate was also enhanced from 35% (electrodeposited Sn) to 
86% (OD Sn derived from 5 nm SnO 2 ) at −1.8 V. Interestingly, 
the catalytic performance of OD Sn was heavily dependent on 
the particle size. As displayed in Figure  15 b, the FE value of 
formate increased with decreasing particle size until a peak 
value at 5 nm SnO 2  NPs. According to the test of OH –  adsorp-
tion, a smaller particle size led to a stronger surface binding 
strength. It is well known that poor stabilization of the key 
CO 2  •–  intermediate means that a high overpotential is needed
to conquer the barrier. However, binding CO 2  •–  too strongly
should also be prohibited, since it makes further protonation of 
CO 2  •–  and the fi nal product desorption unfavorable. Thus, the
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 Figure 14.    a) Cross-sectional SEM image of the oxide-derived Au NPs. b) Total current density 
vs time (left axis) and FE for CO production vs time (right axis) on the oxide-derived Au and 
polycrystalline Au at −0.4V vs RHE. c) Proposed mechanisms for CO 2  reduction to CO on the 
polycrystalline Au and oxide-derived Au. Reproduced with permission. [ 119 ]  Copyright 2012, The 
American Chemical Society.
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best catalytic performance was achieved on OD Sn with an opti-
mized binding energy. Moreover, OD Sn/graphene displayed a 
much higher current density (10.2 mA cm −2 ) than that of OD 
Sn/carbon black, due to the stronger electronic interactions 
between OD Sn and graphene. [ 121 ]   

 However, in contrast to former studies, Kim et al. demon-
strated that the metal oxide, which was typically regarded 
as a starting material for OD metal, also participated in CO 2  
reduction. [ 122 ]  With the help of surface and bulk sensitive 
techniques, the Cu 2 O electrode was found to be only partially 
reduced during electrolysis, leading to the formation of a Cu 2 O 
surface layer on the top of bulk OD Cu. Besides CO and for-
mate, metallic Cu favors the formation of CH 4 , while the Cu 2 O 
electrode (Cu 2 O/OD Cu) showed better selectivity toward C 2 H 4 . 
The overpotential of the Cu 2 O electrode was about 200 mV 
lower than that of metallic Cu. Though the authors considered 
that both the surface metal oxide and the bulk metal contrib-
uted to these different results, further research is still needed 
to identify whether the metal, the metal oxide, or the interface 
between them provides the reaction active sites for CO 2  reduc-
tion on the OD metals.  

  3.1.6. Metal Alloys 

 As mentioned above, the reaction activity and product selec-
tivity of CO 2  reduction are heavily dependent on the binding 
strength of the key intermediates. Recently, alloying has drawn 
much attention, since it can enhance the performance of metal 
catalysts by tuning the stabilization degree of key intermediates. 
Xu et al. found that, besides the improved stability of Cu nano-
particles, the incorporation of Au also resulted in lowering the 
overpotential for CO 2  reduction. [ 123 ]  Zhao et al. demonstrated 
that Au 3 Cu alloy nanocrystals exhibited larger current densi-
ties than Au nanoparticles. Furthermore, the product distribu-
tion was also different. Au nanoparticles favored CO formation 
while Au 3 Cu alloy nanocrystals promoted the production of for-
mate, methane and ethylene. [ 124 ]  Jia et al. also discovered that 
the enhanced production of highly valued alcohols could be 
achieved on the nanostructured Cu–Au alloy, and the total FE of 
methanol and ethanol was nearly 30%. [ 125 ]  

 In order to better understand the fundamentals of alloying 
for catalysis, Kim et al. tested the performance of CO 2  elec-
trolysis on bimetallic Au–Cu nanoparticle monolayers. [ 126 ]  Not 
surprisingly, the number of obtained products increased with 
increasing Cu content. As displayed in  Figure    16  a, the incor-
poration of Au promoted CO evolution, and Au 3 Cu showed the 
peak activity for CO generation. Meanwhile, formate, methane, 
ethylene, and H 2  were suppressed. The authors attributed 
the preference of CO formation on Au–Cu NPs to both elec-
tronic and geometric effects. The lower d-band levels indi-
cate weaker binding on transition metals; according to Figure 
 16 b, the binding strength of *COOH and *CO should shift 
upwards from Au, Au–Cu, to Cu (electronic effect). Here, the 
binding strength mainly stems from the interaction between 
carbon atoms and active reaction sites. Therefore, the reaction 
activity of CO formation on Au–Cu NPs should lie between Au 
and Cu. However, this was in contrast to the results shown in 
Figure  16 a, meaning that the catalytic activity of Au–Cu is not 
only determined by the electronic effect. In fact, the geometric 
effect caused by the local atom arrangement should also be con-
sidered. Due to the fact that Cu atom next to the Au–C bond 
can possibly form another bond with oxygen from *COOH 
(Figure  16 c), *COOH could be further stabilized. Thus, Au–Cu 
NPs stabilize *COOH intermediates better than *CO does, 
which is benefi cial for CO formation. Meanwhile, better stabi-
lization of *COOH makes the desorption of formate or formic 
acid from the surface of Au 3 Cu nanoparticles more diffi cult, 
which is confi rmed by the relatively low turnover of formic 
acid (see Figure  16 c). In summary, thanks to electronic and 
geometric effects in metal-alloy catalysts, the binding energies 
of key intermediates can be adjusted, which results in a better 
catalytic performance than that of monometallic catalysts.  

 Recently, Guo et al. fabricated monodisperse Cu–Pt 
nanocrystals (NCs) with different atomic ratios for CO 2  elec-
trocatalysis. [ 127 ]  Among all the as-fabricated samples, the Cu 3 Pt 
NCs exhibited the highest current density and best selectivity 
toward CH 4 . As mentioned above, the reaction path for the 
formation of CH 4  on the Cu electrode could be → *CO 2  → 
*COOH → *CO → *HCO → … → CH 4 . Meanwhile, as a typical
electrocatalyst for the HER, Pt shows great affi nity for protons. 
Therefore, the incorporation of Pt was performed to facilitate 

Adv. Mater. 2016, 28, 3423–3452

www.advmat.de
www.MaterialsViews.com

 Figure 15.    a) Single reductive linear sweep voltammetric scans at 50 mV s −1  in 0.1  M  NaHCO 3  solution saturated with N 2  (line b) and CO 2  (1 atm,
line a) at reduced nano-SnO 2 /carbon black, and the inset image is at electrodeposited Sn particles. b) Particle-size dependence of FEs for CO 2  reduc-
tion to formate on Sn catalysts. Adapted with permission. [ 31 ]  Copyright 2014, The American Chemical Society.
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protonation of adsorbed *CO, resulting in an enhanced FE for 
CH 4 . However, the atomic ratio of Cu and Pt should be opti-
mized, since too much Pt means a low density of adsorbed *CO 
intermediates, which certainly limits the catalytic performance 
of the Cu–Pt NCs. Interestingly, this composition-dependent 
activity for CO 2  reduction was also demonstrated by others on 
Cu–Pt alloy nanocubes. [ 128 ]  

 Rasul et al. synthesized a Cu–In bimetallic electrode by elec-
trodepositing In on OD Cu. [ 129 ]  Besides comparable total cur-
rent densities with those measured with OD Cu, the as-fabri-
cated Cu–In electrode was able to effi ciently convert CO 2  to CO 
with a high FE of 90% at −0.5 V vs RHE. According to the DFT 
calculations, In atoms preferred to be at the edge sites of the Cu 
icosahedron. In contrast to earlier reports, the electronic struc-
ture of Cu was only slightly infl uenced by the incorporation of 
In. In fact, the presence of In greatly affected the adsorption 
ability of neighboring Cu, and H adsorption became unfa-
vorable, while the CO adsorption energy was nearly unchanged, 
leading to better selectivity of the Cu–In electrode toward CO. 
Thus, Cu–In bimetallic electrocatalysts may have great poten-
tial for practical applications in the future since there is no pre-
cious-metal component in their structure. 

 Recently, some computational research on the CO 2  reduc-
tion on metal alloys has been reported. [ 130–133 ]  Hirunsit et al. 
investigated the performance of Cu-based alloys (Cu 3 X) for 
CO 2  reduction by DFT calculations. [ 134 ]  The protonation of 

*CO to produce *COH or *HCO intermediates was regarded
as the rate-determining step for most Cu-based alloys, except 
for Cu 3 Au and Cu 3 Co. Moreover, alloying had also a great infl u-
ence on the selectivity between the *COH and the *HCO inter-
mediates. Since a higher degree of electron transfer is needed 
to form *COH from *CO, stronger *CO adsorption on metal 
alloys would be benefi cial for the formation of *COH. In con-
trast to pure metals, the catalytic activity of Cu-based alloys did 
not follow the volcano-type relationship. Such a non-volcano 
relationship indicates that different Cu-based alloy surfaces 
favor formation of different intermediates, which diversifi es the 
distribution of products. In other words, as compared to pure 
Cu catalyst, the CO 2  electroreduction activity and selectivity can 
be modifi ed by alloying copper with different transition metals. 
For instance, Cu 3 Rh energetically benefi ts the formation of 
CH 4 , whereas CH 3 OH production is more favorable on Cu 3 Pd 
and Cu 3 Pt. 

 To explore potential electrocatalysts that can effi ciently con-
vert CO 2  to high-valued methanol, Back et al. took the binding 
energies of *CO, *OH, and *H intermediates into account. [ 135 ]  
Besides optimal *CO binding energy, *H adsorption strength 
should be weak enough to suppress unwanted HER. Impor-
tantly, the reduction product of *OCH 3  is closely related to the 
*OH binding energy. The weak binding strength of *OH means
that *OCH 3  can be easily removed to form methanol, while 
strong binding strength leads to the generation of methane. 
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 Figure 16.    a) Relative turnover rates (TORs) of carbon monoxide compared at −0.73 V vs RHE. The inset shows the relative  CO TOR as a function of 
potential. b) Surface valence-band photoemission spectra of Au–Cu bimetallic nanoparticles. The white bar indicates the center of gravity. c) Scheme 
showing the proposed mechanism for CO 2  reduction on the catalyst surface of Au 3 Cu nanoparticles. The fi lled circles denote C (light grey), O (black), 
and H (white). Additional binding between COOH and the catalyst surface is presented as a dotted line. The arrows indicate the pathway to each 
product: dark gray for CO, light gray for formate, and the crossed arrow for hydrocarbons. Larger arrows indicate higher turnover. Adapted with permis-
sion. [ 126 ]  Copyright 2014, Nature Publishing Group.
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Based on these three criteria, the authors suggested that the 
W–Au alloy could exhibit better performance than Cu. As dis-
played in  Figure    17  a, for both W–Au alloy and Cu, the rate-lim-
iting step in CO 2  reduction is the generation of *CHO from 
the *CO intermediate. The free-energy difference between the 
W–Au alloy (0.63 eV) and Cu (0.81 eV) indicates that the W–Au 
alloy has a lower overpotential for CO 2  reduction. The protona-
tion of *OCH 3  is regarded as the selectivity-determining step 
for methanol and methane. Due to the obvious free-energy 
difference (0.94 eV), the W–Au alloy shows better selectivity 
toward methanol, while methane is the major product on the 
Cu electrode. Figure  18 b shows that the W–Au alloy (0.35 eV) 
can effi ciently suppress unwanted HER as compared to Cu 
(0.02 eV). In conclusion, alloying can be effective to promote 
the performance of metal catalysts when the binding energies 
are properly adjusted.    

  3.2. Transition-Metal Oxides 

 As mentioned above, a variety of metal electrodes have been 
investigated for CO 2  electrolysis. Meanwhile, only a few transi-
tion-metal oxides such as TiO 2 , FeO  x  , and Cu 2 O, etc. have been 
reported as potential electrocatalysts for CO 2  reduction. [ 136–139 ]  
Furthermore, most of them exhibited reasonable catalytic per-
formance only in the presence of organic solvents. Chu et al. 
confi rmed that a nanostructured TiO 2  fi lm (n-TiO 2 ) was able to 
convert CO 2  to low-density polyethylene (LDPE) with a moderate 
current effi ciency (14%) in [EMIM]BF 4 -H 2 O solution. [ 140 ]  The 
authors proposed that Ti 4+  was reduced to Ti 3+  species fi rst, then 
it reacted with CO 2  to form CO 2   •–   intermediates. An ionic liquid
could promote the formation of *CO from the CO 2   •–   intermedi-
ates, while the high pressure induced by the unique nanoporous 
structure of the TiO 2  fi lm helped to polymerize *CH 2  to LDPE. 
Then, Ramesha et al. again demonstrated that the electrocata-
lytic ability of n-TiO 2  originated from the Ti 3+  sites, which were
converted from Ti 4+ . [ 141 ]  The interaction between CO 2  and cata-
lytically active Ti 3+  sites made the initial one-electron transfer 
step more facile. Here, methanol was obtained on n-TiO 2  
with high FEs (nearly 90%) in organic solution. Interestingly, 

the introduction of small cations restrained the performance 
of n-TiO 2  due to their possible interaction with Ti 3+  sites, [ 142 ]  
making them unavailable for CO 2  reduction. 

 Recently, Ma et al. synthesized a Ag–TiO 2  composite as an 
electrocatalyst for CO 2  reduction ( Figure    18  a). [ 143 ]  Excellent cata-
lytic results including a high FE of CO (>90%) and a remark-
able CO partial current density (>100 mA cm −2 ) were achieved 
with the Ag–TiO 2  composite in aqueous solution. Importantly, 
the performance of Ag–TiO 2  was comparable to that of unsup-
ported Ag nanoparticles, meaning that the Ag loading can be 
signifi cantly reduced (Figure  18 b). In contrast, it is diffi cult to 
reduce CO 2  on a bare TiO 2  electrode in aqueous solution. The 
synergistic effects between TiO 2  and Ag are responsible for the 
CO 2  reduction. As illustrated in Figure  18 c, Ti III  species gener-
ated by the reduction of TiO 2  not only facilitate the formation 
of the key CO 2   •–   intermediates, but also improve their stabiliza-
tion. Then, Ag nanoparticles adhered on TiO 2  further reduce 
the CO 2  •–  intermediate to CO. Thus, metal/metal-oxide hybrids
seem to be fascinating candidates for effi cient reduction of CO 2  
at acceptable costs. Moreover, TiO 2  is also regarded as a typical 
photocatalyst for CO 2  reduction. [ 144–146 ]  Therefore, in spite of 
the great challenges ahead, it seems quite attractive to reduce 
CO 2  in a photochemically assisted electrocatalytic way.  

 Tin oxides have been reported to catalyze the CO 2  reduc-
tion on Sn electrodes. However, only a few studies on tin (IV) 
oxide (SnO 2 ) for CO 2  electrolysis have been reported, possibly 
due to the fact that SnO 2  can be readily reduced to metallic Sn. 
Recently, Lee et al. investigated CO 2  reduction on SnO 2  nano-
catalysts. [ 147 ]  Interestingly, it was demonstrated that both the 
pH of the electrolyte and the applied potentials can be opti-
mized to achieve a high catalytic activity and good stability on 
SnO 2 . In detail, the SnO 2  electrode stayed intact at high pH 
values, while it was reduced in situ to Sn at pH 8.42. Moreover, 
the SnO 2  electrode exhibited a better performance than Sn at 
pH 10.2 and −0.6 V (vs RHE), as evidenced by the higher FE 
(67.6%) for formate and better stability. In fact, the equilibrium 
concentrations in the CO 2 -HCO 3  − -CO 3  2−  system were deter-
mined by the pH values of the electrolyte. The relatively high 
concentration of HCO 3  –  species at pH 10.2 contributed to the 
better selectivity for formate, as formate was predominantly 
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 Figure 17.    a,b) Free-energy diagram for electroreduction of CO 2  to CH 4  or CH 3 OH (shown in light gray) (a) and H 2  evolution reactions at zero electrode 
potential ( U  = 0 V) for Cu (lower) and W/Au (upper) (b). Each reaction step involves a proton–electron pair (H +  + e – ) transferred from the solution to 
the electrode. The asterisk alone represents a clean slab, while *CO, for example, represents the CO-adsorbed surface. Adapted with permission. [ 135 ]  
Copyright 2014, The American Chemical Society.
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generated by the reduction of HCO 3  – , whereas CO was formed 
through CO 2  reduction. [ 148 ]  In contrast to the metal electrodes 
mainly used in neutral or near-neutral solutions, some metal 
oxides prefer alkaline conditions to achieve better activity and 
structure stability. 

 Recently, molybdenum dioxide (MoO 2 ) was also identifi ed as 
a promising electrocatalyst for CO 2  reduction in organic solu-
tions by Oh et al. [ 149 ]  Not surprisingly, both the temperature and 
the water concentration in organic solvent infl uenced the cata-
lytic performance of the MoO 2  microparticles. Formate and oxa-
late were shown to be the major products at room temperature, 
whereas CO and oxalate were generated with greatly enhanced 
current densities at –20 °C. The product distribution could be 
also adjusted by water concentration, although the catalytic 
activity would be partially compromised. Furthermore, the 
authors also proved that the catalytic ability originated from the 
MoO 2  microparticles, rather than from the metal Mo nanopar-
ticles formed in situ. Sekimoto et al. found that doped gallium 
oxide (Ga 2 O 3 ) could effi ciently convert CO 2  to formic acid with 
high FEs exceeding 80%. [ 150 ]  In fact, Sn and Si dopants mainly 
contributed to the improved conductivity of Ga 2 O 3 , while the 
Ga 2 O 3  itself could effectively reduce CO 2 . As indicated by DFT 
calculations, formate (HCOO-Ga 2 O 3 ) was considered to be the 
key intermediate for CO 2  reduction on Ga 2 O 3 , and the stable 
state of the adsorbed formate was responsible for the good 
selectivity to formic acid.  

  3.3. Transition-Metal Chalcogenides 

 Transition-metal chalcogenides (TMCs) are chemical com-
pounds consisting of at least one transition-metal element 
and one chalcogen anion. Due to their occurrence in many 
stoichiometries (such as monochalcogenides (e.g., ZnS), dichal-
cogenides (e.g., MoS 2 ), trichalcogenides (e.g., MoS 3 ), and tet-
rachalcogenides (e.g., VS 4 )) and structures, TMCs have been 
widely studied during the past several decades. [ 151–155 ]  Although 
oxygen belongs to group VIA of the periodic table, which is also 
defi ned as a chalcogen group; the term chalcogenide generally 
refers to sulfi des, selenides, and tellurides, rather than oxides. 
Consequently, it is necessary to discuss this group of materials 
individually. To the best of our knowledge, it is also the fi rst 
summary of TMCs as electrocatalysts for CO 2  reduction. 

 In 1997, Hara et al. investigated the effect of adsorbed 
sulfi de ion (S 2− ) on metal electrodes (i.e., Fe, Ni, Pd, Cu, Zn, 
Ag, and Pt) on the electrochemical reduction of CO 2 . [ 156 ]  Their 
study showed that the product selectivity could be changed 
markedly after treating metal electrodes with Na 2 S aqueous 
solution. According to the current–potential curve, the authors 
speculated that S 2−  adsorbed on the surface of metal electrodes 
could prevent the formation of adsorbed CO. However, the 
conclusion was only based on the electrochemical investiga-
tion without additional characterization of the treated metal 
electrodes. Probably, due to the Na 2 S treatment, the surface 
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 Figure 18.    a) TEM image of 40 wt % Ag/TiO 2 : the dark spheres or dots are Ag particles and the larger gray structures denote TiO 2 . b) Partial current 
density for CO production on four catalysts: 40 wt % Ag/TiO 2 , 40 wt % Ag/C, Ag NP, and TiO 2 . c) A schematic diagram of the proposed pathway for 
CO 2  reduction to CO on the Ag/TiO 2  catalyst. Reproduced with permission. [ 143 ]  Copyright 2014, Wiley-VCH.
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resulted in a different product selectivity. Direct evidence for 
such behavior was the color change of the electrodes, espe-
cially Cu and Ag electrodes whose surfaces changed to gray and 
black, respectively. Obviously, more efforts should be devoted to 
the study of TMC electrocatalysts. 

 Unfortunately, TMCs as electrocatalysts for CO 2  reduction 
have not received much attention, although chalcogenides are 
well known due to the abundance of diverse metal ores on the 
planet. For example, it was recently found that black smokers in 
deep-sea hydrothermal vents contain plenty of transition-metal 
sulfi des, such as CuFeS 2  and FeS 2 . More importantly, such a 
discovery led to a hypothesis to uncover the chemical evolution 
in the prebiotic ocean and the early evolution of energy metabo-
lism in ancient Earth, that is, the transition-metal sulfi des are 
likely to serve as electrocatalysts for CO 2  reduction at the inter-
face between the vent and the cold ocean. [ 157,158 ]  To validate 
such a hypothesis, Yamaguchi et al. synthesized iron sulfi de 
and Ni-containing iron sulfi des via a hydrothermal method and 
evaluated their energetics for electrocatalytic CO 2  reduction by 
mimicking the CO 2 -saturated ancient ocean. [ 158 ]  As expected, 
the as-synthesized Fe 3 S 4  (greigite) exhibited some electrocata-
lytic activity to reduce CO 2  into CO and CH 4 . Namely, as com-
pared to pure FeS, the poly(allylamine hydrochloride) (PAH)-
modifi ed FeNi 2 S 4  (violarite) showed much better effi ciency (ca. 
85 fold) and selectivity for CO 2  reduction. Evidently, all these 
results point out that the Ni-doped FeS can function as an effi -
cient electrocatalyst for CO 2  reduction, thereby demonstrating 
the validity of the aforementioned hypothesis. Due to the fact 
that CO 2  in the ancient ocean could be effectively be reduced 
into CO and CH 4  naturally, clarifi cation of the role of TMCs 
in CO 2  electroreduction is crucial for the fi xation of CO 2  in the 
future. 

 As a new class of two-dimensional layer-structured materials, 
transition-metal dichalcogenides (MX 2 ) show great potential 
for diverse applications such as hydrodesulfurization, sensing, 
catalysis, and energy storage. [ 159–162 ]  The versatility of MX 2  origi-
nates from their unique crystalline and electronic structure. 
Specifi cally, each single sheet of MX 2  is composed of a layer of 
metal atoms sandwiched between two layers of chalcogen atoms 
by covalent bonding, and adjacent MX 2  sheets stack via van der 
Waals interactions. [ 161 ]  Interestingly, the conductivity and catalytic 
ability of transition-metal dichalcogenides can be different for 
various polymorphs. Lukowski et al. found that the semicon-
ducting 2H-MoS 2  phase could be converted to metallic 1T-MoS 2  
with greatly enhanced catalytic activity by chemical exfoliation. [ 163 ]  

 Among the various MX 2  species, MoS 2  is of particular 
interest due to its abundance, low price, facile synthesis, and 
prominent catalytic features. During the last decade, MoS 2  has 
been widely employed as a catalyst for the HER, the ORR, and 
water splitting. [ 164–166 ]  Despite its highlighted applications in 
these fi elds, only a few reports are available on its electrocata-
lytic performance toward CO 2  reduction. Using DFT, Chan et al. 
discussed the possibility of using MoS 2  and MoSe 2  as electro-
catalysts for CO 2  reduction. [ 167 ]  Importantly, the DFT calcula-
tions indicated that the edge sites in MoS 2  and MoSe 2 , namely, 
the bridging S and Se atoms respectively, could selectively 
bind the key CO 2  reduction intermediates (i.e., *COOH and 
*CHO) and promote subsequent reaction steps, whereas CO

could be effectively bound on the edge metal atoms in MoS 2  
and MoSe 2  and possibly further reduced to hydrocarbons and/
or alcohols. These results theoretically predicted superior CO 2  
reduction activity over many transition-metal catalysts. More-
over, Ni-doped MoS 2  was also studied due to the fact that the 
S edge could be easily doped with transition metals to inten-
tionally tune the binding energies of the intermediates. In this 
case, both the number of S edges and the binding energy of the 
CO intermediate are reduced, thus making CO 2  reduction pos-
sible. In order to design catalysts for CO 2  reduction with better 
effi ciency and selectivity, the authors pointed out that the edge 
sites should be maximized and particular edges should be also 
stabilized. 

 Inspired by the fact that MoS 2  shows a very good per-
formance for water splitting comparable to that of Pt cata-
lysts, [ 168–170 ]  Asadi et al. studied electrochemical CO 2  reduc-
tion on the Mo-terminated edges of MoS 2  ( Figure    19  a,b) in 
EMIM-BF 4 . [ 34 ]  Unsurprisingly, the layer-stacked bulk MoS 2  
with Mo-terminated edges displayed an excellent CO 2 -reduction 
performance in terms of the current density (65 mA cm −2  at 
−0.764 V vs RHE), overpotential (ca. 54 mV), FE (ca. 98% for 
CO at −0.764 V vs RHE), selectivity, and stability, which were 
superior with respect to Ag NPs and the bulk Ag (Figure  19 c). 
These experimental fi ndings also verifi ed the theoretical pre-
diction by Chan et al. [ 167 ]  Moreover, DFT calculations revealed 
that the superior catalytic performance can be attributed to the 
metallic character, low work function (3.9 eV) and the high 
d-electron density on the Mo-terminated edges of MoS 2 , which 
is almost one order of magnitude higher than that of Ag atoms 
on the surface of Ag fi lm. To authenticate their understanding 
and further improve the performance of MoS 2 , the authors 
then synthesized vertically aligned MoS 2  nanosheets with more 
available Mo atoms on the edges as active sites (Figure  19 d,e). 
As expected, a further improvement in the CO 2  reduction 
current density (i.e., 130 mA cm −2  at −0.764 V vs RHE) was 
observed for the vertically aligned MoS 2  (Figure  19 f). All these 
theoretical and experimental reports demonstrate the potential 
of MX 2  as novel and advanced electrocatalysts for CO 2  reduc-
tion. Nevertheless, the current research on MX 2  as a CO 2 -
reduction electrocatalyst is very limited and only focused on 
MoS 2 . More extensive studies directed toward other MX 2  such 
as MoSe 2  and WS 2  would be desirable. A better understanding 
of the catalytic mechanism on MX 2  is urgently needed to open 
new avenues for the development of improved electrocatalysts 
for CO 2  reduction.   

  3.4. Carbon-Based Materials 

 In addition to transition metals and transition-metal com-
pounds as electrocatalysts for CO 2  reduction, renewable metal-
free catalysts, especially nanocarbon-based catalysts, have 
become increasingly attractive because of their distinct prop-
erties over conventional CO 2  electrocatalysts. One of the most 
prominent features of these catalysts is the ability of carbon 
atoms to assemble into a variety of nanocarbon materials 
with different dimensions and structures, for example, one-
dimensional carbon nanotubes (CNT) and carbon nanofi bers 
(CNF), and two-dimensional graphene. More importantly, 
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these nanocarbon materials possess many intrinsic advantages, 
including high surface area, outstanding conductivity, excel-
lent chemical stability, and remarkable mechanical strength, 
which are expected to boost the catalytic performance for 
electrochemical CO 2  reduction. Besides, they are inexpensive, 
environmentally friendly and easily available at large quanti-
ties. However, pure nanocarbon materials possess a very small 
catalytic activity toward electrochemical CO 2  reduction because 
the neutral carbon atoms show negligible ability to activate CO 2  
molecules or adsorb the CO 2  −•  intermediate. Fortunately, it is
easy and effective to manipulate the structure and chemical 
state of nanocarbon materials by introducing heteroatoms (e.g., 
B, N, P, and S) during the synthesis process or post-treatment, 
thus changing the atomic charge and spin density of some 
carbon atoms as active sites for CO 2  reduction. From the stand-
point of materials engineering, this class of materials is ideal 
for the design of future electrocatalysts, capable for converting 
CO 2  into desired products with high effi ciency and selectivity. 

 Recently, Kumar et al. reported polyacrylonitrile-based het-
eroatomic CNFs as renewable and metal-free electrocatalysts 
for CO 2  reduction, which exhibited remarkable catalytic ability 
for selective reduction of CO 2  to CO at very low overpoten-
tial (0.17 V) ( Figure    20  a). [ 33 ]  As compared to the bulk Ag and 
Ag nanoparticles (200, 40, and 5 nm), the as-prepared CNFs 
achieved a highest current density that was ca. 13 times and 

4 times higher than those of the bulk Ag and 5-nm Ag nanopar-
ticles, respectively (Figure  20 b). To elucidate the CO 2 -reduction 
mechanism, they further examined and carefully compared the 
X-ray photoelectron spectra (XPS) of N 1s  in CNFs before and 
after electrochemical CO 2  reduction (Figure  20 c,d). It was found 
that the peak area of the pyridinic nitrogen remained almost 
constant, eliminating the possibility of the direct participation 
of nitrogen heteroatoms in the CO 2  reduction. Conversely, 
this comparison proved that the oxidized carbon atoms in the 
CNFs are responsible for the CO 2  reduction. On the basis of 
XPS analysis and previous reports, the authors proposed a pos-
sible reaction mechanism for the CO 2  electroreduction in the 
EMIM-BF 4  ionic-liquid electrolyte (see Figure  20 g). Specifi cally, 
the oxidized carbon atoms are initially reduced during a redox 
cycling process. The dissolved CO 2  molecules coordinate with 
EMIM cations to form an intermediate EMIM---CO 2  complex, 
which then adsorb on the reduced carbon atoms. Next, the 
reduced carbon atoms are reoxidized to their initial state, which 
is accompanied by CO 2  reduction to CO. Finally, the produced 
CO is released. During this heterogeneous catalysis process, 
the active carbon atoms are renewable to maintain the cata-
lytic activity of CNFs. In conclusion, the catalytic profi ciency of 
the as-prepared CNFs can be attributed to the redistribution of 
charge and spin density owing to the interaction between the 
doped nitrogen atoms and their adjacent carbon atoms.  
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 Figure 19.    a) Raw grayscale high-angle annular dark-fi eld (HAADF) and low-angle annular dark-fi eld (LAADF) image (inset) of  MoS 2  edges (scale bar, 
5 nm). b) The line scans (arrows a and b toward edges) identifying Mo atoms to be the terminating atoms. An additional light atom (arrow c line scan) 
occupying what should be a Mo position, most probably a carbon atom, from the STEM substrate. c) Cyclic voltammetry (CV) curves for bulk  MoS 2 ,  Ag 
NPs, and bulk  Ag performed in  CO 2 -saturated 96 mol% water and 4 mol% EMIM-BF 4  solution. d) Annular bright-fi eld (ABF) STEM images of vertically 
aligned MoS 2  (scale bar, 20 nm). STEM analysis (inset) showing the vertically aligned texture of  MoS 2  nanofl akes (scale bar, 5 nm). e) High-resolution 
HAADF STEM image of vertically aligned MoS 2  (scale bar, 2 nm). Mo atoms are brighter and larger in size in comparison to sulfur atoms due to high 
atomic number. f)  CO 2  reduction performance of the bulk  MoS 2  and vertically aligned  MoS 2  represented by VA  MoS 2 . Adapted with permission. [ 34 ]  
Copyright 2014, Nature Publishing Group.

37



3446 wileyonlinelibrary.com

R
EV

IE
W

Adv. Mater. 2016, 28, 3423–3452

www.advmat.de
www.MaterialsViews.com

 More recently, Zhang et al. fabricated polyethylenimine-
functionalized N-doped graphenated carbon nanotubes 
(denoted as PEI-NGCNT) with a 3D hierarchical structure for 
electrochemical CO 2  reduction to formate. [ 32 ]  Under optimum 
conditions, the FE for formate could achieve 85% with a high 
current density up to 9.5 mA cm −2 . The PEI layer greatly inten-
sifi es CO 2  adsorption with high capacity and selectivity. As a co-
catalyst, PEI also signifi cantly reduces the catalytic overpoten-
tial by helping to stabilize the CO 2  •–  key intermediates together
with N-doped carbon, resulting in an improved FE, as well as a 
higher current density. More interestingly, the outstanding elec-
trocatalytic performance correlates with the synergistic effects 
between N-doping and the PEI overlayer. In fact, a PEI layer 
can boost the performance of carbon materials only in the pres-
ence of N-doping. This study shows that, besides heteroatom 
doping, functionalization of nanocarbon materials by means of 
organic molecules with high adsorption affi nity and selectivity 
toward CO 2  can be another effective strategy to further maxi-
mize the performance of electrocatalytic CO 2  reduction. 

 Wu et al. synthesized heavily N-doped CNTs (NCNTs) arrays 
by a liquid CVD method to obtain a highly effi cient, selec-
tive, and stable catalyst for electrocatalytic reduction of CO 2  
to CO. [ 171 ]  The multiwalled NCNTs are bamboo-shaped with 
a homogeneous N distribution and a total N content up to 
5 atom% ( Figure    21  a–c). Specifi cally, the N confi gurations are 
pyridinic, pyrrolic, and graphitic with N contents of 1.5, 1.1, 

and 2.4 atom%, respectively (Figure  21 d,e). Unprecedented 
overpotential (–0.18 V) and selectivity toward production of CO 
(80%) have been observed on the as-obtained NCNTs. Based on 
the computational hydrogen electrode (CHE) model and DFT 
simulations, the binding energies of *COOH and *CO were 
calculated in an attempt to address the signifi cant role of the 
N dopant and understand the mechanism of CO 2  electroreduc-
tion to CO (Figure  21 f). Intriguingly, the most preferable and 
selective site toward CO production is pyridinic N because it 
possesses the strong COOH binding and facilitates CO desorp-
tion at the same time. Meanwhile, both pyrrolic N and graphitic 
N also display better activity and selectivity than that of pristine 
CNTs. Undoubtedly, these experimental and theoretical fi nd-
ings defi nitely shed some light on the design and modifi cation 
of carbon nanostructures to further enhance the electrocatalytic 
reduction of CO 2 . 

 Moreover, Nakata et al. reported that the boron-doped dia-
mond (BDD) is capable of reducing CO 2  to HCHO with high 
FE (74%). [ 172 ]  Interestingly, the electrolyte used can be meth-
anol, aqueous NaCl, or even seawater. HCHO is proposed to 
form as follows: 

CO +2H +2e HCOOH2
+ – → (R9)

 HCOOH + 2H + 2e HCHO + H O+ –
2→ (R10)

 Figure 20.    a) CVs for CO 2  reduction in Ar-saturated (curve a) and CO 2 -saturated pure EMIM-BF 4  on a carbon-fi lm electrode (curve b) and CNF electrode 
(curve c). b) Absolute current density for CO 2  reduction on different electrodes in EMIM-BF 4  electrolyte. c,d) Deconvoluted N1s spectra of CNFs before 
(c) and after (d) electrochemical experiments. e,f) The corresponding atomic structure on the basis of XPS analysis. g) Schematic illustration of the 
CO 2  reduction mechanism. Adapted with permission. [ 33 ]  Copyright 2013, Nature Publishing Group.
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 The BDD electrode can effectively reduce CO 2  to HCHO due 
to the presence of sp 3 -bonded carbon atoms. As compared to 
the sp 2 -bonded carbon atoms in glassy carbon, they are particu-
larly effective in the process of converting HCOOH to HCHO. 
Meanwhile, the intrinsic wide potential window of BDD can 
greatly suppress the HER, making it promising for practical 
applications.   

  4.     Conclusions and Outlook 

 CO 2  electroreduction has attracted great attention because of 
the following advantages: i) the level of atmospheric CO 2  can be 
greatly reduced to alleviate various unfavorable effects caused 
by global warming; ii) the reaction products generated in CO 2  
electroreduction are useful chemical feedstocks or fuels, which 
can probably help to mitigate the energy crisis; iii) it is a con-
venient way to store renewable electricity in high-energy-density 
chemical forms. Due to the intrinsic inertia of CO 2  molecules, 
highly effi cient and robust electrocatalysts are required to 
promote this sluggish reaction. These catalysts can signifi cantly 
reduce the reaction barriers for CO 2  reduction by helping to 
stabilize the key reaction intermediates. Different catalysts tend 
to bind various intermediates to a different extent, leading to 
the generation of diverse products. In other words, by rational 
design of the catalysts, it is possible to selectively reduce CO 2  
to desirable products. In order to stimulate further research 
interest in this area, a timely and comprehensive overview of 

inorganic heterogeneous electrocatalysts for CO 2  reduction 
is presented here. According to the elemental composition, 
these catalysts can be categorized into four groups: metals, 
metal oxides, metal chalcogenides, and carbon-based materials. 
 Table    1   illustrates the most recent achievements in the develop-
ment of electrocatalysts for CO 2  reduction.  

 Recently, due to the enormous potential rewards, extensive 
experimental and computational studies have been done to 
accelerate the development of electrocatalysis for CO 2  reduc-
tion. However, in spite of the great efforts, it still seems quite 
challenging to effi ciently reduce CO 2  to desirable products. In 
fact, the current catalytic technologies in this area are far from 
the requirements for widespread applications. Scientifi c prob-
lems including high overpotential, low catalytic activity, poor 
product selectivity, and unsatisfactory catalyst stability still 
require further attention. Importantly, for electrochemical CO 2  
reduction, the binding strength of various reaction intermedi-
ates to electrocatalysts is the key factor governing the catalytic 
activity and fi nal distribution of products. Therefore, it should 
be seriously taken into consideration during design of high-
performance electrocatalysts for CO 2  reduction. In view of the 
former research devoted to CO 2  electroreduction and other 
energy-related topics, we propose several major strategies to 
boost the performance of heterogeneous electrocatalysts: 

   i)  Surface engineering. The electrocatalyst surface has a great
impact on the fi nal catalytic performance, especially for metal 
catalysts. As compared to metals with smooth surfaces, their

 Figure 21.    a) SEM images of NCNTs. b) TEM images of NCNTs (the inset shows a single multiwall NCNT). c) Electron energy loss spectroscopy 
(EELS) elemental mapping of N and C. d) Representative XPS of N 1s for NCNTs. The N 1s spectrum is deconvoluted into three peaks representing 
three  different N functionalities. e) Schematic illustration of graphitic (a), pyrrolic (b), and pyridinic (c) N confi gurations. f) The calculated free-energy 
 diagram for CO 2  electroreduction to CO on pristine CNTs and NCNTs. Adapted with permission. [ 171 ]  Copyright 2015, The American Chemical Society.
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roughened counterparts have higher current densities due 
to the larger electrochemical active surface area. More im-
portantly, the roughened surfaces possess signifi cantly more 
low-coordination sites (edges, steps, defects) than smooth 
ones, which have better intrinsic reaction activity for CO 2  
reduction. Besides the surface morphology effect, surface 
impurities and metal overlayers should also be considered. 
Meanwhile, the OD metal method has been also success-
fully applied to obtain various metals like Cu, Sn, Au, and 
Pb, showing a greatly enhanced catalytic activity. Although no 
defi nite mechanism has been confi rmed yet, it seems plau-
sible that high densities of grain boundaries are produced 
during metal formation through the constrained metal-oxide 
lattice, and the highly active sites present on the formed 
grain boundaries contribute to the enhanced CO 2  reduction 
activity. 

  ii)    Chemical modifi cation. Since Gong et al. discovered that
N-doped carbon nanotube arrays exhibited superb ORR
performance, [ 173 ]  doped carbon materials have been exten-
sively investigated as electrocatalysts for the ORR, OER,
and HER. [ 174–178 ]  In contrast, pure carbon materials show a
very small catalytic activity. Recently, N-doped carbon mate-
rials have been demonstrated to be effi cient electrocatalysts
for CO 2  reduction, as discussed in Section 3.4. Moreover,
the improved catalytic activities of the metal alloys clearly
show the importance of chemical modifi cation. Thanks to
the electronic and geometric effects, the binding strengths

of different intermediates to metal alloys can be adjusted to 
the  appropriate values, leading to better catalytic performance 
than monometallic catalysts. Moreover, according to compu-
tational simulations, Lim et al. also found that p-block dopants 
in metals can effectively modulate the reaction energetics. [ 179 ]  
Thus, sulfur- and arsenic-doped Ag are expected to have both 
low overpotential and satisfying stability for CO 2  reduction, 
again confi rming the signifi cance of chemical modifi cation. 

  iii)    Nanostructured catalysts. Nanotechnology has been exten-
sively employed in the energy storage (Li-ion batteries, su-
percapacitors, metal–air batteries, etc.) and catalysis (elec-
trocatalysis, photocatalysis, etc.) fi elds for a long time. [ 180–185 ]  
Meanwhile, it is well known that the activity of electrocata-
lysts is closely related to both the number of total surface ac-
tive sites and the intrinsic activity of each reaction site. [ 186 ]  
For CO 2  electroreduction, despite some debate still going on, 
nanostructuring has been proved to notably improve the cata-
lytic performance in most cases. Not surprisingly, nanostruc-
tured catalysts usually possess larger electrochemical surface 
area than the bulk materials, resulting in a larger amount of 
catalytically active sites. More importantly, nanostructured 
catalysts have a great portion of low-coordinated (corner, 
edge and step) sites whose catalytic behavior is distinct from 
the fully coordinated sites of bulk materials. [ 187 ]  Considering 
the continuous improvement in the technology to synthesize 
nanomaterials, further nanostructured materials (such as 
nanowire arrays, core–shell structures, mesoporous fi lms, 

  Table 1.    The performance of recently reported electrocatalysts for CO 2  reduction.  

Electrode Potential vs RHE [V] Current Density [mA cm −2 ] Products (Faradaic Effi ciency [%]) Electrolyte Reference (Year)

Cu (10 nm) −1.1 20 H 2  (64%), CO (22%), CH 4  (10%), C 2 H 4  (4%) 0.1  M  KHCO 3  [ 80 ]  (2014)

Cu −1.25 9 CH 4  (80%), H 2  (13%) 0.1  M  NaHCO 3  [ 81 ]  (2014)

Ag −0.60 18 CO (92%) 0.5  M  KHCO 3  [ 29 ]  (2014)

Ag –1.35 10 H 2  (55%), CO (40%) 0.1  M  KHCO 3  [ 97 ]  (2014)

Au (8 nm) −0.67 CO (90%) 0.5  M  KHCO 3  [ 30 ]  (2013)

Au −0.35 CO (94%) 0.5  M  KHCO 3  [ 84 ]  (2014)

Au (3.2 nm) −1.2 100 H 2  (80%), CO (20%), 0.1  M  KHCO 3  [ 85 ]  (2014)

Au −0.45 CO (90%) 0.5  M  NaHCO 3  [ 88 ]  (2015)

Pd (3.7 nm) −0.89 9 CO (91.2%) 0.1  M  KHCO 3  [ 110 ]  (2015)

Pd −0.15 7 Formate (95%) 2.8  M  KHCO 3  [ 114 ]  (2015)

OD Au −0.4 10 CO (98%) 0.5  M  NaHCO 3  [ 119 ]  (2012)

OD Cu −0.5 2.7 CO (40%), HCOOH (33%) 0.5  M  NaHCO 3  [ 28 ]  (2012)

Sn/SnOx −0.7 1.8 CO (58%), HCOOH (40%) 0.5  M  NaHCO 3  [ 115 ]  (2012)

Sn/graphene −1.16 10.2 Formate (93.6%) 0.1  M  NaHCO 3  [ 31 ]  (2014)

Au 3 Cu −0.73 3 CO (64.7%), formate (3.11%) 0.1  M  KHCO 3  [ 126 ]  (2014)

Cu–In −0.6 1 CO (38%), HCOOH (34%) 0.1  M  KHCO 3  [ 129 ]  (2015)

Ag/TiO 2 −0.8 101 CO (>90%) 1  M  KOH  [ 143 ]  (2014)

MoS 2 −0.764 65 CO (98%) H 2 O/EMIM-BF 4  [ 34 ]  (2014)

PEI-NCNT −1.16 7.2 Formate (85%) 0.1  M  KHCO 3  [ 32 ]  (2014)

CNF −0.25 4 CO EMIM-BF 4  [ 33 ]  (2013)

BDD −0.9 0.08 HCHO (65%), HCOOH (14%) 0.1  M  MeOH 

(TBAP)

 [ 172 ]  (2014)

NCNT −0.28 0.9 CO (80%) 0.1  M  KHCO 3  [ 171 ]  (2015)
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hollow structures, etc.) can be developed as promising elec-
trocatalysts for CO 2  reduction. 

  iv)  Composite materials. Liang et al. found that despite Co 3 O 4  or 
graphene alone showing very small catalytic activity toward 
ORR, a strongly coupled Co 3 O 4 –graphene hybrid exhibited 
surprisingly high activity for both the ORR and the OER. [ 188 ]  
Since then, a variety of composite catalysts have been de-
signed for the ORR, OER, and HER to achieve better electro-
catalytic activity and stability. [ 189–193 ]  Recently, Zheng et al. re-
ported extraordinary HER results for a g-C 3 N 4 @N-graphene 
composite originating from the chemical and electronic 
coupling between both components. [ 194 ]  This method was 
also shown to be applicable for CO 2  electroreduction. Zhang 
et al. attributed the superior catalytic performance of the Sn–
graphene composite to its strong electronic interactions. [ 31 ]  
Since the electronic structure of Sn NPs is modifi ed by the 
introduction of graphene, both CO 2  adsorption and further 
CO 2  reduction were promoted. As mentioned above, thanks 
to the synergistic effect, both Ag–TiO 2  and PEI–NCNT com-
posites are able to selectively reduce CO 2  to desirable prod-
ucts with reasonable activity. Therefore, various composites 
such as metal–carbon, metal–metal oxide, metal chalcoge-
nide–carbon, etc. can be explored as potential electrocatalysts 
for CO 2  reduction. [ 195,196 ]  

  v)  Reaction mechanism. Due to a much more complicated
 reaction process, the current knowledge of the reaction mech-
anisms for CO 2  electroreduction is severely limited. However, 
better understanding of the fundamentals of CO 2  electrore-
duction is urgently needed to accelerate further developments 
in this research area. [ 197 ]  Thanks to the signifi cant advances 
in DFT calculations and computer science, nowadays it has 
become possible to investigate electrocatalysts at the atomic 
level by computational methods. Despite the simplifi ed mod-
els used in theoretical studies for CO 2  electroreduction, the 
DFT method has been identifi ed as a powerful tool to explain 
experimental results and predict promising new catalysts. 
Meanwhile, advanced characterization techniques such as 
scanning transmission electron microscopy (STEM), near 
edge X-ray absorption fi ne structure (NEXAFS), surface X-ray 
scattering (SXS), etc. also benefi t research into electrochemi-
cal reduction of CO 2 , as they are capable of providing more 
information about the structural and chemical properties of 
the catalysts. Moreover, in situ techniques, which have been 
widely used in battery and catalysis science, [ 198–203 ]  can probe 
the morphology and electronic structure of the electrode un-
der catalytic conditions, thus yielding new insights into the 
nature of CO 2  electroreduction.   

 In addition, some other infl uential factors should be consid-
ered to make this technology more practical. In some cases of 
CO 2  electroreduction, low current densities are caused by the 
limited mass transport of CO 2  to the cathode surface. There-
fore, the design of reactors such as gas-diffusion cells and 
liquid-fl ow cells, or solid polymer electrolytes can be adapted 
to partly address this issue. [ 204,205 ]  Meanwhile, ionic liquids 
have been demonstrated as another appealing approach to 
promote the performance of electrocatalysts in CO 2  reduc-
tion. As compared to aqueous electrolytes, they have some 
desirable characteristics such as high CO 2  solubility, and wide 

potential windows. More importantly, the reaction barrier for 
CO 2  reduction can be signifi cantly reduced while hydrogen 
formation can be greatly suppressed in the presence of ionic 
liquids. [ 206,207 ]  Moreover, from the perspective of material sci-
ence, more potential inorganic candidates, including metal 
nitrides, metal phosphides, metal carbides, and metal borides, 
can be explored to discover new catalysts with intrinsic high 
catalytic activity toward CO 2  reduction. Despite the fact that, at 
present, almost all research interest is focused on the cathode 
electrodes (CO 2  electroreduction), the catalytic performance 
of the anode (OER) should not be ignored, as both of them 
determine the overall cell effi ciency. [ 208 ]  Other parameters like 
CO 2  pressure, reaction temperature, pH values, and alkali 
cations of electrolyte [ 209,210 ]  can also affect the fi nal results for 
CO 2  electroreduction. Lastly, in order to make this technology 
economically feasible for long-term commercial applications, 
catalyst degradation or poisoning should be suppressed to the 
lowest levels. 

 In summary, recent work has indicated the possibility 
of producing hydrocarbon fuels from undesirable CO 2 , as 
well as renewable electricity in the presence of advanced 
electrocatalysts. Despite the great challenges ahead, there 
is a sincere hope that continuous and extensive research in 
this area will result in the development of highly effi cient, 
robust, and relatively cheap catalysts for CO 2  reduction in the 
near future, thus leaving a carbon neutral world for human 
beings.  
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Chapter 3: Two-Dimensional Metal-Organic Frameworks with 

High Oxidation States for Efficient Electrocatalytic Urea 

Oxidation 

3.1 Introduction and Significance 

High oxidation state of metal cations is critical in achieving outstanding performance of 

many transition metal-based materials towards electrochemical oxidation reactions such as 

urea oxidation reaction (UOR), which acts as a vital half reaction for several practical 

applications. However, currently it still remains quite challenging to modulate oxidation state 

of metal cations via facile and effective methods. Our study presents a new method to 

generate metal cations with high oxidation state by introducing 1,4-benzenedicarboxylic acid 

(BDC) ligands to modify the electronic structures of metal species. The as-fabricated 

ultrathin 2-D Ni-MOF nanosheets exhibit remarkable activity, favorable kinetics, and strong 

durability towards UOR. The highlights of this work include:  

1. Novel strategy for achieving high oxidation state. In this work, high oxidation state of 

nickel cations is achieved by strong interaction between Ni species and BDC ligands, which 

draw electrons from the Ni species. This is completely different from previous reports, in 

which the oxidation state of metal species is generally adjusted by hybridizing with other 

materials. 

2. 2-D MOF for electrolysis. Ultrathin 2-D Ni-MOF is directly used as an electrocatalyst for 

UOR without any post-treatment. To the best of our knowledge, this is also the first example 

that MOF is applied in urea electrolysis area. 

3. Remarkable activity and stability. Ultrathin 2-D Ni-MOF nanosheets exhibit low onset 

potential (1.36 V vs. RHE to achieve 10 mA cm-2), high anodic current density (120 mA cm-2 

at 1.6 V vs. RHE) and good stability (10 h) for UOR. The anodic current density can be 

further enhanced to 292 mA cm-2 (1.6 V vs. RHE) by depositing 2-D MOF on conductive 

nickel foam, outperforming the state-of-the-art UOR catalysts. 

4. Reasonable mechanism. The excellent UOR performance is found to be partially from the 

high active site density of the 2-D MOF, and largely from high oxidation state of the nickel 

species, which is proved by both X-ray photoelectron spectroscopy and Synchrotron-based 

X-ray absorption near edge spectra. 
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3.2 Two-Dimensional Metal-Organic Frameworks with High Oxidation States for 

Efficient Electrocatalytic Urea Oxidation 

This chapter is included as it appears as a journal paper published by Dongdong Zhu, 

Chunxian Guo, Jinlong Liu, Liang Wang, Yi Du, Shi-Zhang Qiao, Two-dimensional metal-

organic frameworks with high oxidation states for efficient electrocatalytic urea oxidation, 

Chemical Communications, 2017, 53, 10906-10909. 
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Shi-Zhang Qiao *a

A two-dimensional metal–organic framework (MOF) comprising

nickel species and an organic ligand of benzenedicarboxylic acid

is fabricated and explored as an electrocatalyst for urea oxidation

reaction (UOR). The excellent UOR performance is found to be partially

due to the high active site density of the two-dimensional MOF, and

largely because of the high oxidation state of the nickel species.

An appropriate oxidation state of metal cations is critical in
achieving outstanding performance of many transition-metal
based electrocatalysts towards electrochemical oxidation reactions.1,2

In terms of oxygen evolution reaction (OER), metal cations are
oxidized to higher valence states before the onset of the reaction,
and these highly oxidative metal cations are supposed as catalytic
active sites.3 Interestingly, Bell et al. discovered that a metal
support can modify the oxidation state of deposited cobalt oxide,
and enhanced oxidation of cobalt oxide is beneficial to improve
OER activity.4 Therefore, it seems possible to promote the
performance of oxidation reactions by tailoring the oxidation
state of metal cations. The Pd/PANI/Pd nanotube array exhibited
better catalytic performance than the Pd nanotube array towards
ethanol oxidation reaction (EOR). Due to electron transfer from
Pd to PANI, Pd with a high oxidation state was formed, which
contributed to enhanced EOR activity.5 Despite the afore-
mentioned reports, currently it remains quite challenging to
modulate the oxidation states of metal cations via facile and
effective methods.

As a promising hydrogen storage material, urea is cheap,
stable, relatively nontoxic, and easy for storage and transportation,
and has an energy density of 16.9 MJ L�1, which is even higher
than compressed or liquid hydrogen, making urea an ideal
alternative to hydrogen as an energy source for fuel cells that

utilize urea oxidation reaction (UOR) and oxygen reduction
reaction.6 Moreover, compared with OER (1.23 V vs. RHE),
which is a typical anodic reaction for water splitting, the
theoretical potential of UOR (0.37 V vs. RHE) is significantly
lower. Hence, UOR has great potential to replace OER for more
efficient water splitting to produce hydrogen.7 Additionally, a
large amount of urea that is produced from industrial, agricultural
and human wastewater always pollutes atmosphere and ground-
water, causing severe health problems for human beings, and UOR
is an efficient way to purify urea-rich wastewater, eliminating these
potential hazards.8 However, UOR is a six-electron transfer process
(CO(NH2)2 + 6OH�- N2 + 5H2O + CO2 + 6e�) with complicated gas
evolution steps, suffering from intrinsically sluggish kinetics. Thus,
high-performance electrocatalysts are highly required to reduce
the reaction barriers for UOR. Since Botte et al. demonstrated
that nickel displayed higher oxidation current densities than
noble metals (Pt, Rh, Pt–Ir) for urea electrolysis in alkaline
media,9 nickel-based materials, such as Ni(OH)2,10 Ni–Zn–Co,11

Ni1.5Mn1.5O4,12 etc., have been widely investigated as electro-
catalysts for UOR. Unfortunately, these nickel-based UOR
catalysts generally suffer from low catalytic activity and relatively
poor stability. Recently, metallic Ni(OH)2 nanosheets demonstrated
good stability for UOR but the catalytic activity was not satisfactory,
with a low peak current density of 36 mA cm�2.13 Overall, despite
these tremendous efforts, currently all the reported UOR catalysts
are still far from requirements, which greatly hinders urea-related
technologies for practical applications.

Ultrathin two-dimensional (2-D) materials represent an
emerging class of nanomaterials that have been widely investigated
for catalysis, energy storage and conversion, and electronic and
optoelectronic devices, owing to their appealing properties such
as compelling electronic properties, high specific surface area,
outstanding mechanical strength, excellent optical transparency,
etc.14,15 In particular, ultrathin 2-D metal–organic framework
(MOF) nanosheets, constructed by joining metal ions with
organic linkers, possess high percentages of metal atoms exposed
on the surface, and these coordinatively unsaturated metal sites
with more dangling bonds are highly desirable for electrocatalysis.16
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Moreover, the electronic structures of metal sites in MOFs are
influenced by organic ligands through strong interactions, making
it possible to achieve high oxidation states of metal cations.
Therefore, considering the unique physicochemical properties
as well as tailorable electronic structures, 2-D MOFs with high
oxidation states may offer a great opportunity as promising
electrocatalyts towards oxidation reactions such as UOR.

In this study, we fabricate a kind of 2-D MOF comprising
nickel species and organic ligands of benzenedicarboxylic acid
(BDC), and discover that ultrathin nickel-based metal–organic
framework (Ni-MOF) nanosheets have high oxidation states of
nickel cations, which is confirmed by X-ray photoelectron
spectroscopy and synchrotron-based X-ray absorption near-
edge spectra. The high oxidation state of nickel cations is
attributed to the strong interaction between the Ni species
and benzenedicarboxylic acid (BDC) ligands, which draw electrons
from the Ni species. This strategy to achieve a high oxidation state
at the molecular level is completely different from previous reports,
in which the oxidation state of metal cations is generally adjusted
by hybridizing with other materials. Due to the nickel cations with
high oxidation states and a large number of catalytic active
sites, the as-fabricated ultrathin 2-D Ni-MOF nanosheets exhibit
remarkable performance for UOR, outperforming the state-of-
the-art UOR catalysts.

As illustrated in Fig. 1, Ni-MOF nanosheets were fabricated
via a facile sonication-assisted solution method by adding the
organic ligands (BDC) into the solution of metal salt (nickel
chloride hexahydrate) (see the ESI† for a detailed experimental
process). The scanning electron microscopy (SEM) image in
Fig. 2a shows that the as-fabricated sample has an obvious
sheet morphology, and the presence of wrinkles reveals good
flexibility of the sample. The transmission electron microscopy
(TEM) images (Fig. 2b and Fig. S2, ESI†) again confirm the
sheet-like morphology with a lateral size of several hundred
nanometers, while the transparent characteristic of the nanosheet
indicates its ultrathin thickness. Since these nanosheets are
extremely sensitive to electron beam irradiation, very low
accelerating voltage (80 kV) was applied during the scanning
transmission electron microscopy (STEM) test to get more
information. Fig. 2c displays that the lattice spacing of the
nanosheet is around 1.05 nm. The inserted selected-area electron
diffraction (SAED) pattern in Fig. 2c reveals the single-crystalline
nature of the nanosheet. Energy-dispersive spectroscopy (EDS)
(Fig. S1b, ESI†) confirms that the obtained nanosheets are
composed of C, O and Ni without other impurities, and the
elemental mapping in Fig. 2d suggests that these elements are
uniformly distributed throughout the whole nanosheet.

To evaluate the exact thickness of the nanosheets, atomic
force microscopy (AFM) was applied. As can be seen from
Fig. 2e, the height of the nanosheets is around 4.3–4.4 nm,
corresponding to five metal coordination layers or four BDC
coordination layers (Fig. 1). Fig. 2f further implies that the
nanosheets have relatively flat surfaces. All of these results
undoubtedly confirm the successful fabrication of flexible
ultrathin nanosheets, which are quite appealing for electro-
catalysis applications. The ultrathin nanosheets expose more
metal active sites for the catalytic reaction, while the open pores
between flexible nanosheets surely would promote the mass
transfer of the electrolyte and the diffusion of gas products.17

For the purpose of comparison, Ni(OH)2 nanosheets (Fig. S4,
ESI†) were also synthesized here via a facile hydrothermal
method.18

The crystal structure of the ultrathin nanosheets was further
analyzed by powder X-ray diffraction (PXRD). Fig. S5a (ESI†)
reveals that the PXRD pattern of the obtained nanosheets is
consistent with the simulated diffraction pattern, implying the
successful fabrication of Ni-MOFs. Moreover, the observed
diffraction peak appeared at 8.81 is assigned to the (200) plane
of Ni-MOFs, which agrees well with the lattice spacing ofFig. 1 Schematic illustration of the synthesis process for Ni-MOF nanosheets.

Fig. 2 (a and b) SEM and TEM images of Ni-MOF. (c) HRTEM image and
SAED pattern (inset) of Ni-MOF. (d) Elemental mapping of Ni-MOF. (e and f)
AFM image of Ni-MOF and the corresponding height profiles along the
marked white lines.
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1.05 nm in Fig. 2c.19 In this structure, every Ni atom is
octahedrally coordinated by six O atoms from BDC ligands or
hydroxyls, and these Ni-based pseudo octahedra are further
connected with each other in the (200) plane to form metal
coordination layers, which are separated by BDC molecules.16

X-ray photoelectron spectroscopy (XPS) is further employed
to gain information about surface electronic state and chemical
composition of the samples. As displayed in Fig. 3a, the Ni 2p
XPS spectrum of Ni(OH)2 shows two main peaks positioned at
856.1 and 873.6 eV, which are assigned to Ni 2P3/2 and Ni 2P1/2,
together with two corresponding satellite peaks located at
861.7 and 880.6 eV. The spin-energy separation of two main
peaks is 17.5 eV, which is the characteristic of a Ni(OH)2

phase.20 Interestingly, Ni-MOF exhibits a similar Ni 2p spectrum,
which is also composed of two main peaks, along with two
satellite peaks. However, compared to Ni(OH)2, all the Ni 2P
peaks of Ni-MOF shift noticeably to higher binding energies.
Specifically, for Ni 2P3/2 main peak, the binding energy of
Ni-MOF is 1.5 eV higher than that of Ni(OH)2 (Table S1, ESI†),
indicating a higher oxidation state of Ni cations in Ni-MOF.

Synchrotron-based X-ray absorption near-edge spectra (XANES)
technique was further used to reveal the local electronic structure
of Ni-MOFs. The absorption edge energy of XANES is very sensitive
to the oxidation state of target element.21 As displayed in Fig. 3b,
the Ni L-edge of Ni-MOF shifts to higher energy than that of
Ni(OH)2, indicating a lower electron density at the Ni site in
Ni-MOF.22,23 It is supposed that comparing with hydroxyl, BDC
acts as a better electron acceptor which attracts more electrons
from Ni through Ni–O bond, resulting in higher oxidation state
of Ni cations in Ni-MOF, which agrees with previous XPS
results. In conclusion, all the results above clearly demonstrated
that ultrathin Ni-MOF nanosheets with high oxidation state
were successfully synthesized.

To evaluate the catalytic performance of ultrathin Ni-MOF
nanosheets for UOR, a series of electrochemical measurements
were carried out using a three-electrode configuration. Fig. 4a
shows the linear sweep voltammetry (LSV) curves of the Ni-MOF
catalyst deposited on a glassy carbon electrode in different
electrolytes. Since the approximate concentration of urea in
human urine is 0.33 M, and this is also the benchmark for most
previous reports, 0.33 M urea was used here for UOR test.24 As
displayed in Fig. 4a, OER takes place in 1.0 M KOH, with an
obvious oxidation peak at around 1.4 V (vs. reversible hydrogen

electrode, RHE), which can be attributed to the formation of
NiOOH species.25 After the addition of urea, Ni-MOF exhibits a
greatly enhanced anodic current density for UOR. Interestingly,
the onset potential of UOR is quite close to the potential where
NiOOH appears, suggesting that the newly generated NiOOH
species are active sites for UOR, which is consistent with previous
reports about nickel-based catalysts for UOR.13 Fig. 4b shows
the LSV curves of Ni-MOF, Ni(OH)2 and commercial 20% Pt/C
in 1.0 M KOH containing 0.33 M urea. Obviously, the anodic
current of Ni-MOF has a dramatic increase as the potential
becomes more positive, while other two samples only show very
limited increase. Specifically, Ni-MOF requires a potential of
1.36 V (vs. RHE) to drive a current density of 10 mA cm�2, which
is significantly lower than those of Ni(OH)2 (1.46 V) and Pt/C
(1.64 V). In fact, this value obtained from the glassy carbon
electrode is comparable or even lower than previous reported
catalysts based on nickel foam or carbon cloth, including
carbon/Ni–Fe (1.39 V), Ni2P (1.38 V), L-MnO2 (1.37 V) and so
on (Table S2, ESI†).26–28 Moreover, Ni-MOF also exhibits higher
current density (120 mA cm�2) than both Ni(OH)2 (41 mA cm�2)
and Pt/C (6 mA cm�2) at 1.6 V (vs. RHE) in Fig. S11 (ESI†).
The current density of Ni-MOF can be further enhanced to
292 mA cm�2 by depositing it on conductive nickel foam
(Fig. S10, ESI†), which outperforms state-of-the-art catalysts as
shown in Table S2 (ESI†).

Fig. 3 (a) XPS Ni2p spectra of Ni(OH)2 and Ni-MOF. (b) Synchrotron
XANES Ni L-edge spectra of Ni(OH)2 and Ni-MOF, and the inset shows
the magnified absorption curve between 851.0 eV and 857.0 eV.

Fig. 4 (a) LSV curves of Ni-MOF in 1 M KOH electrolyte with and without
0.33 M urea at a scan rate of 10 mV s�1. (b) LSV curves of Ni-MOF, Ni(OH)2
and 20% Pt/C. (c) Tafel plots of Ni-MOF, Ni(OH)2 and 20% Pt/C. (d) Nyquist
plots of Ni-MOF and Ni(OH)2. (e) Current density as a function of the scan
rate to give the double-layer capacitance (Cdl) for Ni-MOF and Ni(OH)2.
(f) Galvanostatic experiment of Ni-MOF at a constant current density of
20 mA cm�2 for 36 000 s.
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The outstanding UOR catalytic behavior of Ni-MOF is further
evidenced by Tafel plots in Fig. 4c. The Tafel slope of Ni-MOF is
only 23 mV dec�1, which is much smaller than those of Ni(OH)2

(40 mV dec�1) and Pt/C (187 mV dec�1). Such a small Tafel
slope of Ni-MOF indicates its favorable reaction kinetics for
UOR, which is also a desirable feature for practical applica-
tions. Electrochemical impedance spectroscopy (EIS) test was
conducted to provide more insights into the electrode kinetics
during UOR. Typical Nyquist plots of Ni-MOF and Ni(OH)2

carried out at same potential of 1.6 V (vs. RHE) are displayed
in Fig. 4d. The semicircular diameter of Ni-MOF (5.3 O) is much
smaller than that of Ni(OH)2 (26.9 O), revealing that Ni-MOF has
a remarkably smaller charge transfer resistance during UOR.

The overall activity of a catalyst is determined by both the
number of active sites and the intrinsic activity of every single
site. The double-layer capacitance (Cdl), which is proportional
to the electrochemical active surface area, was measured by
cyclic voltammograms which were collected at a non-faradaic
potential region (0.06 to 0.16 V vs. Ag/AgCl, Fig. S8 and S9, ESI†).
As can be seen from Fig. 4e, the Cdl of Ni-MOF is 376.8 mF cm�2,
which is only 1.45 times higher than that of Ni(OH)2, revealing
that the high active site density of Ni-MOF nanosheets only
makes a small contribution to the exceptional UOR perfor-
mance. Therefore, the significant enhancement in the activity
of Ni-MOF for UOR is mainly attributed to its higher intrinsic
activity. Recent studies discovered that introducing more highly
oxidized metal species in catalysts would promote oxidation
reactions.4,22 Previous XPS and XANES results confirm higher
oxidation states of Ni cations in Ni-MOFs, which should be
responsible for improved intrinsic catalytic activity. Aside from
catalytic activity, stability is another crucial factor of the electro-
catalysts for industrial applications. A galvanostatic experiment
for Ni-MOF was performed at a constant current density of
20 mA cm�2. As can be seen from Fig. 4f, Ni-MOF nanosheets
exhibit strong durability with maintained UOR activity of over
36 000 s. All the results above clearly demonstrate Ni-MOFs as a
highly efficient and stable catalyst for UOR.

In summary, we discovered Ni-MOF as a novel electrocatalyst
for UOR. The ultrathin Ni-MOF nanosheets exhibit remarkable
activity, favorable kinetics, and strong durability towards UOR.
In addition to the high active site density of ultrathin Ni-MOF
nanosheets, the exceptional UOR results are mainly attributed
to high oxidation states of the nickel species. This study demon-
strates Ni-MOF as a promising candidate for urea-related practical
applications including purification of urea-rich wastewater, urea-
assisted hydrogen production and direct urea fuel cells. More
significantly, this work may shed light on heterogeneous catalyst
design at the molecular level. By introducing appropriate
molecules, the local electronic environment of metal cations
can be well modified, thus making it possible to design advanced
electrocatalysts with high oxidation states for a wide range of
oxidation reactions.
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1. Experimental Section

1.1 Materials

All chemicals, including N, N-Dimethylformamide (DMF), 1,4-benzenedicarboxylic acid (BDC), 

anhydrous ethanol, Triethylamine (TEA), Nickel(II) chloride hexahydrate (NiCl2·6H2O), 

hexamethylenetetramine, Pt/C (20 wt% of Pt on Vulcan XC72), Nafion (15 wt%) were purchased 

from Sigma-Aldrich and used without further purification. Milli-Q water with a resistance of 18.2 

MΩ was used in all experiments.

1.2 Synthesis of Ni-MOF nanosheets

32 mL DMF, 2 mL ethanol, and 2 mL water were firstly mixed in a 100mL glass bottle (Duran 

Schott). Then 0.75 mmol BDC and 0.75 mmol NiCl2·6H2O were added in the bottle, respectively. 

After the solution was stirred for 5 mins, 0.8 mL TEA was injected into the solution. Afterwards, 

the glass bottle was continuously ultrasonicated for 8 hours under ambient conditions. The resulting 

product was collected via centrifugation, washed with ethanol for 4 times, and dried by vacuum 

freeze-drying.

1.3 Synthesis of Ni(OH)2 nanosheets

0.5 mmol NiCl2·6H2O and 168 mg hexamethylenetetramine were dissolved in 27 mL water and 3 

mL ethanol under vigorous stirring. Then the solution was transferred into a 40 mL Teflon-lined 

stainless steel autoclave. The autoclave was sealed and heated at 120 °C for 12 h. After the autoclave 

was naturally cooled down to room temperature, the product was collected via centrifugation, 

washed with water for 4 times, and dried by vacuum freeze-drying.

1.4 Characterizations

The morphology of the samples was characterized by field emission scanning electron microscopy 

(SEM, QUANTA 450), transmission electron microscopy (TEM, Tecnai G2 Spirit, which operates 

at an accelerating voltage of 200 KV) and scanning transmission electron microscopy (STEM, JEOL 

JEM-ARM200F, which operates at an accelerating voltage of 80 KV) equipped with energy 

dispersive spectrometer (EDS), and atomic force microscopy (AFM, Asylum Research MFP-3D). 

The structure, and chemical composition of the samples were characterized by powder X-ray 

diffractometer (PXRD, Cu-target Bruker D8 Advance), X-ray photoelectron spectroscopy (XPS, 

ESCALab250) and Synchrotron-based X-ray absorption near edge spectra (XANES).The XANES 

measurements were carried out on the soft X-ray spectroscopy beamline at the Australian 

Synchrotron, which is equipped with a hemispherical electron analyser and a microchannel plate 

detector that enables a simultaneous recording of the total and partial electron yields. 
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1.5 Electrochemical Measurements

Electrocatalyst inks were prepared by mixing active material with carbon black and Nafion. 

Specifically, 5 mg Ni-MOF was dispersed in 1 mL H2O, then 300 µL carbon black (3mg ml-1) and 

35 µL Nafion (5%) were added in the solution and sonicated over 1 h. Glassy carbon electrodes with 

an area of 0.196 cm2 were polished to a mirror finish before use. Then, 10 μL of the electrocatalyst 

ink was drop-cast onto the electrode, and the electrocatalyst layer was dried overnight. For 

comparison, Ni(OH)2, Pt/C were prepared by using same method on glassy carbon electrode, except 

that no carbon black was added for Pt/C. Ni-MOF/Ni foam was obtained by dropping 50 µL ink of 

Ni-MOF on 1cm2 Ni foam.

Electrochemical tests were carried out in a three-electrode system on a workstation (CHI 760D 

Instruments, Inc., USA). Ag/AgCl (4 M KCl) electrode and carbon rod were used as the reference 

and counter electrodes, respectively. The reversible hydrogen electrode (RHE) potentials were 

obtained by the following equation: E(RHE) = E(Ag/AgCl) + 0.205 + 0.059 × pH. 1 M KOH and 

0.33 M urea solution was used as the electrolyte for urea oxidation reaction test. A flow of N2 (ultra-

high-grade purity, Airgas) was maintained in the electrolyte during the test. 

Before data collection, the working electrodes were scanned by cyclic voltammetry (CV) plots 

until the signals were stabilized. The linear sweep voltammetry (LSV) curves were recorded with a 

scan rate of 10 mV s-1. Electrochemical impedance spectroscopy (EIS) was measured in the 

frequency range from 0.1 Hz to 100 kHz with an initial potential of 1.6 V (vs. RHE). The electrical 

double layer capacitor (Cdl) of the samples were obtained from CV plots in a small potential range 

of 0.06−0.16 V (vs. Ag/AgCl). The electrode durability was tested by Galvanostatic method, which 

was conducted at 20 mA cm-2 for 36000 s.
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2. Supplementary Figures and Tables

Fig. S1 (a) SEM image of Ni-MOF. (b) EDS spectrum of Ni-MOF.

Fig. S2 (a, b) TEM images of Ni-MOF. The inset in S2a shows the Tyndall effect of the 2D 

Ni-MOF colloidal solution in water.
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Fig. S3  The black square shows the area for SAED.
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Fig. S4 (a) SEM, (b) EDS and (c,d) TEM images of Ni(OH)2 nanosheets.

Fig. S5 (a) PXRD pattern of Ni-MOF and the simulated diffraction pattern based on the crystal 

structure. Two peaks with 2θ at 11.6 and 23.3° correspond to d-spacing of 7.6 and 3.8 Å, which 

should be related to layered materials. The similar results have been observed in previous 

works.1-3 (b) XPS survey spectrum of Ni-MOF.

Fig. S6 LSV curves of Ni(OH)2 in 1 M KOH electrolyte with and without 0.33M urea at a scan 

rate of 10mV s-1.
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Fig. S7 LSV curves of 20% Pt/C in 1 M KOH electrolyte with and without 0.33M urea at a 

scan rate of 10mV s-1.

Fig. S8 CV curves recorded for Ni-MOF in a potential window (0.06 to 0.16 V vs Ag/AgCl) 

without faradaic processes.
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Fig. S9 CV curves recorded for Ni(OH)2 in a potential window (0.06 to 0.16 V vs Ag/AgCl) 

without faradaic processes.

Fig. S10 LSV curve of Ni-MOF deposited on nickel foam.

60



Fig. S11 (a) Current densities of  Ni-MOF, Ni(OH)2, Pt/C and Ni-MOF/Ni foam at 1.6V vs. 

RHE.

Table S1. Comparison of peak positions of Ni 2P for Ni-MOF and Ni(OH)2 in XPS spectrum.

Ni 2P3/2 (eV) Ni 2P3/2 (S) (eV) Ni 2P1/2 (eV) Ni 2P1/2 (S) (eV)
Ni-MOF 857.6 862.6 875.1 881.4
Ni(OH)2 856.1 861.7 873.6 880.6

Table S2. Comparison of the UOR activity between recently reported electrode materials.

Catalyst Potential 
@ 10

mA cm-2

(V vs. RHE)

Current density 
@ 1.6V (vs. 

RHE)
(mA cm-2)

Substrate Reference

Ni-MOF 1.36 120 Glassy carbon This work

Ni(OH)2 1.46 41 Glassy carbon This work

Ni-MOF 1.37 292 Nickel  foam This work

Metallic Ni(OH)2 1.39 36 (peak current) Glassy carbon Angew. Chem. Int. Ed., 

2016, 55, 12465

Ni2P 1.38 180 Carbon cloth J. Mater. Chem. A, 

2017, 5, 3208

Ni3N 1.35 130 Carbon cloth Inorg. Chem. Front., 

2017, 4, 1120

Carbon/Ni-Fe 1.39 80 nickel foam Electrochem. Acta,

2017, 227, 210

61



Ni-Cr 1.38 90 Glassy carbon ChemCatChem,

10.1002/cctc.201700451

NiO-Fe2O3 1.40 50 Graphene 

aerogel

Electrochem. Acta,

2017, 237, 171

LaNiO3 1.39 NA Glassy carbon ACS Catal., 2016, 6, 

5044

Ni-Co 1.53 20 Glassy carbon Sci. Rep., 2014, 4, 

5863

Graphene-

Ni(OH)2

1.52 20 Glassy carbon Electrochim. Acta, 

2013, 89, 732

L-MnO2 1.37 170 Graphene–

nickel foam

Angew. Chem. Int. Ed., 

2016, 55, 3804

S-MnO2 1.33 260 Graphene–

nickel foam

Angew. Chem. Int. Ed., 

2016, 55, 3804

MnO2/MnCo2O4 1.33 270 Nickel foam J. Mater. Chem. A, 

2017, 5, 7825
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Chapter 4: 2D Metal-Organic Framework/Ni(OH)2 

Heterostructure for Enhanced Oxygen Evolution Reaction 

4.1 Introduction and Significance 

2D metal-organic frameworks (MOFs) are widely regarded as promising electrocatalysts for 

oxygen evolution reaction (OER). However, 2D MOFs have an unwanted tendency to 

aggregate, which severely limits its potential application. We fabricated a novel 2D MOF-

Ni(OH)2 heterostructure via a facile sonication-assisted solution method. Due to rational 

material design, the large surface area of MOF is well maintained. More impressively, 

because of the strong electron interactions between MOF and Ni(OH)2, the electronic 

structure of Ni(OH)2 component is well modified, leading to the generation of Ni(OH)2 with 

higher oxidation state, which is highly desirable for OER. As expected, the as-fabricated Ni-

BDC/Ni(OH)2 (BDC stands for 1,4-benzenedicarboxylate, C8H4O4) hybrid nanosheets 

exhibited significantly improved OER performance when compared with pure Ni-BDC, 

Ni(OH)2 and commercial Ir/C. Highlights of this work include: 

1. New strategy to synthesise 2D MOF-based hybrid materials. Novel Ni-BDC/ Ni(OH)2

hybrid nanosheets were obtained via a facile sonication-assisted solution method. The simple 

strategy  developed here can be readily extended to the preparation of other 2D MOF-based 

hybrid nanosheets, such as MOF-MoS2, MOF-Metal oxide and MOF-Graphene, etc, which 

surely will draw much attention from the research area of catalysis, battery, gas separation 

and storage, sensing, etc. 

2. Rational catalyst design. Coupling Ni-BDC with Ni(OH)2 significantly prevents its

aggregation, and the obtained Ni-BDC/Ni(OH)2 nanosheets provide larger surface areas for 

electrocatalysis. The strong interactions between Ni(OH)2 and Ni-BDC decrease the electron 

density around Ni atoms in Ni(OH)2. Thus, Ni cations with higher oxidation states are 

achieved in Ni(OH)2 component, which contributes greatly to the outstanding OER activity 

of Ni-BDC/Ni(OH)2. Therefore, both the number of active sites and intrinsic activity of each 

active site are increased in this rationally designed material. 

3. Excellent activity and stability. The as-fabricated Ni-BDC/Ni(OH)2 hybrid nanosheets

exhibit high activity, favourable kinetics (41 mV dec-1) and strong durability (20 h) towards 

alkaline OER. In detail, the current density of Ni-BDC/Ni(OH)2 is 82.5 mA cm-2 at 1.6 V (vs. 

63



RHE), which is significantly greater than that for Ni-BDC (5.5 times), Ni(OH)2  (20.6 times), 

and Ir/C (3.0 times).  

4.2 2D Metal-Organic Framework/Ni(OH)2 Heterostructure for Enhanced Oxygen 

Evolution Reaction 

This chapter is included as it appears as a journal paper published by Dongdong Zhu, 

Jinlong Liu, Liang Wang, Yi Du, Yao Zheng, Kenneth Davey and Shi-Zhang Qiao, 2D 

Metal-Organic Framework/Ni(OH)2 Heterostructure for Enhanced Oxygen Evolution 

Reaction, submitted. 
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2D Metal-Organic Framework/Ni(OH)2 Heterostructure for 
Enhanced Oxygen Evolution Reaction  

Dongdong Zhu,a Jinlong Liu,a Liang Wang,b Yi Du,b Yao Zheng,a Kenneth Daveya and Shi-Zhang 
Qiao*a

2D metal-organic frameworks (MOFs) are widely regarded as promising electrocatalysts for oxygen evolution reaction 

(OER). This results from inherent properties such as large portion of surface coordinatively unsaturated metal atoms, rapid 

mass transfer and enhanced conductivity. However, 2D MOFs have a strong tendency to aggregate, which severely limits 

their potential application for OER. Here, novel 2D Ni-BDC/Ni(OH)2 (BDC stands for 1,4-benzenedicarboxylate, C8H4O4) 

hybrid nanosheets are synthesized via a facile sonication-assisted solution method. Because of the rational material design, 

the large surface area of Ni-BDC is maintained. Significantly, after coupling, the electronic structure of Ni atoms in Ni(OH)2 

component is well modified, leading to the generation of Ni cations with higher oxidation states, which are desirable for 

OER. The as-prepared Ni-BDC/Ni(OH)2 exhibits high activity, favorable kinetics and strong durability towards the OER. 

Specifically, the OER current density of Ni-BDC/Ni(OH)2 is 82.5 mA cm−2 at 1.6 V versus reversible hydrogen electrode (RHE), 

which is significantly greater than that of Ni-BDC (5.5 times), Ni(OH)2 (20.6 times) and Ir/C (3.0 times). Moreover, the 

sonication-assisted method developed in this work can be readily adapted for preparation of various 2D MOF-based hybrid 

functional materials.  

Introduction 

Clean and renewable energy technologies such as fuel cells, 

water splitting and metal-air batteries, are being widely 

investigated to meet increasing global energy demands while 

also preserve the world environment.1-3 Electrochemical 

processes including hydrogen evolution reaction (HER), oxygen 

evolution reaction (OER), oxygen reduction reaction (ORR), 

and carbon dioxide reduction reaction (CRR) play critical roles 

in these technologies.4-8 Highly active electrocatalysts are 

urgently needed to reduce high overpotentials associated with 

sluggish kinetics of these processes. From a theoretical 

perspective, the reaction activity of an electrocatalyst is 

determined by both the number of active sites and the 

intrinsic activity of each site.9, 10 Constructing ultrathin 2D 

nanosheets is hypothesized to be an ideal way to expose more 

active sites.11 Application of the Sabatier principle indicates 

that a catalyst with appropriate surface binding energies for 

reaction intermediates will provide optimal catalytic activity.5 

Basically, the binding energy of the reaction intermediates to 

the catalyst surface is determined largely by the electronic 

structure of the catalyst itself.12 Therefore, engineering the 

electronic structure of the catalyst through modification of its 

composition and physical structure should be a means to 

enhance its intrinsic activity.13 However, it is still quite 

challenging to rationally design an electrocatalyst with both 

increased number of active sites and improved intrinsic activity. 

Metal-organic frameworks (MOFs), an important class of 

porous crystalline materials, are composed of metal-containing 

nodes and organic linkers with strong coordination bonds.14-16 

They have emerged in a wide range of fields, including gas 

storage and separation, catalysis, biomedicine and chemical 

sensing due to inherent characteristics such as tunable 

structure, ultrahigh specific surface area and uniform pore size 

distribution.17-21 In particular, 2D MOF nanosheets have 

recently drawn increasing attention for electrocatalysis owing 

to their appealing properties: nanometer thickness and high 

porosity enable rapid mass transfer, while rich defects 

originated from ultrathin nature of the nanosheets contribute 

to enhanced conductivity.22, 23 Importantly, a high percentage 

of metal atoms are exposed on the surface of 2D MOF 

nanosheets as accessible active sites, and these coordinatively 

unsaturated metal sites have more dangling bonds that could 

facilitate the interaction with reaction intermediates, which 

are highly desirable for catalysis.24 Further, by using 

appropriate organic ligands, the electronic structure of metal 

nodes can be purposely tailored to obtain metal cations with 

high oxidation states in 2D MOF. It is known for example that 

highly oxidative metal cations can promote the performance of 

oxidation reactions, such as OER, urea oxidation reaction, and
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ethanol oxidation reaction.25, 26 However, a signifcant 

drawback is that 2D MOFs have a strong tendency to 

aggregate. This severely hinders their practical application in 

electrochemical surface-related reactions. Therefore, it is 

highly essential to prevent such aggregation to retain the large 

surface area. 

OER underpins various energy conversion technologies, and 

the state-of-the-art electrocatalysts for this sluggish reaction 

are noble metals such as RuO2 and IrO2.27, 28 However, scarcity 

and expense restrict their large-scale applications. Therefore, 

earth-abundant and less expensive transition metal-based 

compounds have been widely investigated as alternatives.29, 30 

Among these, Ni(OH)2 is considered attractive because of its 

intrinsic water oxidation ability, high stability and resistance to 

corrosion.31-33 Although numerous efforts have been devoted 

to exploring efficient catalysts based on Ni(OH)2, currently the 

OER performance of Ni(OH)2 is still far from satisfactory. This is 

thought to result from a relatively low oxidation state of the 

nickel cations.25 Accordingly, in order to achieve superior OER 

property, the electronic structure of Ni(OH)2 needs to be well 

modified to optimize adsorption of the reaction intermediates 

on its surface.  

In this contribution, a novel 2D MOF/Ni(OH)2 

heterostructure, Ni-BDC/Ni(OH)2 (BDC stands for 1,4-

benzenedicarboxylate, C8H4O4), was designed and fabricated as 

an efficient OER electrocatalyst. In this hybrid material system, 

the large surface area of Ni-BDC is maintained. Meanwhile, 

due to the strong electron interactions between Ni(OH)2 and 

Ni-BDC, the electronic structure of Ni(OH)2 is well modified, 

giving rise to the formation of Ni(OH)2 with higher oxidation 

states, which is favourable for the OER. As a result, the as-

fabricated Ni-BDC/Ni(OH)2 hybrid nanosheets exhibited 

significantly improved OER performance, which is superior to 

the individual components and even surpasses benchmark 

commercial Ir/C catalyst.  

Results and Discussion 

Figure 1 schematically shows the fabrication process of Ni-

BDC/Ni(OH)2. Firstly, Ni(OH)2 nanosheets were synthesized via 

a simple hydrothermal method using NiCl2·6H2O and 

hexamethylenetetramine as precursors.34 The as-fabricated 

Ni(OH)2 nanosheets were added into the solution containing 

organic ligands (BDC) and NiCl2·6H2O, and then Ni-BDC/Ni(OH)2 

hybrid nanosheets were obtained by a facile sonication-

assisted solution method (see Experimental Section).  

Successful fabrication of Ni-BDC/Ni(OH)2 was confirmed by 

powder X-ray diffraction (XRD). As is seen in Figure 2a, in 

addition to the characteristic peaks arising from Ni(OH)2 

(JCPDS: 74-2075), there is a distinct diffraction peak centered 

at two-theta of 9°, which can be well assigned to the (200) 

plane of Ni-BDC (No. 985792, Cambridge Crystallographic Data 

Center).35 The crystal structure of Ni-BDC (Figure S1) indicates 

that each nickel atom is octahedrally coordinated by six 

oxygen atoms from BDC ligands or hydroxyls. These nickel-

based pseudo-octahedra connect with each other in the lattice 

plane (200) to form nickel-oxygen layers that are separated by 

organic BDC layers.24 Scanning electron microscopy (SEM) 

images (Figure 2b and Figure S2) reveal that the as-fabricated 

Ni(OH)2 sample has an obvious sheet-like morphology. After 

depositing Ni-BDC (Figures S3) on the surface of Ni(OH)2, the 

nanosheet morphology is maintained, and the lateral size of 

the obtained hybrid nanosheets is about several micrometers 

(Figure 2c and Figures S4). The transmission electron 

microscopy (TEM) image of Figure 2d indicates that Ni(OH)2 

nanosheets have smooth surface without any obvious wrinkles. 

Meanwhile, the TEM image in Figure 2e gives the nanosheet 

morphology of pure Ni-BDC. Of note, the presence of wrinkles 

and folds reveals its good flexibility, which is quite similar to 

the behavior of graphene. It is evident from contrasting the 

TEM image for Ni-BDC/Ni(OH)2 (Figure 2f) that flexible Ni-BDC 

nanosheets are clearly attached to the relatively flat Ni(OH)2 

nanosheets. Fig. 1 Schematic illustration of the synthesis process for the Ni-BDC/Ni(OH)2 hybrid 

nanosheets.

Fig. 2 (a) XRD pattern for Ni-BDC/Ni(OH)2. (b, c) SEM images for Ni(OH)2 and Ni-

BDC/Ni(OH)2. (d−f) TEM images of Ni(OH)2, Ni-BDC, and Ni-BDC/Ni(OH)2. (g) TEM image 

of Ni-BDC/Ni(OH)2 and corresponding elemental mapping. (h, i) EDS line scan for area 1 

and 2 as indicated in HAADF-STEM image of Ni-BDC/Ni(OH)2 (inset). 
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In order to get more insights into the coupling of Ni-BDC and 

Ni(OH)2, energy dispersive X-ray spectroscopy (EDS) mapping 

test was carried out. As exhibited in Figure 2g, the 

corresponding elemental mapping confirms the existence of C, 

O, and Ni in Ni-BDC/Ni(OH)2, which is in good agreement with 

XRD results (Figure 2a) and EDS spectrum (Figure S5). More 

significantly, for Ni-BDC/Ni(OH)2 hybrid nanosheets, the only 

elemental difference between Ni-BDC and Ni(OH)2 is carbon. It 

is concluded therefore that the different distributions of C and 

O, Ni indicate that Ni-BDC nanosheets (area 2,3 in Figure 2g) 

are clearly deposited on the surface of the Ni(OH)2 nanosheets 

(area 1 in Figure 2g). The corresponding high-angle annular 

dark field (HAADF)-scanning tunneling electron microscopy 

(STEM) image of Ni-BDC/Ni(OH)2 is given as the inset in Figure 

2h. EDS line scan was performed on area 1 and 2 (inset of 

Figure 2h) to garner additional evidence. The line-profile 

analysis in Figure 2h demonstrates that the signal for C is 

negligible for area 1. This confirms that area 1 is pure Ni(OH)2. 

By contrast, Figure 2i shows a strong signal for C in area 2, 

which reveals the existence of Ni-BDC in area 2. Moreover, at a 

distance between 0 and 200 nm (Figure 2i), the signal of C is 

significantly low. As the signal for C is strong in the middle of 

area 2, it is concluded that Ni-BDC is deposited on Ni(OH)2 in 

area 2, which agrees well with previous EDS mapping results 

(Figure 2g). In all, it is evident that the purposefully designed 

Ni-BDC/Ni(OH)2 hybrid nanosheets were in fact successfully 

fabricated.  

X-ray photoelectron spectroscopy (XPS) measurements 

were further carried out to analyze surface chemical states of 

the samples. Figure 3a shows the high-resolution Ni 2p XPS 

spectra of Ni(OH)2 and Ni-BDC. To be specific, the Ni 2p 

spectrum for Ni(OH)2 displays two main peaks located at 855.6 

and 873.4 eV (Figure S6) together with two shakeup satellite 

peaks, which are attributed to Ni 2p3/2 and Ni 2p1/2, 

respectively. The spin-energy separation between these two 

main peaks is 17.8 eV, which verifies the Ni(OH)2 phase.36 The 

Ni 2p spectrum distribution for Ni-BDC is similar to that for 

Ni(OH)2, but all the Ni 2p peaks are obviously shifted to higher 

binding energy regions (Figure S6), indicating that the Ni atoms 

in Ni-BDC possess lower electron densities than in Ni(OH)2. 

Therefore, it is concluded that BDC draws more electrons from 

the Ni cations through Ni−O bonds compared with hydroxyl, 

demonstrating that BDC is a meaningfully better electron 

acceptor.25 The formation process of the Ni-BDC/Ni(OH)2 

hybrid nanosheets is proposed as follows: Ni(OH)2 partially 

loses hydroxyls in the weak acid environment during 

sonication, and then the deprotonated BDC ligands could react 

with these coordinatively unsaturated Ni atoms of Ni(OH)2 to 

generate the Ni-BDC/Ni(OH)2 heterostructure. Based on 

previous XPS results, an interaction mechanism of Ni(OH)2 and 

Ni-BDC from Ni-BDC/Ni(OH)2 is proposed in Figure 3b. By 

coupling with Ni-BDC, the local electronic environment of Ni 

atoms in Ni(OH)2 can be manipulated. In brief, some hydroxyls 

of Ni(OH)2 are replaced by BDC, which means that Ni atoms 

lose more electrons, allowing for the formation of Ni cations 

with higher oxidation states in the Ni(OH)2 component of the 

hybrid material. From an experimental point of view, it is 

however difficult to solely investigate the change in oxidation 

state of the Ni cations in Ni(OH)2 because both Ni-BDC and 

Ni(OH)2 possess Ni cations.  

To nevertheless demonstrate the hypothesis that the 

introduction of Ni-BDC can improve the oxidation state of 

Ni(OH)2, a similar material system, Ni-BDC/Co(OH)2 was 

designed and fabricated. As displayed in Figure 3c, the XPS 

survey spectrum of Ni-BDC/Co(OH)2 shows distinct signals for 

Co, Ni, O and C, in line with its elemental mapping and EDS 

results (Figure S7), suggesting the successful fabrication of the 

Ni-BDC/Co(OH)2 heterostructure. After coupling with Ni-BDC, 

all the Co 2p peaks of Co(OH)2 shift noticeably to higher 

binding energy regions as shown in Figure 3d. Specifically, for 

Co 2p3/2 main peak, the binding energy for Ni-BDC/Co(OH)2 is 

0.5 eV higher than that for Co(OH)2 (Figure S8), reflecting a 

higher oxidation state of Co cations in Ni-BDC/Co(OH)2, and 

this is consistent well with former assumption. It is concluded 

that through careful fabrication of MOF-metal hydroxide 

heterostructure, the electronic structure of the metal cations 

in the metal hydroxide can be purposefully tailored, which is of 

great significance for achieving highly active and efficient 

electrocatalysts. 

To assess the electrocatalytic performance towards the OER, 

Ni-BDC/Ni(OH)2 hybrid nanosheets were tested in a typical 

three-electrode cell containing 1.0 M KOH solution. To permit 

direct comparison, pristine Ni-BDC, Ni(OH)2 and commercial 

Ir/C with the same mass loading were also tested. Figure 4a 

presents linear sweep voltammetry (LSV) curves of the 

samples (IR corrected) at a slow scan rate of 1 mV s−1 (this rate 

was used to minimize the influence from capacitance behavior). 

Impressively, Ni-BDC/Ni(OH)2 exhibits the highest current 

densities among all the samples at the potential beyond 1.55 V 

(vs. RHE), directly confirming that the coupling of Ni(OH)2 and 

Ni-BDC can significantly improve the catalytic activity. The 

overpotential required to achieve a current density of 10 mA 

cm−2 is a key evaluation parameter for OER.37 As displayed in 

Figure 4b, the overpotential for Ni-BDC/Ni(OH)2 is only 320 mV, 

Fig. 3 (a) Ni 2p XPS spectra for Ni(OH)2 and Ni-BDC. (b) Proposed interaction 

mechanism of Ni(OH)2 and Ni-BDC from Ni-BDC/Ni(OH)2 . (c) XPS survey spectrum for 

Ni-BDC/Co(OH)2. (d) Co 2p XPS spectra for Co(OH)2 and Ni-BDC/Co(OH)2. 
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which is considerably smaller than that for Ni-BDC (358 mV), 

Ni(OH)2 (395 mV), and even Ir/C (332 mV). Moreover, this 

enhanced OER performance of Ni-BDC/Ni(OH)2 is validated by 

current densities at a fixed overpotential as shown in Figure 4c. 

At an overpotential of 370 mV, the current density for Ni-

BDC/Ni(OH)2 is 82.5 mA cm−2, which is 5.5, 20.6 and 3.0 times 

higher than that for Ni-BDC, Ni(OH)2 and Ir/C, respectively. 

More impressively, as shown in Table S1, the OER performance 

of Ni-BDC/Ni(OH)2 is superior to that of many other recently 

reported electrocatalysts based on MOF or Ni(OH)2 in alkaline 

environment.38-42 The excellent OER performance of Ni-

BDC/Ni(OH)2 is further testified through Tafel plots. A low Tafel 

plot is favorable for practical application, as it means a 

remarkably enhanced OER rate can be achieved with an 

increase in overpotential.43 As depicted in Figure 4d, Ni-

BDC/Ni(OH)2 exhibits the lowest Tafel slope of 41 mV dec−1 

among all the samples, indicating its most rapid OER kinetics. 

In addition to catalytic activity, stability is another critical 

criterion for evaluating a catalyst. As can be seen in Figure 4e, 

no obvious potential shift is observed in the LSV curves for Ni-

BDC/Ni(OH)2 sample after 2500 cyclic voltammetry (CV) cycles. 

Moreover, the chronopotentiometric curve in Figure 4f 

demonstrates that Ni-BDC/Ni(OH)2 has strong durability with 

maintained OER activity for 20 hours at a constant current 

density of 10 mA cm−2. All the results above clearly 

demonstrate that Ni-BDC/Ni(OH)2 is an efficient and stable 

catalyst for OER. 

Since the activity of a catalyst is controlled by both the 

number of active sites and intrinsic activity of each site, it is 

necessary to investigate the electrochemically active surface 

area (ECSA) to estimate the number of exposed active sites 

and probe the intrinsic activity.44 To this end, the double-layer 

capacitance (Cdl), which is proportional to the ECSA, was 

obtained via using CV measurements under different scan 

rates in a non-Faradaic potential window (Figure 5a, S9 and 

S10).45 As can be seen in Figure 5b, the Cdl for Ni-BDC/Ni(OH)2 

is 1070 μF cm−2, which is meaningfully greater than that for 

both pure Ni-BDC (416 μF cm−2) and Ni(OH)2 (576 μF cm−2), 

implying that the coupling of Ni-BDC and Ni(OH)2 significantly 

improves the ECSA, which contributes greatly to the 

exceptional OER activity of Ni-BDC/Ni(OH)2. To investigate the 

intrinsic activity of the samples, the apparent current density 

was further normalized to the corresponding ECSA. The 

normalization curves in Figure 5c reveal that the OER activity 

of Ni-BDC is remarkably higher than that for Ni(OH)2, which 

agrees well with previous reports that metal cations with 

higher oxidation state in electrocatalysts are favorable for 

oxidation reactions.25 Notably, the Ni-BDC/Ni(OH)2 hybrid 

nanosheets exhibit greatest intrinsic activity for OER. Based on 

such a comparison, constructing Ni-BDC/Ni(OH)2 

heterostructure not only exposes more active sites, but also 

improves the intrinsic activity. Electrochemical impedance 

spectroscopy (EIS) was performed to gain more insights to the 

charge-transfer kinetics at the electrode/electrolyte interface. 

According to the Nyquist plots (Figure 5d), the semicircular 

diameter of Ni(OH)2, Ni-BDC and Ni-BDC/Ni(OH)2 are 82, 36 

and 15 Ω, respectively, manifesting that Ni-BDC/Ni(OH)2 has 

the smallest charge transfer resistance during OER process. 

It is concluded that the demonstrated superior OER activity 

of Ni-BDC/Ni(OH)2 can be attributed to rational design of its 

composition and structure. Firstly, the aggregation of Ni-BDC is 

significantly mitigated by coupling with Ni(OH)2, and the 

Fig. 4 (a) OER LSV curves for Ni-BDC/Ni(OH)2, Ni-BDC, Ni(OH)2 and Ir/C in 1.0 M KOH at 

a scan rate of 1 mV s−1. (b) Overpotentials for Ni-BDC/Ni(OH)2, Ni-BDC, Ni(OH)2 and Ir/C 

required to deliver 10 mA cm−2. (c) OER current densities for Ni-BDC/Ni(OH)2, Ni-BDC, 

Ni(OH)2 and Ir/C at 1.6 V vs. RHE. (d) Tafel plots for Ni-BDC/Ni(OH)2, Ni-BDC, Ni(OH)2 

and Ir/C. (e) LSV curves for Ni-BDC/Ni(OH)2 recorded before and after 2500 CV cycles. 

(f) Chronopotentiometric response of Ni-BDC/Ni(OH)2 at a constant current density of 

10 mA cm−2 for 20 hours.

Fig. 5 (a) CV curves for Ni-BDC/Ni(OH)2 at scan rates from 20 to 100 mV s−1. (b) Current 

density as a function of scan rate to derive Cdl for Ni-BDC/Ni(OH)2, Ni-BDC and Ni(OH)2. 

(c) OER LSV curves for Ni-BDC/Ni(OH)2, Ni-BDC and Ni(OH)2 from Figure. 4a normalized 

to the ECSA. (d) Nyquist plots for Ni-BDC/Ni(OH)2, Ni-BDC and Ni(OH)2 measured at 

1.56 V vs. RHE.
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obtained Ni-BDC/Ni(OH)2 nanosheets can provide a larger 

active surface area for OER. Secondly, at the interface between 

Ni(OH)2 and Ni-BDC, strong interactions between Ni atoms 

from Ni(OH)2 and neighbouring BDC from Ni-BDC could 

decrease the electron density around the Ni atoms. Therefore, 

Ni cations with higher oxidation states are achieved in Ni(OH)2

component, which contribute greatly to boosting the intrinsic 

OER activity of Ni-BDC/Ni(OH)2.46-48 Thirdly, from the point of 

view of structure, 2D materials own some intrinsic advantages 

for electrocatalysis. Comparing with bulk counterparts, more 

atoms are exposed on the surface of Ni-BDC/Ni(OH)2

nanosheets as active sites, and these coordinatively 

unsaturated metal atoms are favorable for OER.49, 50 Moreover, 

the unique nanosheet structure with high porosity facilitates 

rapid mass transport of electrolyte to the reaction sites and 

the release of gaseous O2 product.51 Collectively, all these 

features of Ni-BDC/Ni(OH)2 hybrid nanosheets are responsible 

for the fascinating OER performance. 

Conclusions 

In summary, Ni-BDC/Ni(OH)2 hybrid nanosheets were 

successfully fabricated via a simple sonication-assisted solution 

method. Compared to pure Ni-BDC or Ni(OH)2, a larger 

electrochemical surface area is achieved in Ni-BDC/Ni(OH)2. 

More importantly, due to the strong electron interactions 

between Ni(OH)2 and Ni-BDC, the electronic structure of Ni 

atoms in Ni(OH)2 is well manipulated, resulting in the 

formation of Ni cations with higher oxidation state, which 

evidently enhance the OER activity. As a consequence, both 

the number of active sites and intrinsic activity of each active 

site are increased in this rationally designed material. 

Benefitting from these merits, Ni-BDC/Ni(OH)2 exhibited 

superior activity, favorable kinetics and outstanding stability 

towards alkaline OER, outperforming the performance of each 

component and even commercial Ir/C catalyst. Considering the 

composition versatility of 2D materials, a collection of 2D 

MOF-based hybrid nanosheets (MOF-MoS2, MOF-metal oxide, 

MOF-graphene, etc.) can be obtained, which are quite 

promising for a wide range of applications including catalysis, 

battery, gas separation and storage, sensing, and so on. 

Experimental 

Chemicals 

All chemicals, including hexamethylenetetramine, nickel(II) 

chloride hexahydrate (NiCl2·6H2O), N, N-dimethylformamide 

(DMF), 1,4-benzenedicarboxylic acid (BDC), anhydrous ethanol, 

triethylamine (TEA), Ir/C (20 wt.% of Ir on Vulcan XC72), Nafion 

(15 wt.%) were purchased from Sigma-Aldrich and used 

without further purification. Milli-Q water with a resistance of 

18.2 MΩ was used in all experiments.  

Synthesis of Ni-BDC/Ni(OH)2 hybrid nanosheets 

Firstly, Ni(OH)2 nanosheets were fabricated by a simple 

hydrothermal method. In details, 120 mg NiCl2·6H2O and 168 

mg hexamethylenetetramine were dissolved in a mixed 

solution of 27 mL water and 3 mL ethanol under vigorous 

stirring for 20 min. Then the resulting solution was transferred 

into a 40 mL Teflon-lined stainless steel autoclave. The 

autoclave was sealed and heated at 120 °C for 12 h. After the 

autoclave was naturally cooled down to room temperature, 

the product was collected via centrifugation, washed with 

water for four times, and dried by vacuum freeze-drying.    

Afterwards, the Ni-BDC/Ni(OH)2 hybrid nanosheets were 

obtained by a sonication-assisted solution method. Typically, 

16 mg Ni(OH)2 was dispersed in a mixed solution (32 mL DMF, 

2 mL ethanol and 2 mL water) in a 100 mL glass bottle (Duran 

Schott). Next, 0.06 mmol BDC and 0.06 mmol NiCl2·6H2O were 

added in the bottle. After the solution was stirred for 5 min, 

0.2 mL TEA was injected into the solution. Subsequently, the 

glass bottle was continuously ultrasonicated for 4 h under 

ambient conditions. The resulting product was collected via 

centrifugation, washed with ethanol for four times, and dried 

at 60 °C in a vacuum oven.  

To permit comparison, pure Ni-BDC was generated via the 

similar method. In brief, 32 mL DMF, 2 mL ethanol and 2 mL 

water were firstly mixed in a 100 mL glass bottle. Then 0.75 

mmol BDC and 0.75 mmol NiCl2·6H2O were added in the bottle, 

respectively. After the solution was stirred for 5 min, 0.8 mL 

TEA was injected into the solution. Afterwards, the glass bottle 

was continuously ultrasonicated for 8 h under ambient 

conditions. The final product was collected via centrifugation, 

washed with ethanol for four times, and dried at 60 °C in a 

vacuum oven.  

Material Characterizations 

The morphology of the samples was characterized by field 

emission scanning electron microscopy (SEM, QUANTA 450) 

equipped with energy dispersive spectrometer (EDS), 

transmission electron microscopy (TEM, Tecnai G2 Spirit, 

which operates at an accelerating voltage of 200 kV) and 

scanning transmission electron microscopy (STEM, JEOL JEM-

ARM200F, which operates at an accelerating voltage of 80 kV) 

equipped with EDS. The powder XRD data was collected by 

Rigaku MiniFlex 600 with Cu Kα radiation at a scan rate of 1° 

min−1. XPS measurements were carried out on ESCALab250 

using Al Kα radiation.  

Electrochemical Measurements 

Electrocatalyst inks were prepared by mixing active material 

with carbon black and Nafion. Specifically, 5 mg Ni-

BDC/Ni(OH)2 hybrid nanosheets were dispersed in 1 mL H2O, 

and then 500 µL carbon black (2 mg ml−1) and 100 µL Nafion (1 

wt.%) were added in the solution and sonicated for 1 h. Glassy 

carbon electrodes with an area of 0.196 cm2 were polished to 

a mirror finish prior to use. Then, 10 μL of the electrocatalyst 

ink was drop-cast onto the electrode and the electrocatalyst 

layer was dried overnight. To permit comparison, Ni(OH)2, Ni-

BDC and Ir/C inks were prepared using the same method and 

loaded on glassy carbon electrode, except that no carbon black 

was added for Ir/C.  
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Electrochemical tests were carried out in a three-electrode 

glass cell (Pine Research Instruments, USA) on a workstation 

(CHI 760D Instruments, Inc., USA). Ag/AgCl (4 M KCl) electrode 

and carbon rod were used as the reference and counter 

electrodes, respectively. The reversible hydrogen electrode 

(RHE) potentials were obtained by the following equation: 

E(RHE) = E(Ag/AgCl) + 0.205 + 0.059 × pH. 1.0 M KOH solution 

was used as the electrolyte for the OER test. A flow of O2 

(ultra-high-grade purity, Airgas) was maintained in the 

electrolyte during the test in order to ensure the O2/H2O 

equilibrium at 1.23 V vs. RHE. Therefore, the overpotential (η) 

for OER was calculated as follows: η = E(RHE) − 1.23 V.  

Before data collection, the working electrodes were scanned 

by cyclic voltammetry (CV) until the signals were stabilized. 

The linear sweep voltammetry (LSV) curves were recorded 

with a scan rate of 1 mV s−1. The current density was 

normalized to the geometrical surface area. Electrochemical 

impedance spectroscopy (EIS) was measured in the frequency 

range from 0.1 Hz to 100 kHz with an amptitude of 5 mV at a 

potential of 1.56 V (vs. RHE). IR compensation of LSV curves 

was performed using the solution resistance estimated from 

EIS measurements. The capacitance of double layer (Cdl) of the 

samples were obtained via CV technique in a non-Faradaic 

potential range of 0.15 to 0.25 V (vs. Ag/AgCl). The specific 

capacitance for a flat surface is generally found to be in the 

range of 20 to 60 μF cm−2. Herein, a value of 40 μF cm−2 was 

used in the calculations for the electrochemical active surface 

area.52 The electrode durability was tested by repetitive CV 

scans for 2500 cycles in a potential window of 0.2 to 0.55 V (vs. 

Ag/AgCl) and chronopotentiometry measurement at 10 mA 

cm−2 for 20 h. 
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Figure S1. Crystal structure of Ni-BDC. Color scheme for atom representation: blue for Ni, 

red for O, grey for C and white for H. 

Figure S2. a) SEM image of Ni(OH)2. b) Element mapping of Ni(OH)2 for the selected area. 
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Figure S3. a) SEM image of Ni-BDC. b) EDS spectrum of Ni-BDC. 

Figure S4.  a) SEM image of Ni-BDC/Ni(OH)2. b) Element mapping of Ni-BDC/Ni(OH)2 for 

the selected area. 
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Figure S5.  EDS spectrum for Ni-BDC/Ni(OH)2 containing Ni, O and C. 

Figure S6. a) Magnified XPS spectra of Ni 2p3/2 for Ni(OH)2 and Ni-BDC. b) Magnified XPS 

spectra of Ni 2p1/2 for Ni(OH)2 and Ni-BDC. 
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Figure S7. a) SEM image of Co(OH)2 nanosheets. b) Element mapping of Ni-BDC/Co(OH)2 

for the selected area. c) EDS spectrum of Ni-BDC/Co(OH)2. d) TEM image of Ni-

BDC/Co(OH)2. The Co(OH)2 nanosheets were fabricated by a homogeneous precipitation 

method (Adv. Mater. Interfaces 2018, 5, 1700709). The as-fabricated Co(OH)2 nanosheets 

were added to the solution containing BDC and NiCl2·6H2O, and Ni-BDC/Co(OH)2 hybrid 

nanosheets were obtained by the same sonication-assisted solution method as for Ni-

BDC/Ni(OH)2.  
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Figure S8. Magnified XPS spectra of Co 2p3/2 for Co(OH)2 and Ni-BDC/Co(OH)2. 

Figure S9. CV curves of Ni(OH)2 at scan rates from 20 to 100 mV s−1. 
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Figure S10. CV curves of Ni-BDC at scan rates from 20 to 100 mV s−1. 
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Table S1. Comparison of OER activity between MOF-based or Ni(OH)2-based catalysts 

deposited on glassy carbon or FTO in alkaline solution. 

Catalyst Overpotential 

@ 10 

mA cm-2 

(mV) 

Current 

density @ 1.6V 

(vs. RHE) 

(mA cm-2) 

Tafel slop 

(mV dec-1) 

Reference 

Ni-BDC/Ni(OH)2 320 82.5 41 This work 

Ni-BDC 358 15.1 57 This work 

Ni(OH)2 395 4.0 60 This work 

NNU-23 

(Fe2Ni-MOF) 

365 11 81.8 Angew. Chem. Int. 

Ed. 2018, 57, 9660. 

Co2(μ-OH)2(bbta) 387 6 N/A J. Am. Chem. Soc. 

2016, 138, 8336. 

Ti3C2Tx−CoBDC 

nanosheets 

410 4 48.2 ACS Nano 2017, 11, 

5800. 

Co-BDC 

nanosheets 

371 10 103 Nat. Energy, 2016, 

1, 16184. 

Ni-BDC 

nanosheets 

321 20 65 Nat. Energy, 2016, 

1, 16184. 

NiPc–MOF 390 8 74 J. Mater. Chem. A, 

2018, 6, 1188. 

β-Ni(OH)2 

nanomeshes 

NA 100 132 Adv. Mater. 2017, 

29, 1604765 

Ni0.75V0.25-LDH 

nanosheets 

318 27 (1.58V vs. 

RHE) 

50 Nat. Commun. 2016, 

7, 11981. 

NiFe 

LDH/graphene 

337 20 45 Adv. Mater. 2015, 

27, 4516. 

α-Ni(OH)2 

hollow spheres 

331 45 42 J. Am. Chem. Soc. 

2014, 136, 7077. 

MWCNTs/Ni(OH)2 474 < 5 87 J. Mater. Chem. A, 

2014, 2, 11799. 

CoMn LDH 

nanoplates 

324 NA 43 J. Am. Chem. Soc. 

2014, 136, 16481 
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Chapter 5: Engineering 2D Metal-Organic Frameworks/MoS2 

Interface for Enhanced Alkaline Hydrogen Evolution 

5.1 Introduction and Significance 

2D metal-organic frameworks (MOFs) have been widely investigated as electrocatalysts for 

oxygen evolution reaction (OER). However, there are only a few reports on MOFs for 

hydrogen evolution reaction (HER), and these reported MOFs generally suffer from 

extremely low HER activities. We fabricated novel 2D Co-BDC/MoS2 (BDC stands for 1,4-

benzenedicarboxylate, C8H4O4) hybrid nanosheets via a facile sonication-assisted solution 

method. The introduction of Co-BDC induces the partial phase-transfer of MoS2 from 2H-

phase to 1T-phase. More impressively, the well-designed Co-BDC/MoS2 is favourable for 

alkaline HER. Co-BDC with optimum binding strength to hydroxyl and H2O facilitates the 

adsorption and dissociation of H2O to provide enough protons to the nearby MoS2, while 

MoS2 contributes to the generation and desorption of H2. As expected, the as-fabricated Co-

BDC/MoS2 hybrid nanosheets exhibited significantly improved HER performance when 

compared with pure Co-BDC, MoS2 and almost all the reported MOFs-based HER 

electrocatalysts. Highlights of this work include: 

1. Phase transfer. It is discovered for the first time that coupling MOF (Co-BDC) with MoS2

could promote the phase transfer from 2H-MoS2 to 1T-MoS2. The electronic conductivity of 

metallic 1T-MoS2 is about 107 times higher than that of 2H-MoS2. More importantly, 1T-

MoS2 activates the inert basal planes of 2H-MoS2 to provide more active sites for HER, 

contributing to greatly enhanced HER activity. 

2. Interface for alkaline HER. The well-designed Co-BDC/MoS2 interface is of high

significance for alkaline HER. Co-BDC can speed up the rate-limiting water dissociation step 

of alkaline HER, while modified MoS2 enables to promote the subsequent hydrogen 

generation step. The as-fabricated Co-BDC/MoS2 hybrid nanosheets only need a small 

overpotential of 248 mV to reach −10 mA cm−2, while this value for previously reported 

MOFs is around 300−700 mV. 

3. Design 2D MOF-based hybrid materials for more applications. Generally, the performance

of pristine MOFs for HER is far from satisfactory. In this contribution, by combing 2D MOFs 

with MoS2, the alkaline HER performance is significantly improved. Therefore, by coupling 
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MOFs with other functional materials selectively, the application of MOFs can be expanded 

to more research areas. 

5.2 Engineering 2D Metal-Organic Frameworks/MoS2 Interface for Enhanced Alkaline 

Hydrogen Evolution 

This chapter is included as it appears as a journal paper published by Dongdong Zhu, 

Jinlong Liu, Yongqiang Zhao, Yao Zheng and Shi-Zhang Qiao, Engineering 2D Metal-

Organic Frameworks/MoS2 Interface for Enhanced Alkaline Hydrogen Evolution, submitted. 
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2D metal-organic frameworks (MOFs) have been widely investigated for electrocatalysis 

because of their unique characteristics such as large specific surface area, tunable structures 

and enhanced conductivity. However, most of the works are focused on oxygen evolution 

reaction (OER). There are very limited number of reports on MOFs for hydrogen evolution 

reaction (HER), and generally these reported MOFs suffer from unsatisfactory HER activities. 

In this contribution, novel 2D Co-BDC/MoS2 (BDC stands for 1,4-benzenedicarboxylate, 

C8H4O4) hybrid nanosheets are synthesized via a facile sonication-assisted solution strategy. 

The introduction of Co-BDC induces the phase transfer from semiconducting 2H-MoS2 to 

metallic 1T-MoS2 partially. Compared with 2H-MoS2, 1T-MoS2 can activate the inert basal 

plane to provide more catalytic active sites, which contributes significantly to improving HER 

activity. The well-designed Co-BDC/MoS2 interface is vital for alkaline HER, as Co-BDC 

enables to speed up the sluggish water dissociation (rate-limiting step for alkaline HER), and 

modified MoS2 is favorable for the subsequent hydrogen generation step. As expected, the 

resultant 2D Co-BDC/MoS2 hybrid nanosheets demonstrate remarkable catalytic activity and 

good stability towards alkaline HER, outperforming those of bare Co-BDC, MoS2 and almost 

all the previously reported MOFs-based electrocatalysts. 
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1. Introduction

Metal-organic frameworks (MOFs), a relatively new class of crystalline porous materials, are 

constructed by linking metal ions or clusters with organic ligands through the principle of 

coordination chemistry.[1] Due to the fascinating features including tunable structures and 

functions, high porosity, and large specific surface area, MOFs have aroused widespread 

interests in a large variety of fields such as gas separation and storage, catalysis, energy 

conversion and storage, sensors, and biomedicine.[2] As a subclass of MOFs, 2D MOFs have 

recently attracted increasing attention for electrocatalysis owing to their intrinsic advantages.[3] 

Nanometer thickness and high porosity of 2D MOF nanosheets guarantee fast mass transport 

and superior electron transfer. High percentages of metal atoms are exposed on the surface as 

active sites, and these exposed atoms are coordinatively unsaturated, which are favorable for 

electrocatalysis.[4] At present, numerous MOFs have been demonstrated as efficient 

electrocatalysts for oxidation reactions such as oxygen evolution reaction (OER) and urea 

oxidation reaction.[5] By contrast, there are only a few reports on MOFs for hydrogen 

evolution reaction (HER), and these reported MOFs suffer from low HER activities. 

Generally, very high overpotentials of 300−700 mV are required for MOFs to reach a HER 

current density of −10 mA cm−2.[6] 

Molybdenum disulfide (MoS2) has been widely investigated as a promising alternative to Pt 

for acidic HER because of its near-optimal hydrogen adsorption free energy in theory, high 

chemical corrosion resistance, earth abundance, and low cost.[7] There are four polymorphs of 

MoS2 including trigonal phase (1T), hexagonal phases (1H or 2H), and rhombohedral phase 

(3R).[8] Among them, semiconducting 2H-MoS2 is thermodynamically stable, and the most 

common form in nature.[9] However, 2H-MoS2 suffers from low catalytic activity for HER 

due to its low electron conductivity and very limited number of active sites. Specifically, only 

unsaturated sulfur atoms at the edges of 2H-MoS2 are active, while the (0001) basal planes are 

catalytically inert.[10] By contrast, 1T-MoS2 is metallic with outstanding electronic 
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conductivity, which is 107 times higher than that of 2H-MoS2.
[11] More significantly, 1T-

MoS2 can activate the inert basal planes to provide more active sites for the HER, resulting in 

greatly enhanced HER activity.[12] Therefore, by improving the conductivity and increasing 

the number of active sites simultaneously, phase engineering is regarded as an efficient 

method to promote the HER performance of MoS2.
[13] Despite great efforts have been made to 

evidently increase the HER activities of MoS2 in acid medium, it still remains to be a big 

challenge to improve the alkaline HER performance of MoS2 due to its sluggish kinetics in 

basic environment.[14]      

From the point of view of practical applications, alkaline HER is more appealing than 

acidic HER, as acidic fog is easily formed in acid environment, which inevitably corrodes the 

reaction cell and contaminates the generated hydrogen.[15] Moreover, few OER (anodic half 

reaction of water splitting) catalysts can survive in acid solutions under high overpotentials 

for a long time.[16] In spite of these advantages, generally the reaction rate of HER in alkaline 

media is about two to three orders of magnitude lower than that in acid media.[17] For acidic 

HER, the hydrogen intermediate (H*) comes from the hydronium ions, and hydrogen 

adsorption free energy is supposed as the sole descriptor for the reaction activity. However, in 

alkaline solutions, H* is formed by the dissociation of water, which may introduce an 

additional energy barrier and very likely becomes the rate-determining step.[18] Thus, both 

water dissociation and hydrogen adsorption should be carefully considered when designing 

highly efficient electrocatalysts for alkaline HER.[19] As mentioned before, MoS2 possesses 

near-optimal hydrogen adsorption, which is highly desirable for acidic HER.[20] However, the 

poor water dissociation capability of MoS2 stemmed from improper hydroxyl adsorption 

contributes to poor HER performances in alkaline solutions.[21] Therefore, introducing a water 

dissociation promoter is supposed to be an efficient way to accelerate the alkaline HER 

process of MoS2.
[22] 
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Inspired by aforementioned hypotheses, novel 2D Co-BDC/MoS2 hybrid nanosheets (BDC 

stands for 1,4-benzenedicarboxylate, C8H4O4), were designed and fabricated as efficient 

electrocatalysts for alkaline HER. Importantly, the successful deposition of Co-BDC on MoS2 

nanosheets induces the partial transfer of MoS2 from 2H phase to 1T phase, which is a much 

better electrocatalyst for HER. Meanwhile, the constructed Co-BDC/MoS2 interface is highly 

desirable for alkaline HER, whereby Co-BDC promotes the sluggish water dissociation, and 

the modified MoS2 contributes to the generation and desorption of hydrogen. As expected, the 

as-fabricated Co-BDC/MoS2 nanosheets exhibit improved HER performance compared with 

each component and almost all the reported MOF-based HER catalysts in alkaline solutions. 

2. Results and Discussion

The synthetic procedure of Co-BDC/MoS2 hybrid nanosheets is schematically depicted in 

Figure 1. Firstly, bulk MoS2 was exfoliated to MoS2 nanosheets via a modified Li-ion 

intercalation method.[23] Then, the as-synthesized MoS2 nanosheets were dispersed in the 

solution containing organic ligands (BDC) and cobalt salt (cobalt chloride hexahydrate), and 

Co-BDC/MoS2 nanosheets were obtained by a simple sonication-assisted solution method 

(see Experimental Section for more details). 

The successful fabrication of Co-BDC/MoS2 was first demonstrated by powder X-ray 

diffraction (XRD). As displayed in Figure S1, after the exfoliation of bulk MoS2, all the 

diffraction peaks of obtained MoS2 nanosheets are well indexed to hexagonal MoS2 (JCPDS 

card No. 37-1492).[24] As for Co-BDC/MoS2 hybrid nanosheets (Figure 2a), in addition to the 

characteristic peaks arising from MoS2, there are two more distinct peaks appeared, which can 

be well assigned to the (200) and (400) planes of Co-BDC.[25] In fact, Co-BDC is isostructural 

to the previously reported Ni-BDC (No. 985792, space group of C2/m, Cambridge 

Crystallographic Data Center), and the atomic arrangement of Co-BDC is defined in Figure 

S2.[4] In detail, each cobalt atom is octahedrally coordinated by six oxygen atoms from BDC 

ligands or hydroxyls, and these cobalt-based pseudo octahedra are further edge/corner 
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connected with each other in the lattice plane (200) to form cobalt-oxygen layers, which are 

separated by BDC ligands.[26] The morphology of the samples was characterized by scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM).  The as-exfoliated 

MoS2 sample (Figure 2b, S3 and S4) has an obvious nanosheet morphology, and the presence 

of ripples and corrugations reveals its good flexibility.[27] Notably, after hybridization with 

Co-BDC (Figure S5), the obtained Co-BDC/MoS2 sample maintains the 2D nanosheet feature, 

which is confirmed by high-angle annular dark field scanning tunneling electron microscopy 

(HAADF-STEM) image in Figure 2c. The SEM and TEM images of Co-BDC/MoS2 (Figure 

S6 and S7) further indicate its sheet-like morphology with a lateral size of several 

micrometers. Energy dispersive X-ray (EDX) spectroscopy result in Figure S8 confirms that 

Co-BDC/MoS2 hybrid nanosheets are composed of  Mo, S, C, O, and Co without other 

impurities. Furthermore, as displayed in Figure 2d, the homogeneous distribution of Mo, S, 

and Co elements again demonstrates the uniform hybridization of Co-BDC and MoS2. 

X-ray photoelectron spectroscopy (XPS) measurements were carried out to investigate the 

surface electronic state and chemical composition of the samples. The XPS survey spectrum 

of Co-BDC/MoS2 (Figure S9) shows obvious additional Co peaks at 781 eV and 798 eV 

when compared with that of pure MoS2 (Figure S10), which suggests the successful 

incorporation of Co-BDC. For the bare MoS2 nanosheets, the Mo 3d spectrum consists of 

peaks located at 229.5 eV and 232.6 eV (Figure 3a), which are well assigned to Mo 3d5/2 and 

Mo 3d3/2, respectively.[12a] After the hybridization with Co-BDC, the obtained Co-BDC/MoS2 

exhibits the similar Mo 3d spectrum distribution with that of MoS2, but all the peaks shift 

noticeably to lower binding energy regions. To be specific, for the Mo 3d5/2 peak, the binding 

energy of Co-BDC/MoS2 is 0.5 eV lower than that of MoS2. Similarly, the S 2p spectrum can 

also be deconvoluted into two peaks, which are attributed to S 2p3/2 and S 2p1/2. As displayed 

in Figure 3b, for Co-BDC/MoS2, the binding energies of S 2p3/2 and S 2p1/2 are negatively 

shifted by 0.35 eV and 0.4 eV, respectively, compared with those of pure MoS2 nanosheets. 
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These results demonstrate the existence of strong electronic interactions between Co-BDC 

and MoS2, again confirms the successful fabrication of Co-BDC/MoS2 hybrid nanosheets. 

More importantly, the downshifted binding energies of both Mo 3d and S 2p after 

hybridization indicate noticeable charge transfer from Co-BDC to MoS2, meaning that the 

electron densities around Mo and S atoms are increased in the Co-BDC/MoS2 hybrid 

nanosheets. Previous reports demonstrate that introducing more electrons to 2H-MoS2 will 

facilitate its phase transfer to 1T-MoS2.
[28] Therefore, it is supposed that Co-BDC could 

effectively donate electrons to promote the phase transition of MoS2 in Co-BDC/MoS2. The 

deconvolution of XPS Mo 3d peaks for 2H-MoS2 and 1T-MoS2 is thereby used to identify the 

existence of 1T and 2H phase.[29] As shown in Figure 3c, only 2H-MoS2 (red lines) is 

observed in the MoS2 nanosheets, while the additional peaks (green lines)  appeared in Co-

BDC/MoS2 reveal the partial phase transformation of MoS2 from 2H-phase to 1T-phase after 

depositing Co-BDC on MoS2 nanosheets.[12a] In order to further confirm the appearance of 

1T-MoS2 in Co-BDC/MoS2, Raman spectroscopy was further applied. As can be seen in 

Figure 3d, MoS2 nanosheets exhibit typical Raman shifts of 377 and 404 cm−1 for the in-plane 

E1
2g and out-of-plane A1g modes, in accordance with previously reported 2H-MoS2.

[30] As for 

Co-BDC/MoS2, besides E1
2g and A1g, three additional peaks including J1 (146 cm−1), E1g (279 

cm−1), and J3 (336 cm−1) appear, which are characteristic features of 1T-MoS2.
[31] Normally, J1 

and J3 peaks are attributed to the phonon modes in 1T-MoS2 superlattice structure, and E1g 

verifies the dominant octahedral coordination of Mo in 1T-MoS2.
[32] Moreover, the peaks at 

111 and 123 cm−1 are also observed in the Raman spectra of 1T-MoS2 in previous literatures, 

despite the attributes of these peaks are still not clear.[33] Accordingly, all these results 

validate that Co-BDC/MoS2 hybrid nanosheets were successfully synthesized. Of note, the 

introduced Co-BDC in the hybrid material resulted in the partial phase transfer of MoS2 from 

2H-phase to 1T-phase. 
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The electrocatalytic performance of Co-BDC/MoS2 for alkaline HER was evaluated using a 

typical three-electrode electrochemical cell with a rotating disk electrode (RDE) in Ar-

saturated 1.0 M KOH solution. For comparison, pristine Co-BDC, MoS2 and the benchmark 

commercial Pt-C with the same mass loading were also tested. As can be seen from the IR- 

corrected linear sweep voltammetry (LSV) curves in Figure 4a, Co-BDC/MoS2 exhibits 

higher HER current densities than Co-BDC and MoS2, directly confirming that the coupling 

of Co-BDC and MoS2 allows for a profoundly enhanced alkaline HER activity. Especially, 

the HER onset overpotential of Co-BDC/MoS2 is only 155 mV, which is far better than those 

of Co-BDC (421 mV) and MoS2 (229 mV). Moreover, as a typical reference metric for HER, 

the overpotential value to afford a HER current density of −10 mA cm−2 is frequently 

employed.[34] Co-BDC/MoS2 requires a relatively low overpotential of 248 mV to achieve −10 

mA cm−2 (Figure S11), considerably smaller than those of Co-BDC (529 mV) and MoS2 (349 

mV). The high HER activity of Co-BDC/MoS2 is also validated by the larger current density 

at fixed overpotential. For example, Co-BDC/MoS2 delivers a current density of −32.3 mA 

cm−2 at −0.3 V versus reversible hydrogen electrode (RHE), which is significantly greater 

than those of MoS2 (−4.3 mA cm−2) and Co-BDC (−0.45 mA cm−2). In addition, the HER 

activity of as-synthesized Co-BDC/MoS2 is comparable or even superior to many previously 

reported MOF-based or MoS2-based electrocatalysts (Table S1). 

Figure 4b shows Tafel plots of the samples derived from corresponding polarization curves, 

which provide more insights to the reaction kinetics of the catalysts. The Tafel slop of MoS2 

(109 mV dec−1) is close to 120 mV dec−1, suggesting that water dissociation (Volmer step) is 

the rate-determining step for bare MoS2 in alkaline environment.[35] However, the Tafel slope 

of Co-BDC/MoS2 is dramatically decreased to 86 mV dec−1, demonstrating that the 

combination of Co-BDC and MoS2 could effectively facilitate the kinetics of the prior water 

dissociation step.[21a, 36] To further clarify the electrocatalytic behavior of the samples, 

electrochemical impedance spectroscopy (EIS) test was carried out, and the corresponding 
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Nyquist plots are displayed in Figure 4c and S12. The semicircular diameter of Co-

BDC/MoS2 (6 Ω) is obviously smaller than those of MoS2 (36 Ω) and Co-BDC (280 Ω), 

suggesting that Co-BDC/MoS2 has a remarkably lower charge-transfer resistance at the 

electrode-electrolyte interface during the HER process, which matches well with the superior 

alkaline HER activity of Co-BDC/MoS2. 

Aside from the catalytic activity, stability is another critical criterion for the evaluation of a 

HER catalyst. Therefore, the long-term operating durability of Co-BDC/MoS2 electrode was 

assessed by using cyclic voltammetry (CV) and chronopotentiometry techniques in alkaline 

solution. As displayed in Figure 4d, after 2000 CV cycles, the polarization curve only shows 

negligible potential shift. In particular, the overpotential required to deliver −30 mA cm−2 is 

increased by only 9 mV. The inset chronopotentiometric curve again confirms the relatively 

good stability of Co-BDC/MoS2 sample for 15 h at a constant current density of −10 mA cm−2. 

All the results above clearly support that Co-BDC/MoS2 can function as an efficient and 

stable catalyst for alkaline HER. 

With the establishment of physical properties and electrochemical results, the high HER 

activity of Co-BDC/MoS2 hybrid nanosheets can be ascribed to the following three aspects. 1) 

morphology engineering: 2D morphology of Co-BDC/MoS2 promotes the mass transfer and 

exposes more metal atoms on the surface as active sites for the reaction; 2) interface 

engineering: it is generally accepted that alkaline HER includes prior water dissociation to 

form H* (Volmer step) and following hydrogen generation (Tafel step or Heyrovsky step).[21b] 

In this regard, the well-designed Co-BDC/MoS2 interface is vital for the outstanding alkaline 

HER performance, as both Co-BDC and MoS2 play specific roles in different elementary 

steps. Co-BDC is a highly efficient OER catalyst in alkaline solution, which is capable of 

binding and dissociating hydroxyl species efficiently.[4] Therefore, as shown in Figure 5, it is 

supposed that Co-BDC nanosheets with optimum binding strength to hydroxyl and H2O 

facilitate the adsorption and dissociation of H2O to provide enough protons to the nearby 

94



MoS2, while MoS2 nanosheets act as reaction active sites for the generation and desorption of 

H2. 3) electronic engineering: by coupling Co-BDC with MoS2, the semiconducting 2H-MoS2 

is partially transformed to metallic 1T-MoS2, which is highly desirable for electrocatalysis. 

More importantly, for 2H-MoS2, the active sites are limited to the edge sites only, while the 

majority part (the basal plane) is catalytically inert. By contrast, the obtained 1T-MoS2 could 

activate the basal plane to provide more reaction active sites.[12a] Moreover, previous reports 

show that the HER kinetics of MoS2 can be accelerated by increasing its electronic density.[37] 

Specifically, the adsorption strength of H* is weakened on the surface of electron-rich MoS2, 

which could promote the following H* recombination and hydrogen release process.[38] 

Previous XPS results confirm that high electron density of MoS2 is achieved in Co-

BDC/MoS2 duo to the significant electron transfer from Co-BDC to MoS2. Consequently, the 

electron-modified MoS2 in Co-BDC/MoS2 makes H2 generation step more facile, which 

contributes greatly to the enhanced overall alkaline HER activity. Collectively, benefitting 

from these three advantageous engineering strategies, the resultant Co-BDC/MoS2 hybrid 

nanosheets achieve outstanding HER performance in the alkaline environment. 

3. Conclusion

In summary, a novel 2D Co-BDC/MoS2 hybrid nanocomposite was synthesized via a facile 

sonication-assisted solution method. Here, Co-BDC acts as an electron donor, and coupling 

Co-BDC with MoS2 induces the partial phase transfer from 2H-MoS2 to 1T-MoS2. This is 

evidenced by both XPS and Raman results. Compared with pristine 2H-MoS2, besides the 

notably enhanced conductivity, 1T-MoS2 activates the inert basal plane to expose more 

catalytic active sites, which is highly desirable for the HER. More importantly, the well-

constructed Co-BDC/MoS2 interface is of high significance for alkaline HER, as Co-BDC 

speeds up the rate-determining water dissociation step of alkaline HER, and electron-rich 

MoS2 is favorable for the following H2 generation step. These merits resulted in significantly 

enhanced HER performance of Co-BDC/MoS2 when compared with bare Co-BDC and MoS2 
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in the alkaline environment. Therefore, by rational design of MOF-based hybrids which 

combine MOFs with other functional materials selectively, the application of MOFs could be 

extended to more research areas. 

4. Experimental Section

4.1 Materials 

All chemicals, including bulk molybdenum (IV) sulfide (MoS2), n-butyllithium solution 

(2.5 M in hexanes), hexane (anhydrous, 95%), N,N-dimethylformamide (DMF), ethanol, 

cobalt (II) chloride hexahydrate (CoCl2·6H2O), 1,4-benzenedicarboxylic acid (BDC), 

triethylamine (TEA), Pt-C (20 wt.% of Pt on Vulcan XC72), Nafion (15 wt.%) were 

purchased from Sigma-Aldrich and used without further purification. Milli-Q water with a 

resistance of 18.2 MΩ was used in all experiments. 

4.2 Synthesis of Co-BDC/MoS2 hybrid nanosheets 

MoS2 nanosheets were fabricated by chemical exfoliation of bulk MoS2. Firstly, 780 mg 

bulk MoS2 powders were immersed in 4 mL n-butyllithium solution (2.5 M in hexane) for 

2 days in a flask filled with argon gas. Then the mixture was centrifuged and washed with 

hexane for three times to remove excessive Li and organic residues. Afterwards, the as-

prepared LixMoS2 precursor was exfoliated in 400 mL water by ultrasonication for 1 h. 

Then the product was collected via centrifugation, washed with water for four times to 

remove excessive lithium cations and unexfoliated materials, and dried at 60 °C in a 

vacuum oven to obtain MoS2 nanosheets. 

Co-BDC/MoS2 hybrid nanosheets were obtained by a sonication-assisted solution 

method. In detail, 40.8 mg MoS2 nanosheets were dispersed in a mixed solution (32 mL 

DMF, 2 mL ethanol and 2 mL water) in a 100 mL glass bottle (Duran Schott). Next, 0.1 

mmol BDC and 0.1 mmol CoCl2·6H2O were added in the bottle. Then the solution was 

stirred for 10 min, and 0.2 mL TEA was injected into the solution. Afterwards, the glass 
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bottle was ultrasonicated for 3 h under ambient conditions. The resulting product was 

collected via centrifugation, washed with ethanol for four times, and dried at 60 °C in a 

vacuum oven. 

For comparison, the sonication-assisted solution method was also applied to generate 

pure Co-BDC. In brief, 32 mL DMF, 2 mL ethanol and 2 mL water were mixed in a 100 

mL glass bottle firstly. Then 0.75 mmol BDC and 0.75 mmol CoCl2·6H2O were added in 

the bottle. After the solution was stirred for 10 min, 0.8 mL TEA was injected into the 

solution. Afterwards, the glass bottle was continuously ultrasonicated for 8 h under 

ambient conditions. The final product was collected via centrifugation, washed with 

ethanol for four times, and dried at 60 °C in a vacuum oven. 

4.3 Material Characterizations 

XRD patterns were recorded on Rigaku MiniFlex 600 with Cu Kα radiation at a scan rate 

of 1° min−1. The morphology and microstructure of the samples were observed by field-

emission scanning electron microscopy (SEM, QUANTA 450) equipped with energy 

dispersive X-ray (EDX) detector, and scanning transmission electron microscopy (STEM, 

Tecnai G2 F30) equipped with EDX detector. XPS measurements were carried out on 

ESCALab250 using Al Kα radiation, and all the binding energies were referenced to C 1s 

peak at 284.8 eV. Raman spectra were acquired by iHR550 Raman microscopy (HORIBA 

scientific). 

4.4 Electrochemical Measurements 

Electrocatalyst inks were prepared by mixing active material with carbon black and 

Nafion. Typically, 10 mg Co-BDC/MoS2 hybrid nanosheets were dispersed in 2 mL water, 

and then 1 mL carbon black (2 mg ml−1) and 200 µL Nafion (1 wt.%) were added in the 

solution and sonicated for 1 h. Next, 10 µL of the electrocatalyst ink was transferred onto a 

glassy carbon rotating disk electrode (0.196 cm2) serving as a working electrode. To permit 
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comparison, MoS2, Co-BDC and Pt-C inks were prepared using the same method and 

loaded on glassy carbon electrode, except that no carbon black was added for Pt-C. 

Electrochemical tests were carried out in a three-electrode glass cell (Pine Research 

Instruments, USA) on an electrochemical workstation (CHI 760D Instruments, Inc., USA). 

The reference electrode was an Ag/AgCl in 4 M KCl solution and the counter electrode 

was a graphite rod. The reversible hydrogen electrode (RHE) potentials were obtained by 

the following equation: E(RHE) = E(Ag/AgCl) + 0.205 + 0.059 × pH. 1.0 M KOH solution 

was used as the electrolyte for the HER test. A flow of Ar was maintained over the 

electrolyte during the experiment to eliminate dissolved oxygen. The working electrode 

was rotated at 1600 rpm to remove the hydrogen gas generated on the catalyst surface. 

Before data collection, the working electrodes were scanned by cyclic voltammetry (CV) 

until the signals were stabilized. The linear sweep voltammetry (LSV) curves were 

recorded with a scan rate of 5 mV s−1. The current density was normalized to the 

geometrical surface area. Electrochemical impedance spectroscopy (EIS) was measured in 

the frequency range from 0.1 Hz to 100 kHz with an amptitude of 5 mV at a potential of 

−0.47 V (vs. RHE). IR compensation of LSV curves was performed using the solution 

resistance estimated from EIS measurements. The electrode durability was tested by 

repetitive CV scans for 2000 cycles in a potential window of −1.2 to −1.3 V (vs. Ag/AgCl) 

and chronopotentiometry measurement at a constant current density of −10 mA cm−2 for 

15 h. 
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Figure 1. Schematic of the synthesis process for Co-BDC/MoS2 hybrid nanosheets. 
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Figure 2. a) XRD pattern of Co-BDC/MoS2 hybrid nanosheets. b) SEM image of MoS2 

nanosheets. c) HAADF-STEM image and d) corresponding elemental mapping of Co-

BDC/MoS2 hybrid nanosheets.
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Figure 3. a) High-resolution XPS Mo 3d spectra of MoS2 and Co-BDC/MoS2. b) High-

resolution XPS S 2p spectra of MoS2 and Co-BDC/MoS2. c) The deconvoluted XPS Mo 3d 

spectra of MoS2 and Co-BDC/MoS2. d) Raman spectra of MoS2 and Co-BDC/MoS2. 
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Figure 4. a) LSV curves of Co-BDC, MoS2, Co-BDC/MoS2 and Pt-C in 1.0 M KOH at a scan 

rate of 5 mV s−1. b) Corresponding Tafel plots of Co-BDC, MoS2, Co-BDC/MoS2 and Pt-C. 

c) Nyquist plots of Co-BDC, MoS2 and Co-BDC/MoS2 measured at −0.47 V vs. RHE. d)

LSV curves of Co-BDC/MoS2 recorded before and after 2000 CV cycles, and the inset shows 

the chronopotentiometric response of Co-BDC/MoS2 at a constant current density of −10 mA 

cm−2 for 15 h. 
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Figure 5. Schematic illustration of catalysis mechanism of alkaline HER on the Co-

BDC/MoS2 hybrid nanosheets. 
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Figure S1. XRD pattern of MoS2 nanosheets. 

Figure S2.  Crystal structure of Co-BDC. Color scheme for atom representation: red for Co, 

blue for O, grey for C and white for H. 
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Figure S3. SEM image and corresponding element mapping of MoS2 nanosheets. 

Figure S4. TEM image of MoS2 nanosheets. 
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Figure S5. a) SEM image of Co-BDC nanosheets. b) TEM image of Co-BDC nanosheets. 

Figure S6. a) SEM image of Co-BDC/MoS2 nanosheets. b) Element mapping of Co-BDC/ 

MoS2 nanosheets for the selected area. 
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Figure S7. TEM image of Co-BDC/MoS2 nanosheets. 

Figure S8. EDX spectrum of Co-BDC/MoS2 nanosheets. 
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Figure S9. XPS survey spectrum of Co-BDC/MoS2 nanosheets. 

Figure S10. XPS survey spectrum of MoS2 nanosheets. 
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Figure S11. Comaprison of overpotentials required for the samples to reach a HER current 

density of −10 mA cm−2. 

Figure S12. Nyquist plots of Co-BDC and MoS2 nanosheets measured at −0.47 V vs. RHE. 
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Table S1. Comparison of HER activity for MOF-based or MoS2-based catalysts deposited on 

glassy carbon electrode. 

Catalyst Overpotential @ −10 

mA cm-2 (mV) 

Tafel slop (mV 

dec-1) 

Electrolyte Reference 

Co-BDC/MoS2 248 86 1M KOH This work 

Co-BDC 529 111 1M KOH This work 

MoS2 349 109 1M KOH This work 

Co-THT 530 NA 0.05M H2SO4  [1] 

Co-BHT 340 NA 0.05M H2SO4  [1] 

Ni-THT 333 80.5 0.5M H2SO4 [2] 

Ni-THT 574 NA 0.05M KOH [2] 

NENU-500 237 96 0.5M H2SO4 [3] 

NENU-501 392 137 0.5M H2SO4 [3] 

NENU-499 570 122 0.5M H2SO4 [3] 

NENU-5 585 94 0.5M H2SO4 [3] 

HKUST-1 691 127 0.5M H2SO4 [3] 

Cu-MOF 369 135 0.5M H2SO4 [4] 

Fe-MOF 576 158 0.5M H2SO4 [5] 

Cu-BHT 450 95 0.5M H2SO4 [6] 

Ni-MOF 370 128 0.05M H2SO4 [7] 

Ru-MOF 337 NA 0.1M H2SO4 [8] 

Au-MoS2 280 79 0.5M H2SO4 [9] 

MoSx film 520 NA 0.1M KOH [10] 

CoMoSx 210 @ 5 mA cm−2 NA 0.1M KOH [11] 

NiMo3S4 257 98 0.1M KOH [12] 

MoS2/C3N4 500 43 0.1M KOH [13] 

1T–2H MoS2 290 65 1M KOH [14] 

MoS2 308 201 1M KOH [15] 

Ni(OH)2/MoS2 227 105 1M KOH [16] 
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Chapter 6: Conclusions and Perspectives 

6.1 Conclusions 

This thesis is devoted to using pristine MOF nanosheets for electrocatalysis applications and 

gaining insights into the  reaction mechanisms of the electrocatalytic processes. According to 

the works in this thesis, the following conclusions can be drawn: 

1. 2D MOF nanosheets can be directly used for electrochemical oxidation reactions such as 

OER and UOR without any post-treatments. Compared to bulk MOF, more metal atoms are 

exposed on the surface of MOF nanosheets as active sites for electrocatalysis. These exposed 

metal atoms are coordinatively unsaturated, contributing to enhanced catalytic activity. 

Moreover, the high porosity and specific surface area facilitate the mass transfer of the 

reactants and the diffusion of generated products. More importantly, by choosing appropriate 

organic ligands, the electronic structure of metal nodes can be well tailored in MOFs, leading 

to the formation of metal cations with high oxidation state. For electrochemical oxidation 

reactions, generally higher oxidation states of metal cations contribute to better catalytic 

performances. Therefore, the well-designed 2D Ni-MOF nanosheets with high oxidation 

states exhibit high activity and outstanding stability towards UOR.  

2. Despite the advantages of MOF nanosheets, they have an undesirable tendency to 

aggregate. This is similar to graphene, and the reduced specific surface area of MOF 

nanosheets is not favourable for electrocatalysis. In order to solve this problem, 2D MOF-

based hybrid nanosheets are designed and fabricated through a simple sonication-assisted 

solution method. After coupling with Ni(OH)2 nanosheets, the large specific surface area of 

MOFs is well retained. Specifically, the electrochemical surface area of Ni-BDC/Ni(OH)2 

nanosheets is about 2.5 times of that of pure Ni-BDC nanosheets. Moreover, the electronic 

structure of Ni(OH)2 component is well modified to generate Ni cations with higher 

oxidation states. Thus, significantly enhanced OER performance is achieved on Ni-

BDC/Ni(OH)2 nanosheets. Moreover, the facile and general method developed in this thesis 

can be extended to fabricate other MOF-based hybrid nanosheets such as MOF-metal oxide, 

MOF-graphene, MOF-MXenes, MOF-metal hydroxide, etc. 

3. Though 2D MOF nanosheets are demonstrated as efficient catalysts for electrochemical 

oxidation reactions, they generally only exhibit very low catalytic activities towards 

reduction reactions such as HER. Thus, 2D Co-BDC/MoS2 hybrid nanosheets are fabricated 

and explored as efficient electrocatalysts for alkaline HER. The well-constructed Co-
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BDC/MoS2 interface is vital for alkaline HER. It is well accepted that water dissociation step 

cannot be ignored in alkaline HER, and this step very likely is the rate-determining step for 

alkaline HER. For Co-BDC/MoS2, Co-BDC promotes the dissociation of water to supply 

enough protons for the nearby MoS2, and MoS2 is responsible for the generation of hydrogen 

from the protons. More interestingly, partial phase transformation of MoS2 from 2H-phase to 

1T-phase is achieved after the hybridization of Co-BDC and MoS2. In fact, metallic 1T-MoS2 

is a much better HER catalyst than semiconducting 2H-MoS2. As expected, the obtained Co-

BDC/MoS2 hybrid nanosheets exhibit greatly enhanced HER performance compared to bare 

Co-BDC, MoS2 and previously reported MOF-based catalysts in alkaline solution. 

In summary, MOF nanosheets are demonstrated as efficient electrocatalysts for oxidation 

reactions. By coupling MOFs with other functional materials selectively, the application of 

MOFs can be extended to more research areas. Moreover, the insightful understanding of the 

reaction mechanisms of electrocatalysis can lay a solid foundation for designing more 

efficient MOF-based electrocatalysts  

6.2 Perspectives 

Though great achievements have been made in the research area of 2D MOFs for 

electrocatalysis, further work needed to be done to accelerate the development of MOF-based 

catalysts for clean and renewable technologies. 

1. 2D MOFs have been reported as highly efficient catalysts for oxidation reactions.

Meanwhile, MOFs suffer from low catalytic activities for reduction reactions such as HER. It 

is well accepted that the reaction activity and selectivity of a catalyst is determined by the 

binding energies of reaction intermediates to its surface. Meanwhile, the binding energies of 

reaction intermediates are governed by the electronic structure of the catalyst itself. Therefore, 

the electronic structure of MOFs needs to be well tailored by choosing appropriate organic 

ligands, doping or coupling with other materials to achieve better catalytic performance 

towards reduction reactions. In fact, besides HER, carbon dioxide reduction and nitrogen 

reduction are also important and quite challenging, which have drawn increasing attentions 

from the academia and the industry. Currently, only few MOFs have been reported for these 

reactions. Therefore, it is urgently needed to explore more 2D MOFs for these emerging 

electrocatalytic reactions. 

2. Low conductivity and unsatisfactory stability are two key factors which hinder the

application of pristine MOFs for electrocatalysis. In order to solve the problem of 
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conductivity, more attention should be paid to electrically conductive MOFs, which is a 

subclass of MOFs family. Constructing ultrathin 2D bimetallic MOF nanosheets is also an 

ideal way to improve the conductivity. Moreover, the MOFs can be directly grown on the 

conductive substrate such as nickel foam, carbon cloth, etc. Besides the enhanced 

conductivity, this method also avoids the usage of carbon black and Nafion. For the stability, 

we need to choose appropriate organic ligands and metal nodes in order to guarantee the 

stability in the specific electrolyte. 

3. The mechanisms of 2D MOFs for electrocatalysis need to be further explores. Currently,

the ambiguous reaction mechanisms of MOFs for electrocatalysis severely limit insights into 

the catalyst design. In this regard, combing density functional theory (DFT) calculations with 

experimental results can provide more insights to understanding the catalytic process. 

Moreover, advanced characterization techniques, especially in situ characterization 

techniques, such as in situ Raman spectroscopy, XPS, near edge X-ray absorption fine 

structure (NEXAFS), surface-enhanced infrared absorption spectroscopy (SEIRAS) are 

capable of probing the real reaction processes, which are highly significant for  ascertaining 

proposed reaction mechanisms.  

4. In order to commercialize MOFs for real applications, mass production of MOFs is crucial.

Various strategies including electrochemical deposition, microwave synthesis, ball milling 

method can be addapted in the future to produce MOFs from laboratory to industrial scale.  

We believe that more and more achievements will be made in this exciting research area (2D 

MOF nanosheets for electrocatalysis) through the combination of material design, 

computational calculations and advanced characterization techniques. 
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