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Abstract: The exploitation of  renewable energy as  well  as  the elimination of  the harmful  impact  of  excessive carbon emission
are  worldwide  concerns  for  sustainable  development  of  the  ecological  environment  on  earth.  To  address  that,  the  technolo-
gies regarding energy conversion systems, such as water splitting and electroreduction of carbon dioxide, have attracted signific-
ant  attention  for  a  few  decades.  Yet,  to  date,  the  production  of  green  fuels  and/or  high  energy  density  chemicals  like  hydro-
gen,  methane,  and  ethanol,  are  still  suffering  from  many  drawbacks  including  high  energy  consumption,  low  selectivity,  and
sluggish reaction rate. In this regard, nanostructured bimetallic materials that is capable of taking the full  benefits of the coup-
ling  effects  between  different  elements/components  with  structure  modification  in  nanoscale  are  considered  as  a  promising
strategy  for  high-performance  electrocatalysts.  Herein,  this  review  aims  to  outline  the  important  progress  of  these  nanostruc-
tured bimetallic  electrocatalysts.  It  starts  with  the  introduction of  some important  fundamental  background knowledge about
the reaction mechanism to understand how these reactions happen. Subsequently, we summarize the most recent progress re-
garding how the nanostructured bimetallic electrocatalysts manipulate the activity and selectivity of catalytic reactions in the or-
der of bimetallic alloying effect, interface/substrate effect of bi-component electrocatalyst, and nanostructuring effect.
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1.  Introduction

In  the rapid development and advancement of  industrial
society,  the issues  of  excessive  exploitation and over-reliance
on  fossil  fuel  accelerate  the  depletion  earth's  resources,
which  tremendously  threatens  our  future.  Meanwhile,  the
over-usage  of  fossil  fuels  leads  to  severe  environment  pollu-
tion and extreme climate change jeopardizing the whole eco-
system  on  the  earth.  Hence,  the  concerns  about  sustainabil-
ity  and  security  of  energy  on  our  planet  have  been  raised
widely,  which  urges  researchers  to  address  these  serious  is-
sues  by  developing  versatile  energy  conversion  technologies
to store and recycle clean and renewable sources, thus, redu-
cing  the  dependency  on  traditional  fossil  fuel[1, 2].  So  far,
primary  renewable  energy  sources  including  solar  and  wind
power are environmentally friendly but suffer from seasonal in-
termittent  and  regional  variability[3].  To  prevent  this  draw-
back  and  fully  utilize  these  clean  and  renewable  resources,
this  unstable  energy  can  be  previously  converted  and  stored
into  other  form  of  stable  and  high  energy  density  fuels  and
chemicals[4−6], like hydrogen and hydrocarbons, by electrocata-
lysis.

Water splitting was the most wide-studied electrocatalys-
is process owing to convenience, negligible environment pollu-
tion,  and  huge  water  feedstocks.  By  far,  however,  the  overall

efficiency  of  water  splitting  is  still  obstructed,  primarily,  by
the  sluggish  kinetics  of  the  half  reaction  of  oxygen
evolution[7, 8],  given  the  superb  intrinsic  activity  of  Pt-based
electrocatalysts  which  nearly  approach  the  theoretical  redox
potential  for  HER  (0  V  vs.  RHE)[9, 10].  Meanwhile,  Ir/Ru-based
metal  and  derived  metal  compounds  have  been  recognized
as  conventional  high-performance  electrocatalysts  for  OER  in
acidic  media  for  many  years  due  to  the  suitable  electronic
structure of surface atoms. On the other hand, in order to pre-
vent  extreme  climate  and  natural  disaster,  electroreduction
of  carbon  dioxide  has  also  gained  much  attention  recently
due  to  its  potential  to  help  close  the  anthropogenic  carbon
cycle  and relieve  global  warming[4, 11].  The conversion of  CO2

into  other  common  carbon  chemicals  like  carbon  monoxide
(CO),  formic  acid (HCOOH),  multi-carbon oxygenates,  and hy-
drocarbons, is highly desirable for a sustainable energy recyc-
ling  system[11, 12].  Up  to  now,  the  single/poly-crystalline  pure
metal  electrocatalysts  for  CO2RR  has  been  widely  studied  re-
garding improving selectivity and activity of CO2RR. The tradi-
tional  metal  electrodes  include  wide  range  of  noble  metal
like  Au,  Ag,  and  Pt,  transition  metal,  e.g.  Ni,  Fe,  Cd,  Zn,  and
many  main  group  elements  including  Tl,  In,  Sn,  Cd,  and  Pb.
Among these metal based electrode, Cu, due to its unique elec-
tronic  properties  that  are  capable  of  producing  multi-carbon
products  with  high  Faradaic  efficiency  (FE),  serve  as  an  ideal
platform  for  in-depth  studies  regarding  the  potential  reac-
tion  mechanism,  manipulation  of  terminal  products,  as  well
as design and fabrication of high-performance electrodes[12].

In  terms  of  these  conventional  pure  metal  electrocataly-
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sts, no matter which reactions they are employed to work for,
most of them endure either limited source, high cost, poor sta-
bility, or low Faradaic efficiency and selectivity[8, 10, 12].  Upon a
wide diversity of promising candidates, the nanostructured bi-
metallic  electrocatalysts  have  emerged  and  quickly  drawn
much interest over the past decade due to their ability to dra-
matically  improving  the  activity,  stability,  and  selectivity  of
catalytic reactions, while reducing cost[13, 14]. These exciting en-
hancements  are  mainly  attributed  to  the  synergistic  effects
between  different  elements  and/or  components,  as  well  as
the  introduction  of  novel  structures  in  nano  scale.  Con-
sequently,  the  surface  electronic  structure  of  electrode,  the
binding energy and the spillover effect of intermediates in wa-
ter  splitting  and/or  CO2RR  can  be  significantly  adjusted
and/or  improved  towards  specific  terminate  products.  There-
fore, in this review, we aim to summarize and discuss the pro-
gress of typically nanostructured bimetallic electrocatalysts to-
wards  efficiently  water  splitting  and  CO2 electroreduction.
Firstly,  the  fundamental  background  knowledge  related  to
the  mechanism/reaction  pathways  for  water  splitting  and
CO2RR  will  be  introduced,  respectively.  Then,  the  role  and/or
effect  of  a  wide  diversity  of  nanostructured  bimetallic  elec-
trocatalysts,  including  various  alloying  materials,  electrocata-
lysts with distinct kind of interfaces, as well as some novel mor-
phology  will  be  covered  with  representative  samples  toward
the  improvement  of  catalytic  activity,  kinetics,  charge/mass
transport,  selectivity,  and  stability.  At  the  last,  the  challenges
and  perspective  are  presented  to  discuss  the  possible  future
work on nanostructured bimetallic electrocatalysts.

2.  Fundamentals of water splitting

The  overall  efficiency  of  water  splitting  is  undoubtedly  a
vital factor that determines the future of the large-scale applic-
ations. To this end, a good and in-depth understanding of reac-
tion  mechanism  and  rate/potential-determining  steps  is  very
necessary  to  gain  insight  into  questions  like  how  to  ration-
ally design and fabricate an ideal  electrocatalysts and how to
improve  the  design  of  an  electrolyzer  device  for  the  redu-
cing energy lost during energy conversion process. Therefore,
in  this  section,  we  will  briefly  introduce  some  fundamental
knowledge  background  regarding  the  well-accepted  reac-
tion mechanism and some necessary concepts for understand-
ing  the  water  splitting  reaction.  The  related  reaction  path-
ways of HER and OER are presented firstly followed by the rep-
resentative theoretically results obtained from density function-
al theory (DFT) calculations.

2.1.  The overall reactions in water splitting
In an electrolyzer coupling with a stable power supply, wa-

ter could be constantly split to hydrogen and oxygen (O2) via
two  crucial  multi-proton/electron  coupled  half-cell  reactions,
cathodic HER and anodic OER. According to the Nernst equa-
tion under  standard conditions  (25  °C,  1  atm),  the  thermody-
namic voltage of this electrolyzer is estimated to be 1.23 V re-
lated  to  a  reversible  hydrogen  electrode  (RHE),  regardless  of
the  type  of  electrolyte[10].  Yet,  due  to  the  proton  coupling
nature,  the  specific  reaction  pathways  occurring  on  cathode
and anode, respectively, are dependent on the pH of the elec-
trolyte, which are classified and listed in Eqs. (1) – (5).

Overall reaction: 

HO → H +


O. (1)

In acidic electrolyte: 

H+ + e− → H (Cathode) , (2)
 

HO → H+ +


O + e− (Anode) . (3)

In neutral and alkaline electrolyte: 

HO + e− → H + OH− (Cathode) , (4)
 

OH−
→ HO +



O + e− (Anode) . (5)

In  practice,  to  initiate  water  splitting,  high  activation  en-
ergy, sluggish kinetics, and poor energy efficiency need to be
overcame,  which  demands  a  greater  applied  potential  rather
than 1.23 V decided by Nernst equation[3]. As such, the practic-
al voltage of electrolysis can be expressed as Eq. (6), 

V = . + ηa + ∣ηc∣ + iR, (6)

ηa ηc

where iR designates the ohmic potential drop owing to the res-
istance of  ionic  electrolyte,  which cannot be avoided but can
minimized by improving the electrolyzer setup.  and  rep-
resent  the  overpotential  applied  on  the  anode  and  the  cath-
ode, respectively, to activate the evolution of oxygen and hy-
drogen.  This overpotential  can  be  significantly  influenced  by
various factors based on practical conditions, such as the resist-
ance and activation energy of  electrode materials,  electrolyte
diffusion  rate,  bubble  evolution  and  desorption,  as  well  as
heat release. Therefore, many theoretical and experimental res-
ults  have  been  proposed  to  understand  the  underlying  reac-
tion mechanisms, serving as a guide to rational design the elec-
trocatalysts,  cut-down  the  energy  loss,  accelerate  the  reac-
tion rate, and finally promote the total cell efficiency.

2.2.  Reaction pathways of HER

Regarding  the  pH  of  the  electrolyte,  the  HER  could  take
places  based  on  either  the  Volmer-Heyrovsky  or  the  Volmer-
Tafel  mechanisms.  The  specific  reaction  pathways  are  de-
scribed below:

(1) Volmer steps: A reaction species adopts an electron at
an active site to form an adsorbed hydrogen. 

∗ + H+ + e− → H∗ (In acid electrolyte) , (7)
 

HO + e− + ∗ → H* +OH− (In alkaline electrolyte) . (8)

(2) Heyrovsky steps: A reaction species (a proton or a mo-
lecular water) and an electron are adopted by adsorbed hydro-
gen to form a hydrogen molecule and then desorb from elec-
trode surface. 

H* + H+ + e− → H + ∗ (In acid electrolyte) , (9)
 

H∗ + HO + e− → H +OH− + ∗ (In alkaline electrolyte) .
(10)

(3)  Tafel  step:  Two  adsorbed  hydrogen  atoms  are
coupled  to  produce  a  hydrogen  molecule  and  the  desorb
from surface. 
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H∗ + H∗
→ H + ∗ (In acid or alkaline electrolyte) , (11)

where *  represents an active site on electrode surface and H*

designates  the  adsorbed  hydrogen  atom.  The  initiation  of
HER  always  starts  with  Volmer  steps  (Eqs.  (7)  and  (8))  to  cap-
ture  and  fix  a  proton  on  electrode  surface  for  the  sub-
sequently  steps  that  may  proceed  through  two  pathways,
either  the  electrochemical  desorption  via  Heyrovsky  steps
(Eqs.  (9)  and  (10))  or  the  chemical  desorption  via  Tafel  step
(Eq. (11)).

η
b

From experimental results, the HER mechanism can be in-
ferred by Tafel plot derived from the polarization curves[15]. In
experiments,  the  linear  scanning  voltammetry  (LSV)  shows
the  response  of  current  density  to  the  applied  potentials,
which  can  be  converted  to  Tafel  plot  as  overpotential  ( )  vs.
log(j)  as  described  in  Eq.  (12),  and  the  Tafel  slope  ( )  is  de-
rived  from  the  linear  part  of  this  plot[16].  The  Tafel  slope  of
~30,  ~40,  and  ~120  mV/dec  correspond  to  Tafel,  Heyrovsky,
and  Volmer  steps  respectively,  which  is  readily  used  to  dis-
close the rate-determining steps in practical  HER.  In addition,
the Tafel slope is also a useful descriptor to evaluate the over-
all performance of both anode and cathode in practice. A smal-
ler  Tafel  slope  represents  faster  electrode  kinetics  and  easier
activation  of  catalytic  reaction,  which  means  electrodes  can
support a large current density even at a very low overpoten-
tial[17]. 

η = a + blog (j) . (12)

ΔGH*

Furthermore, as indicated in Volmer steps and Heyrovsky/
Tafel  steps,  in  HER,  the  chemical  adsorption  and  desorption
of H atoms are competing processes. According to the Sabati-
er principle, an excellent electrocatalyst should possess a suit-
able  binding  energy  neither  too  strong  nor  too  weak  to  not
only facilitate the proton-electron-transfer process by adsorb-
ing  H* tightly,  but  also  accelerate  the  release  of  gaseous  H2

via facile bond breaking[18].  In other words, from a thermody-
namics viewpoint, the constant evolution of hydrogen on the
surface of the electrocatalysts could be considered as the pro-
cess of reversible adsorption/desorption of H atoms on the act-
ive  sites.  Based  on  these  assumptions,  the  Gibbs  free  energy
change ( )  obtained from density functional  theory (DFT)
as  described  in  Eq.  (13),  could  be  one  of  the  key  descriptors

to theoretically  predict  the intrinsic  activity  for  HER on differ-
ent solid electrodes surface. 

ΔGH∗ = ΔEH∗ + ΔEZPE − TΔS, (13)

ΔEH∗

ΔEZPE
ΔS

j

where  is  the  differential  hydrogen  chemisorption  en-
ergy,  designates  the  difference  of  zero-point  energy
change  between  the  adsorbed  H*  and  gaseous  H2,  is  the
entropy  change,  and T is  the  temperature[19−21].  In  addition,
considering  the  close  correlation  between  the  exchange  cur-
rent  density  ( )  value  and  the  thermodynamically  derived
Gibbs  free  energy,  the  establishment  of  the  “volcano  curve”
(Figs. 1(a) and 1(b)) which is perfectly aligned with the Sabati-
er  principle  is  another  reference  for  rational  design  of  ideal
electrocatalysts[17−21].

2.3.  Reaction pathways of OER

In  terms  of  the  OER,  the  proton  coupling  four-electron
transfer  involved  process  results  in  its  sluggish  kinetics  and
more  possible  reaction  pathways  compared  with  HER.  Mean-
while,  a  well-accepted  common  sense  indicates,  in  an  al-
kaline  electrolyte,  a  generated  O2 molecule  inclines  to  form
on  a  metal  oxide/oxyhydroxide,  rather  than  a  metal  surface
or  metal  compound  like  phosphide,  sulfide,  etc[22, 23].  In  oth-
er  words,  no  matter  which  kind  of  electrode  is  used  in   prac-
tice, the electrocatalysts prefer to go through a pre-oxide pro-
cess  to  form  an  in-situ  grown  oxide/oxyhydroxide  thin  layer
with  metal  cations  having  higher  oxidation  states[24].
Thereby,  the  redox potential  and electronic  structure  of  met-
al  cations after  pre-oxide process is  the key factors  determin-
ing the activation energy of reactions and electro-kinetic pro-
files[25].  Same  as  HER,  the  reaction  pathways  of  OER  are  also
pH-dependent, and normally, the electron transfer process oc-
curs in acid or alkaline as the sequence of equations shows be-
low[26].

In acidic electrolyte: 

∗ + HO ⇌ OH* + H+ + e−, (14)
 

OH∗
⇌ O∗ + H+ + e−, (15)

 

O∗ + HO ⇌ OOH∗ + H+ + e−, (16)
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Fig. 1. (a) Volcano plot for the HER on metal electrodes in acidic media[20]. Reprinted with permission, Copyright 2010, American Chemical Soci-
ety. (b) Activity trends for OER as a function of  for rutile and anatase oxides. The activity is expressed by the value of overpotential
to achieve a certain value of current density[17]. Reprinted with permission, Copyright 2011, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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OOH∗
⇌ +O + H+ + e−. (17)

In neutral and alkaline electrolyte: 

∗ +OH−
⇌ OH∗ + e−, (18)

 

OH∗ +OH−
⇌ O∗ + HO + e−, (19)

 

O∗ +OH−
⇌ OOH∗ + e−, (20)

 

OOH∗ +OH−
⇌ ∗ +O + HO + e−. (21)

where * represents the active sites on the electrocatalysts sur-
face,  and  OH*,  O*,  and  OOH* designate  the  intermediates  ad-
sorbed  at  the  active  sites,  respectively.  Apart  from  theoretic-
al  results  mentioned  before,  some  practical  parameters  are
also worth highlighting here for comprehensive evaluation of
the  ability  of  a  nanostructured  electrocatalyst  towards  over-
all water splitting[27]. For instance, the concept of onset poten-
tial is basically identical to that of overpotential, except it des-
ignates  the  potential  required  to  achieve  a  certain  current
density (the geometry normalized current density 10 mA/cm2

is a well-accepted one), which is essential to reflect the net cur-
rent  density  of  electrodes.  However,  the  geometry  normal-
ized  current  is  inherently  dependent  on  the  catalyst  loading
or  surface  area,  which  neglects  the  contribution  of  enhance-
ment  of  intrinsic  activity  per  active  site,  and,  thus,  overlooks
the superiority of interactions between distinct elements/com-
ponents[28−30].  Given  that,  the  electrochemically  active  sur-
face  area  (ECSA)  normalized  current  density  is  emerging  as  a
more useful metric of intrinsic activity for electrocatalysts con-
sisting of multi-elements or components demonstrated by re-
cently  studies  related  to  highly  active  nanostructured  elec-
trocatalysts[31−33].  The  ECSA  normalized  current  density  per-
mits one to judge if higher activity of electrodes coming from
a  higher  average  turnover  frequency  or  solely  from  an  in-
creased mass loading or number of active sites.

3.  Recent progress of nanostructured bimetallic
electrocatalysts towards water splitting

Over  the  last  few  decades,  the  noble  metal-based  (e.g.
Pt,  Ir,  Ru,  Pd,  and  Rh)  electrode  have  been  recognized  as  the
most  trusted  and  reliable  catalysts  for  water  splitting  which
can  be  readily  explained  by  the  “volcano  plot”.  In  terms  of
HER,  the Pt  locates at  the summit of  the HER activity  volcano
curve, so it can easily be understood why the Pt family materi-
als  were  the  commonly  chosen  electrode  in  an  acid  medium
in early practice and research. As for OER, Ir/Ru based metal al-
loys  and  compounds  due  to  advantageous  electronic  struc-
ture and suitable redox potential,  have been proven as state-
of-the-art  electrocatalysts  with  low  overpotential  and  Tafel
slope.  However,  these  noble  metal  family,  even  occupying
the  summit  of  the  “volcano  curve”  naturally,  always  suffer
from  extreme  scarcity  of  resource  and/or  severe  corrosion,
which disqualifies them as ideal electrodes in scalable applica-
tions  that  required  extend  working  period.  Meanwhile,  the
electrolyzer  design for  alkaline media offers  opportunities  for
a wide range of  bimetallic  and/or metal-based multicompon-
ent  electrocatalysts  serving  as  high-efficiency,  low-cost,  and

long-term  stable  electrode.  Since  then,  extensive  studies
have been devoted to developing strategies for design, fabrica-
tion, and improving the performance of nanostructure bimetal-
lic-based electrocatalysts.

Up to now, most of the efforts have been aimed at either
tuning  the  electronic  structure,  consequently,  enhancing  the
intrinsic activity (higher average turnover frequency), or boost-
ing the accessible  active  sites  on the electrode surface.  Com-
monly  utilized  strategies  for  metal-based  catalysts,  typically,
can  be  classified  into  three  main  methods:  1)  alloy  involving
multiple  metallic  elements  with  various  composition  ratios,
which increase the intrinsic activity per active site of the elec-
trocatalysts  by  tuning  the  electronic  structure  of  the  atoms
on  electrode  surface[29, 34].  2)  Interface/substrate  effects,
which  boost  the  intrinsic  activity,  particularly  for  electrocata-
lysts  with  poor  electrical  conductivity,  by  combining  the  ad-
vantages of electric properties of two distinct materials or the
synergistic effect of the electronic coupling between the sup-
port  and  electrocatalysts[35, 36].  3)  Structure  modifications  in
nano  scale,  which,  on  the  one  hand,  enlarge  the  real  surface
area and expose more active sites to contribute to the net cur-
rent  density  of  electrode;  on  the  other  hand,  some  delicate
structure adjustments could significantly affect the mass trans-
port  process  and  bubble  evolution/desorption  to  achieve
high  performance[7, 24, 37, 38].  To  a  certain  degree,  the  signific-
ant  enhancement  of  electrocatalysts  cannot  solely  be  attrib-
uted  to  strategy,  and,  apparently,  these  strategies  are  always
coupled and twined together  for  the improvement  of  overall
cell efficiency. Therefore, in the following sections, we will be-
gin  our  survey  by  briefly  introducing  some  representative
nanostructured  bimetallic  electrocatalysts  that  are  classified
based on the above summarized strategies and mechanisms.

3.1.  Bimetallic alloying effect

j =

The excellent intrinsic activity due to the inherent electron-
ic structure of platinum group metals (PGMs), excludes the util-
ization  of  other  non-precious  transition  metal  as  candidates
for water splitting. However, the comparatively low activity of
non-precious metal could be synergistically boosted via alloy-
ing  materials[39, 40] which  could  cooperate  with  the  interac-
tions  of  different  metal  species  with  differing  affinity  toward
various  intermediates  of  interest.  Specifically,  transition  met-
al alloy is predicted to tune the d-band electron filling, Fermi-
level  energy,  and interatomic  spacing[41],  which could impact
the electronic structure of the electrode surface and the bind-
ing  energy  of  intermediates.  Wang et  al.  reported  solid-solu-
tion  alloy  nanoparticles  of  Ir  and  Cu  first  time  in  spite  of  be-
ing immiscible  in  the bulk,  which prove the alloying effect  at
atomic-level  inducing  significant  enhancement  of  activity[42].
Since  Cu  is  a  3d  metal  whereas  Ir  is  a  5d  metal,  the  electron
transfer from Cu to Ir is energetically favorable, consequently,
the  intimate  interaction  between  Ir  and  Cu  in  the  solid-solu-
tion alloy nanoparticles  would affect  the alloy properties  and
thus  improve  the  performance.  Additionally,  with  up  to  56
at%  of  Ir  substituted  by  Cu,  the  alloy  electrode  still  pos-
sessed  an  excellent  performance  outperforming  the  mono-
metallic Ir, which can be a promising candidate as a cost-effect-
ive  catalysts.  Besides  Cu,  other  transition  metal  like  Ni  and
Co  can  also  alloy  with  Ir  to  serve  as  a  promising  candidate.
Zhao et  al. reported  3-dimentional  nanoporous  Ir70Ni30–x-
Cox microwires  with  excellent  performance  (220  mV  @ 
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10  mA/cm2),  superior  kinetics  (Tafel  slope  =  44.1  mV/dec),
and  outstanding  corrosion  resistance  (long-term  stability)  in
acidic  media[43].  Through  the  alloying  effect,  in  the  Ir70Ni30–x-
Cox alloy,  the  Ir  atom  on  the  surface  possesses  a  higher
valence  state  and  low-coordination  structure,  which  was
proved  as  the  real  active  sites  to  promote  OER  performance,
and  the  reason  for  lower  activation  barrier  relative  to  its
mono-metal counterpart.

Although  the  noble  metal  involved  alloying  electrode
could  not  only  maintain  superior  activity  and  stability,  but
also  significantly  reduce  the  cost  of  electrocatalysts,  the  re-
searchers  still  want  to  realize  the  noble  metal-free  electrode
with  competitive  performance[44−47] by  means  of  combina-
tion of other low-cost materials. Recently, research has demon-
strated the utilization of carbon based material as well as trans-
ition metal  alloys to achieve competitive activity and remark-
able durability towards OER in alkaline[45].  Yang et al. demon-
strated  the  ternary  alloys  encapsulated  in  graphene  layers  as
an  optimal  bifunctional  electrode  to  exhibit  remarkable  per-
formance  for  HER  and  OER.  The  combination  of  single  layer
graphene and FeCoNi  alloy directly  tune the electronic  struc-
ture  on  the  surface  resulting  in  the  lower  activation  barriers,
which lead to outstanding overall performance (1.7 V) compar-
able  to  that  of  the  commercial  Pt/RuO2 couple,  along  with
long  cycling  stability.  Another  study  discovered,  upon  alloy-
ing effect,  the crystal  structure evolution of  bimetallic  alloy is
also  responsible  for  superior  activity.  The  hcp  crystal  struc-
ture  of  NiFe  alloy  nanoparticles  stimulate  OER  activity  pro-
posed by Wang et al.[47]. The experiments indicated, with differ-
ent composition ratios and delicately tuning the thermal treat-
ment  process,  the  as-prepared  hcp-NiFe  possesses  favorable
electronic  property  to  expedite  reaction  on  surface,  resulting
in higher catalytic activity.

3.2.  Interface effect

If  the  development  of  nanostructured  bimetallic  alloys  is
recognized  as  a  promising  strategy,  the  formation  of  inter-
faces  between  two  distinct  components  would  bring  more
possibilities for the performance-enhancement of electrocata-
lysts. Typically, the categories of interfaces in the field of elec-
trocatalysts  for  water  splitting  include  metal/metal  inter-
faces[36],  metal/compound interfaces[48−50],  and metal  or  met-
al  compound/conducting  substrate  interfaces[51−53].  The  utili-
zation  of  which  type  of  interface  highly  depends  on  the  syn-
thesis  method,  materials  used,  and  operating  conditions  in
electrolyzer.  For  instance,  in  terms  of  many  active  transition-
metal  compound  electrocatalysts,  such  as  MoS2

[50],  CoSe2
[54],

NiFe layered double-hydroxide (LDH) and MnOx
[55],  the inher-

ently  low  electric  conductivity  suppresses  charge  transport
and hence efficiency of electrocatalysis.  To address this prob-
lem,  the  formation  of  interfaces  between  these  active  cata-
lysts  with  metal,  even  with  trace  metal  amounts,  facilitates
the charge transfer process and/or tuning local electronic struc-
ture  for  better  activity.  By  chemical  plating  a  thin  layer  of
amorphous MoS2 on the internal  surface of  nanoporous gold
(NPG)  to  form  a  core-shell  MoS2@NPG  (Fig.  2(a)),  the  elec-
trode  exhibited  a  6-folder  higher  catalytic  activity  relative  to
the conventional MoS2 in acidic media (Fig. 2(b)) and also ex-
cellent  performance in neutral  media due to the interplay in-
duced by  interface  of  gold  and MoS2 leading to  fast  electron
transfer  rate[50].  Moreover,  the  combination  of  gold  nano-

clusters  with  CoSe2 demonstrated  the  electronic  interactions
between these materials can tune the bonding energy of one
important  intermediate  (–OOH*)[54].  The  Au25/CoSe2 af-
forded a current density of  10 mA/cm2 at  small  overpotential
of  ~  0.43  V  compared  with  the  conventional  counterpart
(CoSe2:  ~0.52  V).  Besides  of  favorably  chemisorption  of
–OOH*, the tuned electronic structure of Au25/CoSe2 also facil-
itated  the  desorption  of  O2 molecules,  which,  as  another  ori-
gin, attributed to the enhancement of activity.

Apart  from  localized  interfaces  between  nanoparticles,
the  interface  formed  on  the  current  collector  surface  have
also  been  investigated  to  explore  the  possible  contribution
to  the  performance  of  electrocatalysts.  For  instance,  Des-
mond  Ng  and  co-workers  prepared  thin  film  of  NiCeOx–Au
onto  Au-coated  GC  disk  and  bare  GC  disk,  respectively  to
demonstrate  the  Au  support  effect[52].  The  comprehensive
comparison  of  activity  between  NiCeOx–Au  and  NiCeOx–GC
(Fig. 2(d)) demonstrated the Au substrate is capable of improv-
ing  the  thin  layer  NiCeOx electrocatalyst.  The  DFT-U  calcula-
tions  (Figs.  2(e) and 2(f))  further  confirmed  the  influence  of
Au  substrate  towards  tuning  chemisorption  of  intermediates
and  theoretical  overpotential.  Subsequently,  Chakthranont
and  co-workers  reported,  compared  to  electrocatalysts  load-
ing  on  glass  carbon  (GC),  the  geometric  current  densities
could  be  enhanced  by  loading  electrocatalysts  on  Au  sub-
strate,  e.g.  NiCeOOH/Au  (259  mV  @  10  mA/cm2),  and
NiFeOOH/Au (140 mV @ 10 mA/cm2) (Fig. 2(g))[53]. The experi-
mental  results  from  impedance  spectroscopy  and in  situ X-
ray  absorption  spectroscopy  (Figs.  2(h) and 2(i))  attributed
the  enhancement  of  activity  to  the  stronger  physical  adhe-
sion  of  catalysts  on  Au,  which  leads  to  lower  film  resistances
and  higher  number  of  electrochemically  active  metal  sites.
Lately,  the  substrate  effect  of  transition  metal  is  also  dis-
cussed  by  Xiang et  al.[49].  The  FeNi  LDH  nanosheet  arrays
were  directly  grown  on  FeNi  foil,  and  the  obtained  FeNi
LDH/FeNi  achieved  ultrasmall  overpotential  (130  mV  @
10  mA/cm2)  and  durable  stability  (over  10  h)  in  alkaline  me-
dia  (Figs.  2(k) and 2(l)).  The  DFT  calculation  revealed  the  hy-
droxide  interfacial  layer  between  LDH  and  FeNi  substrate
favored chemisorption of  –OH* intermediate during OER and
thereby reduced the overpotential required (Fig. 2(j)).

3.3.  Nanostructured effect

Although tuning the electronic structure and thereby en-
hancing  the  intrinsic  activity  is  a  promising  strategy  towards
improving the catalytic efficiency of electrocatalysts, the cata-
lytic  reaction only occurring on the electrocatalyst  surface in-
spires  the  development  of  an  electrode  with  nanostructured
modification.  To  date,  many  template-assisted[56−58],  electro-
chemical-deposited[59],  thermal-treated[60−63],  and  surfactant-
assisted syntheses[64−66] have been developed to fabricate elec-
trocatalysts  with  numerous  morphologies  including  nano-
particles with expected facet[67],  nanowires with different dia-
meters[43, 60],  arrays  structures[68−70],  porous  metal  foam[71, 72],
etc.  The  developed  nanostructured  electrocatalysts  mainly
aim to introduce more active sites per volume to supply high-
er  exchange  current  density  per  geometric  area  compared
with that of their bulk or film counterpart[73, 74] (Figs.  3(a) and
3(c)).  For  instance,  Zhang  and  co-workers  demonstrated  por-
ous  monolayer  nickel-iron  layered  double  hydroxide  nano-
sheets  that  could deliver  a  very low overpotential  (230 mV @
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10  mA/cm2)  and  Tafel  slope  (47  mV/dec)[72].  The  unique  por-
ous monolayer structures with rich oxygen and cation vacan-
cies was suggested as the main reason to enhance the adsorp-
tion  of  H2O  molecular  and  bond  strength  of  *OH,  and
thereby  significantly  improved  the  OER  performance.  Gao et
al. reported  the  highly  nanostructured -Ni(OH)2 could  at-
tain  a current  density  of  10  mA/cm2 at  a  small  overpotential
of 0.331 V with a small Tafel slope of ~42 mV/dec, which obvi-
ously  outperformed  the -Ni(OH)2 nano-plate  and  nano-
particle,  as  well  as  the  state-of-the-art  RuO2 electrocatalysts
(Fig.  3(b))[74].  Moreover,  the  nanostructured -Ni(OH)2 also
presented much better durability under cycling operating con-
ditions  compared  to  that  of  RuO2.  Indeed,  apart  from  offer-
ing  large  effective  surface  area,  another  pivotal  reason  for
designing  the  micro-/nano-structured  electrocatalyst  is  its
advantages  regarding  promoting  the  diffusions  of  ions  and
evolution of  bubbles  for  outstanding durability.  For  example,
Faber  and  co-workers  proposed  the  morphology-dependent
activity  of  cobalt  pyrite  (CoS2)  nanowire/microwire  arrays
(Fig.  3(d))[68].  In  this  work,  CoS2 nanowire/microwire  array
exhibited  better  HER  performance  (  =  145  mV  @  10  mA/
cm2)  compared  to  the  CoS2 film.  Meanwhile,  microwire  ar-
rays exhibited remarkable stability (>40 h) due to promoted re-

lease  of  evolved  H2 gas  bubbles  from  the  electrode  surface.
Subsequently, Kim and co-workers proposed 3D ordered nano-
porous  nickel  electrode  that  also  possessed  long-term  stabil-
ity,  reporting  a  durability  of  smoothly  working  over  300  h
(Fig. 3(e))[75]. The results demonstrated that the nanopores facil-
itate  the  release  of  tiny  bubbles  from  the  electrode  surface,
leading  to  fast  refreshing  of  the  electrolyte  as  well  as  superi-
or durability of the electrode.

η
η η

As an increasing number of  research works  have starting
to concentrate  on the role  of  nanostructuring on mass  trans-
port and electrode durability, recently, Song and coworkers re-
vealed  more  detailed  information  about  that  by  using  as-
sembled  striped-pattern  superlattices[37].  The  template-as-
sisted  printing-based  assembly  of  Pt  nanocrystal  nanoparti-
cles (Fig. 4(b)) into striped-pattern (SP) superlattices (Fig. 4(a))
was  fabricated  with  different  width  of  gap.  In  comparison  to
drop-casting  flat  Pt  nanoparticle  films  as  well  as  Pt  foil  and
Pt/C  films,  the  SP  superlattices  exhibited  improved  efficiency
(Fig.  4(c))  and  durability  (Figs.  4(d) and 4(e))  due  to  higher
mass  transference  and  smaller  bubble  stretch  force.  The  SP5

was  found  to  possess  the  highest  HER  activity  (14.3  mA/cm2

@  =  15  mV),  which  is  significantly  superior  to  the  Pt/C
(9.6  mA/cm2 @  =  15  mV),  Pt  films  (4.5  mA/cm2 @  =
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Fig.  2.  (Color  online)  (a)  Microstructure  and  interfaces  of  the  molybdenum  sulfide@NPG.  (b)  HER  polarization  curves  of  NPG,  MoS2@GCE,  and
MoS2@NPG[50]. Reprinted with permission, Copyright 2014, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Cross-sectional SEM image of the
NiCeOx–Au  film.  (d)  Activity  difference  between  NiCeO  x supported  on  either  Au-coated  or  bare  GC  disk,  as  well  as  OER  performance  of
NiCeOx–Au compared to those benchmarking catalysts reported. (e) Representation of the theoretical overpotential as a function of the differ-
ence in O* and HO* adsorption Gibbs energies. (f) DFT+U calculations illustrates the support effects on modifying performance of NiCeOx–Au[52].
Reprinted with permission, Copyright 2016, Springer Nature. (g) Comparison of activity and (h) impedance spectra for Ni-based electrodes with
various mass loading and composition. (i) In situ XAS of NiOOH and NiCeOOH on GC and Au substrates[53]. Reprinted with permission, Copyright
2017, American Chemical Society. (j) Adsorption sites and adsorption energies of OH on FeNi LDH and FeNi LDH with hydroxide interfacial layer,
respectively. (k) Mass activity and (l) stability test of the FeNi LDH on foils at 1.5 V vs RHE for 10 h[49]. Reprinted with permission, Copyright 2018,
American Chemical Society.
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15  mV),  and  Pt  foil  (9.6  mA/cm2 @  =  50  mV).  In  this  study,
the SP superlattices were demonstrated to be capable of over-
coming  the  two  main  issues  relating  the  reactions  involving
gas evolution on a solid surface. One is the limited mass trans-
fer  rate  due  to  adhered  gas  bubbles  blocking  the  catalyst
surface  and  resulting  in  a  large  number  of  inactive  sites
(Fig. 4(f)). Another one is the harmful stretch force ( ) from de-
tachment of bubbles, which concentrated the local strain and
destroyed  the  electrocatalysts,  resulting  in  poor  durability  of
electrode  (Fig.  4(g)).  The  gas  evolution  process  was  monitor-
ing  and  recorded  (Figs.  4(h)–4(j))  to  prove  the  advantages  of
nanostructuring  effect.  Apparently,  the  narrow  gap  width  of
SP5 (5 m) not only prevented the penetration of bubbles in-
to  spaces  between  the  gaps,  but  also  facilitated  the  small
bubbles releasing from the electrode surface. As the width of
gap increases to SP20 (20 m), and then Pt films (Figs. 4(i) and
4(j)),  more gas  stick  to  the electrode surface,  leading to a  lar-
ger adhesive force between the bubble and the solid surface.
Accordingly,  the  H2 bubbles  did  not  detach  immediately,  in-
stead,  the  bubble  adhered  to  the  surface  to  grow  large  until
the  buoyant  force  is  large  enough  to  balance  the  adhesion
force  for  bubbles  taking-off.  Furthermore,  the  gas  evolution
curves  at  10  mA/cm2 on  different  surface  morphology  could
also  explain  the  benefits  induced  by  superlattice nanostruc-

tures.  The  stepped  down  current  curve  means  the  initiation
of  gas  bubbles,  once  the  bubbles  detached,  the  current  sud-
denly  increased  to  the  initial  value.  Therefore,  the  stable  and
straight i–t curves  represented  the  fast  bubbles  releasing  on
the electrode surface.

4.  Fundamentals of CO2 reduction

Due  solely  to  the  final  product  (H2 or  O2)  resulting  from
water splitting, the reaction pathways and the number of inter-
mediates  are  not  that  elusive  and  relatively  easy  to  track
down  and  confirm.  Nevertheless,  in  electroreduction  of  CO2,
the reaction mechanism is far more intricate and are not fully
understood. In 2012, the very first observation of a total of 16
different products from CO2 reduction by Jaramillo’s group un-
veiled the complex and intertwining nature of the CO2 reduc-
tion pathways[76].  Normally,  the CO2 is  stable in most scenari-
os, yet, under certain circumstances (usually demanding large
energy  cost  and  high-performance  electrocatalysts),  it  could
be  reduced  to  a  set  of  chemicals.  Although  extensive  efforts
have been made to reveal  the possible intermediates,  we are
is still far from establishing a mature and comprehensive mod-
el  to  predict  and  tune  the  molecular  behavior  in  the  reduc-
tion  process  and  hence  improve  the  activity  and  selectivity
for CO2RR[77, 78]. Therefore, some well-accepted theoretical res-
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Fig. 3. (Color online) (a) SEM image of an α-Ni(OH)2 hollow sphere and a digital photo of the nanosheet-assembled α-Ni(OH)2 hollow spheres de-
posited on glassy carbon. (b) Comparison of CVs recorded at 100th cycle for bare GC electrode and modified GC electrodes comprising the α-
and β-Ni(OH)2 nanocrystals, RuO2, and 20 wt% Pt/C and the corresponding Tafel slope[74]. Reprinted with permission, Copyright 2014, American
Chemical Society. (c) SEM and TEM images for Cu@NiFe LDH for morphology characterization[60]. Reprinted with permission, Copyright 2017, Roy-
al Society of Chemistry. (d) Polarization curves of CoS2 film and CoS2 nanowire/microwire array towards the morphology-dependent enhance-
ment of both performance and stability. Bottom sketch describe the effect of morphology changing of CoS2 towards the bubble evolution[68]. Re-
printed with permission, Copyright 2014, American Chemical Society. (e) Illustration of 3D-nanomesh nickel electrode and the long-term stabil-
ity tests of Ni foam, the 3D-nanomesh Ni electrode and the 3D-nanomesh NiFe electrode[75]. Reprinted with permission, Copyright 2018, Elsevier.
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ults  regarding  the  key  intermediates  will  be  summarized
firstly  to  help  to  understand  the  possible  reaction  pathways
of nanostructured bimetallic electrocatalysts.

The  reduction  of  CO2 on  the  surface  of  heterogeneous
catalysts  involves  the  transformation  of  electrons  and  pro-
tons  from/to  the  adsorbed  CO2 molecule.  As  an  increasing
number  of  electrons  are  transferred  (from  2  electrons  to  12
electrons), numerous possible reaction pathways and increas-
ing intermediates are brought up. Yet, the initiating of CO2RR
always  accompany  the  activation  of  CO2 molecule  that  is
widely recognized as a difficult step requiring large energy in-
put due to the large kinetic barrier. Additionally, the equilibri-
um potentials of CO2RR are located around 0 V (mostly in the
range of –0.2 to 0.2 V vs. RHE), making the HER a competing re-
action  during  activation  of  CO2 to  impair  the  selectivity  of
CO2RR. The redox reactions related to the activation of CO2 is
considered as the following Eqs. (22)–(25)[5]: 

∗ + CO + H+ + e−→∗COOH, (22)
 

∗ + CO + H+ + e−→∗OCHO, (23)
 

∗ + CO + e−→∗CO−
 , (24)

 

∗ + H+ + e−→∗H, (25)

where  *  represents  the  active  sites  on  the  catalytic  surface,
while  Eq.  (25)  is  the  competing  hydrogen  evolution  reaction
process.  Eqs.  (22)  and  (23)  are  well-accepted  concerted  pro-

> e−

ton-electron  transfer  reactions  (CPET)  involving  a  proton  and
an  electron  during  the  capture  of  the  CO2 molecule.  As  the
2e– transferred reduced products, the formation of either car-
bon  monoxide  (*CO)  or  formate  (HCOO*)  is  dependent  on
the  form  of  adsorbed  active  CO2.  Specifically,  the  bonding
strength between the metal and the adsorbed species determ-
ines the selectivity in the first step. Metals, like Pb and In, that
do  not  offer  a  strong  M–C  bond  with  CO2 prefer  to  capture
CO2 via  O  atom  and  hence  favor  the  formation  of  formate;
while  metals  like  Au and Ag,  preferred to  bind CO2 via  C,  are
more  likely  to  generate  CO.  Consequently,  *COOH  and
*OCHO  are  recognized  as  the  key  intermediates  for  produ-
cing  CO  and  HCOOH,  respectively[79].  The  subsequent  results
have  also  demonstrated  that  formate/formic  acid,  normally,
does  not  undergo  further  reduction  under  reductive  condi-
tions,  serving  as  a  terminal  product  in  C1  group  products[80].
Nevertheless,  unlike  formate,  some  experimental  results  re-
lated the reduction of CO on Cu confirmed CO as a crucial reac-
tion intermediate for products with  transferred,  as well
as an important terminal product in C1 group. The related the-
oretical  studies help to explain the vital  role of CO for further
reduced  products,  such  as  methane,  methanol,  and  oxygen-
ates,  regarding  the  bonding  energy  of  adsorbed  CO
(*CO)[81−83].  Accordingly,  when  CO2 is  reduced  to  *CO  in  the
first  place,  the bonding strength between metal  and *CO de-
termines  the  selectivity  afterwards.  Metals,  such  as  Au  and
Ag,  weakly bind to CO,  leading to selective production of  CO
as  terminal  products.  However,  strongly  bonding  strength  of
*CO for  metal  results  in  inaccessible  sites  for  CO2RR and thus
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Fig.  4.  (Color  online)  (a)  SEM  image  of  the  large  area  SP  superlattices  and  inserted  photograph  of  the  SP  superlattices  with  dimensions  0.7  ×
0.7 cm2. (b) High-magnification SEM image of the long-rang-ordered Pt nanocrystals and TEM image of the nanocrystal superlattice. (c) Polariza-
tion curves of Pt SP5,  Pt SP10,  Pt SP20,  Pt SP50,  Pt NP film, Pt/C film and Pt foil electrocatalysts, the current density was normalized by geometry
area. (d) Stability testing on Pt SP5 for 11 h. (e) Stability testing on Pt NP films. (f) Schematic illustration of the growth of gas bubbles on a flat film
electrode. (g) Schematic illustration of the stability difference between flat film and SP electrode. (h–j) Snapshots of digital videos taken during
electrolysis at 10 mA/cm2, magnified observations and schematic illustration of single bubble behavior on (h) Pt SP5, (i) Pt SP20 and (j) Pt NP film.
(k) i–t curves with a stable and straight curve in the case of Pt SP5 and serrated curves on the Pt SP20 and Pt NP films[37]. Reprinted with permis-
sion, Copyright 2019, American Chemical Society.
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leads to sites poisoning for favoring competing hydrogen evol-
ution  reaction.  Given  that,  it  is  worthwhile  highlighting  the
unique  status  of  Cu  here  as  a  high-performance  electrocata-
lysts due to its suitable intermediate binding energy between
CO and Cu[83]. By far, most electrocatalysts that are capable of
generating  hydrocarbons  and  oxygenated  without  poison-
ing active sites still employed Cu-based materials for the elec-
trodes.  Furthermore,  some  Cu-based  bimetallic  electrocata-
lysts have also been indicated that are able to significantly sup-
press  the  competing  HER  due  to  site  blocking  effects  and/or
changes in *H binding energy[83−86].

Additionally,  other  form  of  intermediates,  like  formalde-
hyde  (CH2O),  have  been  reported  to  produce  methanol[87, 88]

as well as trace amounts of methane[87, 89]. Subsequent experi-
mental  results  reported  the  reduction  of  methanol  and/or
methane  producing  no  products, suggesting  methanol  and
methane  are  terminal  products  for  C1 group  products[87].
Apart  from  conventional  C1 group  products,  the  elaboration
of  reaction  pathways  from  CO2 or  CO  to  C2+ products,  typic-
ally  ethylene  and  ethanol,  have  also  been  crucial  subjects  of
experimental  and  theoretical  studies  for  many  years,  due  to
their  higher  energy  density  and  various  applications.  Besides
dominant  ethylene  and  ethanol,  multi-carbon  chemicals  also
include  a  wide  range  of  aldehydes,  ketones,  and  carboxylic
acids[76].  In  production  of  C2+ chemicals,  the  key  factor  is  the
C–C coupling process on catalytic surfaces. To date, two path-
ways  have  been  demonstrated  regarding  the  C–C  coupling
step:  1)  *CO  dimerizes  to  produce  *OCCO  species  under  low
energy input[90]; 2) *CO is hydrogenated to produce *CHO spe-
cies,  the  intermediate  before  formation  of  methane,  requir-
ing  relatively  large  extra  energy  beyond  equilibrium  poten-
tials[91].  As  mentioned  before,  the  copper-based  electrodes
are considered as traditional electrocatalysts capable of gener-
ating  hydrocarbons  and  oxygenates  in  large  amounts  due  to
the  suitable  binding  energy  of  *CO.  Meanwhile,  a  few  other
electrocatalysts, such as PdAu, NiP, N-dopes carbon-based ma-
terial,  and NiGa,  could also favors C–C coupling for  multi-car-
bon  compounds,  but  with  comparatively  low  selectivity  and
efficiency  with  respect  to  Cu-based  materials[92−95].  To  date,
the complete reaction pathway regarding C2+ products is  still
under  development.  Some  experimental  results  partially  re-
veal  a  possible  mechanism.  Ethylene has  been demonstrated
as  the  product  of  the  reduction  of  ethylene  oxide,  suggest-
ing the adsorbed epoxide as a possible intermediate for ethyl-
ene  formation,  whereas  the  ethylene  glycol  and  oxalic  acid
are  ruled out  from possible  reaction intermediates  due to  no
products after reduction[87]. Additionally, glyoxal and glycoalde-
hyde are  recognized as  possible intermediates  for  the forma-
tion  of  acetaldehyde  and  ethanol[96, 97].  Furthermore,  alde-
hydes were also reported by several experimental and theoret-
ical  results  as  a  possible  reaction  intermediate  in  the  forma-
tion of ethanol[98, 99].

Up to now, 5 possible terminal  products in the C1 group,
including formate, CO, methanol, and methane, and other typ-
ical  C2+ group  products,  such  as  acetaldehyde,  acetic  acid,
ethylene, ethanol, and glycol, have been proven, and the com-
prehensive reaction pathways are also elaborated in Fig. 5[12].
Due to the complexity  of  the mechanism, we will  not  elabor-
ate  on  it  here  exhaustively;  more  comprehensive  discussions
on  the  mechanism  taking  various  tunable  factors  into  ac-
count have been reported elsewhere[5, 11, 12].

5.  Recent progress for nanostructured bimetallic
electrocatalysts towards high-performance
electrocatalysts for CO2RR

As we discussed in a previous section, the reaction select-
ively  produces  formate  or  CO  in  the  first  step  depending  on
how  the  electrocatalysts  combine  with  CO2 molecules.  Only
the  formation  of  *COOH  intermediate  can  be  further  re-
duced via combining with another proton and electron, yield-
ing CO and H2O. The generated CO paves the way for the form-
ation  of  hydrocarbons  and  oxygenates  from  C1 group
products.  According  to  the  Gibbs  free  energy  of  adsorption
towards  various  intermediates  species  obtained  by  DFT,  a
long-time  thought classified  the  current  active  metal  elec-
trocatalysts  for  CO2RR  into  3  groups  based  on  their  selectiv-
ity[100−102].  However,  even  many  types  of  pure  metal  elec-
trocatalysts  have been discovered and studied,  most of  them
are  still  suffering  from  poor  selectivity  and  large  amount  of
by-products  to  produce  high  energy  density  multi-carbon
products.  In  these cases,  extensive  studies  have  still  concen-
trated  on  factors  that  affected  the  performance  and  selectiv-
ity,  including  the  composition/component  mixing  for  ideal
electronic  structure and/or  suitable chemisorption energy to-
ward  specific  species,  catalyst  surface  structure/morphology
modification.  To  this  end,  strategies  including  alloying  with
second  metal,  as  well  as  bi-component  electrocatalysts,  have
emerged  and  been proposed,  suggesting  the  superior  ability
of  altering  the  local  electronic  or  combining  the  advantages
of  different  materials  for  enhanced  performance.  Apart  from
that,  it  has  been  found  that  nanostructured  catalysts  with
well-controlled structure,  fine-tuning phase composition,  and
oxide-derived  surfaces  exhibited  superiority  for  the  selectiv-
ity  and  activity  of  CO2 reduction.  In  this  section,  we  will  cov-
er  recent  progress  towards  the  development  of  nanostruc-
tured  bimetallic  electrocatalysts  for  the  efficient  conversion
of CO2. The electrocatalysts are mainly catalogized into bi-ele-
mental  alloy-based  catalysts,  bi-components  based  catalysts,
and nanostructuring catalysts.

5.1.  Bimetallic alloy effect

Early theoretical and experimental studies have widely em-
ployed  pure  metal[103−105] as  the  initial  electrode  for  CO2RR,
however,  the  poor  performance  and  stability  of  these  cur-
tailed their widespread applications[106−108]. Accordingly, alloy-
ing materials with the ability of mediation of various intermedi-
ates  species  via  tuning  electronic  and/or  geometric  effects
have attractive much interest.  By far,  the current common bi-
metallic electrocatalysts used for producing formic acid is pre-
dominantly  a  Pb-based[109, 110],  Sn-based[111−113],  and  Pd-
based[114−117] alloy. Extensive composition survey of various al-
loying determines the key factors that enhanced the perform-
ance.  Kortlever et  al.  reported  the  PdxPt100–x/C  nanoparticles
with very low onset potential  for conversion of CO2 to formic
acid.  Particularly,  the  Pd70Pt30/C  exhibited  a  surprisingly  high
Faradaic efficiency of 88% toward formic acid after 1 h of elec-
trolysis at – 0.4 V vs. RHE[114]. Subsequently, Jaramillo et al. syn-
thesized  thin  films  of  AuPd  via  electron-beam  co-deposition,
suggesting  Au  and  Pd  can  catalyzing  synergistically  to  more
active  and  selectively  produce  formate  compare  to  the  pure
metals  counterpart[115].  Later,  the  tin-lead  alloys  demon-
strated  its  superb  selectivity  of  79.8%  Faradaic  efficiency  on
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the  Sn56.3Pb43.7 electrode[109].  The  results  of  XPS  confirmed
the excellent  selectivity  to  the inhibition of  forming low-con-
ductive  PbO  film.  By  incorporating  Sn  in  Pb,  the  Sn  facilit-
ated  the  formation  of  SnOx as  well  as  metallic  lead  (Pb0),
which  significantly  tuned  the  electrochemical  behavior  and
hence  the  performance.  Furthermore,  PdSn  alloy  (Fig.  6(a))
was  reported  by  Bai  and  coworkers  for  exclusive  conversion
of  CO2 into  formic  acid  with  nearly  100%  Faradaic  efficiency
at –0.26 V overpotential[113].  In this study, systematically vary-
ing  the  PdSn  composition  was  found  to  be  able  to  produce
the  valley-shaped  curve  of  Pd(0)/Pd(Ⅱ),  which  was  recog-
nized  correlating  with  the  activity  and  selectivity  of  CO2RR.
The  DFT  results  further  suggested  that  the  optimal  surface
Pd–Sn–O configuration with highest oxygen occupancy facilit-
ated the formation of HCOO* and suppressed the generation
of CO and HER (Fig. 6(b)).

In  terms  of  producing  CO,  Cu  is  frequently  alloyed  with
other  transition  metalsin  order  to  achieve  high  performa-
nce[118−127].  Among  all  the  material  candidates,  CuAu  alloys,
as  a  promising  electrode,  have  been  widely  investigated  re-
garding  composition-dependent  activity[118],  electronic/geo-
metric  effect  toward  high  selectivity[120],  theoretical  predic-
tion  toward  performance[119].  Kim et  al.  assembled  uniform
AuCu bimetallic nanoparticles with different compositions in-
to  ordered  monolayers,  suggesting  the  important  synergistic
geometric  and  electronic  effect  on  enhanced  activity.  In  this
study,  as  the  content  of  Au  in  this  alloy  increasing,  the  d
band  and  the  center-of-gravity  position  were  gradually  re-
duced in energy, which was confirmed by the high-resolution
XPS (Fig.  6(c)).  As a result,  the degree of stabilization of inter-
mediates  can  be  varied  by  tuning  the  composition  of  Au–Cu
(Fig. 6(d)). Similar composition-dependent electronic/geomet-
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Fig. 5. (Color online) Possible mechanistic pathways of CO2 reduction to C1 and C2 products[12]. Reprinted with permission, Copyright 2019, Americ-
an Chemical Society.
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ric  effect  towards  selectively  producing  CO  are  also  demon-
strated by the subsequent research in other alloy materials in-
cluding PdCu[123, 124], CuCo[126], CuSn[122], and CuIn[121]. In addi-
tion  to  composition-dependent  performance,  Yang  and  co-
workers further suggested that precise tune of elemental con-
figurations  within  bimetallic  nanoparticles  could  access  the
functional nanomaterials with significant enhancement of per-
formance[125].  In  this  study,  the effect  of  order-disorder  trans-
formation in AuCu nanoparticles on electrochemical CO2 reduc-
tion  were  investigated  in  detail.  The  ordering  transformation
of  a  disordered  AuCu  (both  1  :  1  atomic  ratio)  under  post-
thermal  treatment  turned the inactive  electrocatalysts,  which
went  through  HER,  into  an  active  electrocatalysts  selectively
producing CO with 80% Faradaic efficiency in the overpoten-
tial  of  ~200  mV.  The  transmission  electron  microscopy  (TEM)
along  with  thermochemical  DFT  calculations  demonstrated
the  ordered  lattice  configurations  in  atomic  level  (Fig.  6(e))
and  attributed  this  enhancement  of  selectivity  and  activity
to  the  formation  of  compressively  strained  Au  overlayers
(Fig. 6(f)).

The direct conversion of CO2 to hydrocarbons or multi-car-
bon oxygenates presents  a  striking route for  the high energy
density  chemical  fuels.  Various  Cu-based  alloys,  such  as
CuAu[128, 129],  CuPt[130],  and  CuxZn[131],  have  been  demon-
strated  as  effective  catalysts,  which  are  capable  of  selectively
producing hydrocarbons  and multi-carbon oxygenate  produ-
cts such as methane, ethene, and ethanol. Nevertheless, the ef-
ficiency  or  selectivity  of  Cu-based  alloy  catalysts  towards
these products is largely limited by the competing HER and a
wide  range  of  byproducts  due  to  large  overpotential  (typic-
ally > 0.7 V). Accordingly, Clark and co-workers reported com-
pressively  strained  CuAg  surface  alloys  with  enhanced  multi-
carbon  selectivity[132].  In  this  paper,  the  appearance  of  small

amount  of  Ag  into  Cu  surface  induced  compressive  strain  in
the  neighboring  Cu  atoms  and,  consequently,  resulted  in  a
shift  in  the  valence  band  density  of  states  of  Cu.  As  a  result,
the  Cu(100)-Ag  surface  alloy  enabled  the  suppression  of  HER
as  well  as  selective  generation  of  multi-carbon  oxygenates
like  ethane  with  35%  Faradaic  efficiency,  which  is  more  than
double  the  total  oxygenate  Faradaic  efficiency  observed  for
pure  metal.  Subsequently,  the  influence  of  ordered,  dis-
ordered, and phase-separated CuPd alloy on product selectiv-
ity  was  proposed  by  Kenis  and  co-workers[133].  A  wide  range
of bimetallic CuPd with ordered, disordered, and phase-separ-
ated  atomic  arrangements  were  studied  to  unveil  the  key
factors  toward  high  selectivity  for  C1 or  C2+ (Fig.  6(g)).  The
ordered  CuPd  nanoparticles  showed  highly  selectivity  (FE  >
80%)  toward  the  formation  of  C1 group  products,  while  the
phase-separated  CuPd  selectively  produced  C2+ group
products (FE > 60%). The authors indicated that the Cu atoms
in  phase-separated  one  favored  the  *CO  to  be  dimerized  to
OC-COH  that,  subsequently,  was  mainly  converted  into  C2+

group  products  with  a  small  amount  of  conversion  to  CH4.
Meanwhile,  in  the  ordered  CuPd  nanoparticles,  the  *CO  pre-
ferred to form CHO intermediate adsorbed on Pd atom via oxy-
gen atoms, which stabilized the CHO strongly for further pro-
duction of CH4.  Accordingly, the dimerization of adsorbed CO
displayed  a  vital  role  upon  the  following  reaction  pathways.
Apart  from  Cu-based  alloying  elements,  Torelli  and  co-work-
ers  proposed  conversion  of  CO2 to  highly  reduced  C2+

products, ethylene and ethane, as well as the fully reduced C1

products,  methane,  on  three  different  phases  of  non-pre-
cious  transitional  metal-based  NiGa  films  (Fig.  6(h))[95].  In  this
paper,  the  onset  potential  for  producing  CH4,  ethylene,  and
ethane was proved to be –0.48 V vs. RHE, which was the low-
est  overpotential  reported  to  date  for  the  production  of
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Fig. 6. (Color online) (a) Microstructural analysis and bulk compositions of the catalysts. (b) Calculated reaction energy profiles for CO2 electrore-
duction to form CO (top) and HCOOH (bottom) on the PdSnO2 surface[113]. Reprinted with permission, Copyright 2019, WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim. (c) Surface valence band photoemission spectra of Au–Cu bimetallic nanoparticles. (d) Schematic showing the proposed
mechanism for CO2 reduction on the catalyst surface of Au–Cu bimetallic nanoparticles[120]. Reprinted with permission, Copyright 2014, Spring-
er Nature. (e) The sketch of atomic ordering transformation of AuCu nanoparticles and the corresponding structural investigation. (f) Computa-
tional results of CO2 reduction on AuCu surfaces. (g) The illustration of CuPd nanoalloys with different structures and the corresponding comparis-
on  of  FE[125].  Reprinted  with  permission,  Copyright  2017,  American  Chemical  Society.  (h)  The  SEM  image  of  NixGay alloying  and  the  terminal
products[95]. Reprinted with permission, Copyright 2016, American Chemical Society.
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multi-carbon oxygenates and CH4.

5.2.  Bi-component effect

In addition to utilizing alloying electrocatalysts with vary-
ing  composition  and  mixing  patterns  to  directly  adjust  sur-
face  electronic/structure  environments,  bi-component  cata-
lysts, that are able to combine distinct catalytic/electronic prop-
erties  of  each  single-component  counterpart,  have  emerged
as  another  pronounced  electrocatalyst.  Some  experiments
demonstrated that the enhanced performance towards differ-
ent  hydrocarbons  and  oxygenates  was  due  to  the  generated
various interfaces. Luc and co-workers reported Ag–Sn bimetal-
lic core-shell structure for selective conversion of CO2 to form-
ic acid (Fig. 7(a))[112]. In this work, the optimal SnOx shell thick-
ness  of  ~1.7  nm  exhibited  a  high  formate  Faradaic  efficiency
of  ~80%  (Fig.  7(b))  and  a  formate  partial  current  density  of
~16  mA/cm2 at  –0.8  V  vs.  RHE,  suggesting  a  remarkable  per-
formance  compared  to  the  state-of-the-art  electrocatalysts.
The DFT calculations suggested that the oxygen vacancies on
the SnO(101)  surface were responsible  for  the enhanced per-
formance  by  tuning  the  adsorption  towards  OCHO*  and
COOH*  (Fig.  7(c)).  Subsequent  research  related  to  the  bime-
tallic  interfaces,  such  as  Au-island  on  Cu[112],  Au–CeOx inter-
face[134],  Au  embedded  in  graphene  nanoribbons[135],  Ag–Cu
biphasic  boundaries[136],  and  Ag–Cu  nanodimers[137],  were
also  investigated  toward  selectively  formation  of  CO,  meth-
ane, and multi-carbon oxygenates. For instance, the Au–CeOx

exhibited  much  higher  activity  and  Faradaic  efficiency  than
single  CeOx or  Au  that  was  recognized  as  the  most  active
pure  metal  electrocatalyst  for  CO  formation.  The  enhanced
activity was attributed to the promoting adsorption and activa-
tion  of  CO2 on  Au–CeOx interface  observed  by  in  situ  scan-
ning tunneling microscopy and synchrotron-radiation photoe-
mission  spectroscopy  (Fig.  7(f)).  The  DFT  calculation  indic-
ated the synergy between Au and CeOx enabled the stabiliza-
tion  of  carboxyl  intermediate  and  thus  facilitated  the  select-

ive  formation  of  CO  (Fig.  7(g)).  Furthermore,  Huang  and  co-
workers synthesized the Ag–Cu nanodimers with tunable inter-
face  to  investigate  the  benefit  of  multicomponent  catalysts
toward CO2RR (Fig.  7(d))[137].  The Ag–Cu nanodimers with dif-
ferent  Cu  domain  sizes  (Ag1–Cu0.4,  Ag1–Cu1.1 and  Ag1–Cu3.2)
were  carefully  synthesized  by  different  precursor  and  redu-
cing  agents.  The  resulting  Ag–Cu  nanodimers  exhibited  dif-
ferent  selectivity,  among  which,  Ag1–Cu1.1 nanodimer
showed  a  3.4-fold  Faradaic  efficiency  improvement  toward
C2H4, as well as 2-fold enhancement in the overall activity com-
pared  to  the  Cu  nanoparticles  with  similar  size  and  morpho-
logy (Fig. 7e).

Besides  bi-component  electrocatalysts  consisting of  met-
al/metal interfaces, other form of combination are also prom-
ising  for  CO2RR.  For  instance,  Guntern  and  co-workers  repor-
ted  novel  nanocrystal/metal-organic  framework  hybrids,
Ag@Al-PMOF,  as  the  electrocatalysts  (Fig.  7(h))  to  realize  the
CO2 conversion  with  relatively  high  Faradaic  efficiency[138].
The  experimental  results  demonstrated  that,  over  the  entire
potential range (–0.9 to –1.4 V vs.  RHE),  the Ag@Al-PMOF dis-
played a decreased FE for H2 and increased FE for CO and form-
ate  compared  to  the  bare  Ag  nanocrystals  (Fig.  7(i)).  The
highest  FE  of  CO  was  55.8%  at  –1.1  V  vs.  RHE,  which  is  al-
most  2.2  times  higher  than  the  Ag  nanocrystals.  Meanwhile,
the combination of Cu nanoparticles with N-doped graphene
oxide  was  also  demonstrated  as  a  high-performance  elec-
trocatalyst  for  CO2 conversion  by  Yuan  and  co-workers.  In
this  work,  CO2 could  be  efficiently  converted  into  ethanol  at
an  overpotential  as  low  as  0.14  V  while  achieving  maximum
FE  for  ethanol  of  56.3%  at  –0.25  V  vs.  RHE[139].  Meanwhile,
these  Cu  decorated  graphene  oxide  sheets  could  retain
stable  activity  after  24  h  of  continuous  working,  suggesting
the  pronounced  durability  of  this  electrode.  These  exciting
activity,  selectivity  and  durability  could  be  attributed  to  the
large  surface  area  provided  by  graphene  oxide,  enhanced
CO2 adsorption  as  well  as  very  low  electron  transfer  resist-
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Fig. 7. (Color online) (a) A schematic illustration of the Ag3Sn core-shell structure. (b) CO2 reduction Faradaic efficiencies of AgSn/SnOx.  (c) The
most favorable free energy pathways of CO and HCOOH formation on SnO with Ov and –(O)H*, respectively[112]. Reprinted with permission, Copy-
right 2017, American Chemical Society. (d) Schematic and TEM characterization of the three types of Ag/Cu nanocrystals. (e) The schematic illustra-
tion and activity comparison of Ag NPs, Cu NPs, and AgCu alloy with various composition ratio[137]. Reprinted with permission, Copyright 2019,
American  Chemical  Society.  (f)  Interaction  between  CeOx/Au(111)  and  CO2 (g)  DFT  calculations  of  CO2RR  at  0  V  vs  RHE  on  Au(111)  and
Ce3O7H7/Au(111) surfaces[134]. Reprinted with permission, Copyright 2017, American Chemical Society. (h) Schematic illustration of the synthesis
process and the corresponding morphology and composition characterization of the Ag@Al-PMOF. (i) FEs and total current densities for Ag NCs
and Ag@Al-PMOF hybrids with different MOF thicknesses[138]. Reprinted with permission, Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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ance in this system.
Copper  involved  bi-component  tandem  electrocatalysts

that  could  conduct  two  and/or  more  sequential  steps  of
CO2RR  is  also  a  promising  strategy  to  realize  targeted  C2+

products. For instance, Carlos and co-workers reported the dis-
covery  of  gold  nanoparticles  deposited  on  a  polycrystalline
copper foil (Au/Cu) as a novel electrocatalyst that is highly act-
ive  towards  formation  of  alcohols[140].  In  this  work,  the  gold
nanoparticles  were  demonstrated  to  accumulate  the  gener-
ated  CO  on  the  nearby  copper  to  facilitate  the  C–C  coupling
and  thereby  improve  the  activity  for  further  reduced  alco-
hols  like  ethanol  and  n-propanol.  As  a  consequence,  the
Au/Cu  electrocatalysts  are over  100  times  more  selective  for
the  C2+ group  products  containing  the  C–C  bonds  over  the
C1 products  like  methane  or  methanol,  which  is  significantly
superior to pure gold, copper or AuCu alloys. The similar faci-
litation  of  C–C  bond  formation  for  producing  C2+ group
products  with  high  selectivity  was  also  demonstrated  on  the
Ag-core-porous-Cu-shell  nanoparticles  by  Peter  and  co-work-
ers[141].  By  mimicking  the  multistep  cascade  reactions  in  en-
zymes,  the  as-prepared  Ag  core  surrounded  by  a  porous  Cu
shell  could  not  only  confine  CO2 and  the  generated  CO  in-
side  this  architecture,  but  also  separate  active  sites  spatially
to facilitate the C–C coupling process. Specifically, Ag core re-
duced  CO2 to  CO  firstly  which  would  migrate  and  gather  in-
to  the  porous  shell  due  to  the  nanoconfinement  effect.  The
high-concentration  CO2 and  CO  adsorbed  on  the  porous  Cu
was  suggested  to  highly  favor  the  C–C  coupling  process  in
CO2RR. As a result, this unique architecture of Ag core and por-
ous  Cu  shell  was  able  to  yield  n-propanol  and  propionalde-
hyde at –0.6V vs. RHE potentials. Later, some mechanistic and
theoretical  results  stated  the  reaction  pathways  of  enhanced
hydrocarbons for Cu involved tandem electrocatalysts[142, 143].
By  using  operando  DEMS  and  time-resolved  isotope-la-

belling experiments, Wang and co-workers reported the benefi-
cial  effect  of  using  mixed  CO/CO2 gas-fed  on  CuOx nano-
particles towards the C2H4 yields, which indicated that the en-
hanced  generation  of  C2H4 was  mainly  attributed  to  the  *CO
(from  CO)-*CO  (from  CO2)  cross-coupling  pathway[142].  Mean-
while, they also demonstrated that the co-fed CO didn’t com-
pete  with  CO2 for  adsorption  sites,  suggesting  separate  and
non-scrambling  reactant  adsorption  sites  for  CO2 and  CO  re-
spectively  during  CO2RR.  Given  that,  they  proposed  the
concept of internal co-feeds on tandem electrocatalysts to ex-
plain  the  enhancement  of  ethylene  on  bimetallic  CuOx–NiNC
tandem  catalysts.  To  be  specific,  the  high-surface-area  Ni-N-
functionalized  carbon  served  as  the  CO  producer  to  reduce
and  accumulate  extra  *CO  during  CO2RR  which  was  sub-
sequentially consumed and reduced to ethylene on the CuOx

particles via cross-coupling process.

5.3.  Nanostructured effect

Under  certain  conditions,  the  distinct  activity  and  im-
proved  selectivity  regarding  bimetallic  electrocatalysts  might
be attributed to the nanostructuring effect[144−149] via fine regu-
lation  of  morphology  and  electronic  structure.  Typically,  by
forming defects on the surface, controlling particle size and in-
terparticle  distance,  as  well  as  tuning  the  exposed  crystal
faces  and  coordination  number  of  the  active  sites,  the  local
electronic structure of electrocatalysts can be changed accord-
ingly,  and thus tuning binding energy of  intermediates  of  in-
terest  for  improved  activity  and  selectivity.  Given  that,  Sen
and co-workers reported that, with respect to the smooth cop-
per  surface,  the pure copper  foams with hierarchical  porosity
directly affected the distribution of terminal products and the
corresponding  Faradaic  efficiency  (Fig.  8(a))[145].  In  this  work,
experimental  evidence  suggested  the  reaction  pathways  of
CO2RR  was  altered  by  the  nanofoam  morphology,  leading  to
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Fig. 8. (Color online) (a) Schematic illustration of the structure of Cu nanofoams and the terminal products. (b) Product distribution as a function
of applied potential during the electrochemical reduction of CO2

[145]. Reprinted with permission, Copyright 2014, American Chemical Society. (c)
SEM images of the Cu cube surface and cyclic voltammograms of Cu cube and polycrystalline cupper surface towards formation of H2, methane
and ethylene[146]. Reprinted with permission, Copyright 2015, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Schematic showing the Cu over-
layer structure-dependency over the formation of hydrocarbons. (e) Ratios of RFSs for CH4/C2H4 on different thicknesses of the Cu layer depos-
ited on a pure Pt substrate obtained from the CO2 reduction experiments[147]. Reprinted with permission, Copyright 2013, American Chemical Soci-
ety.

Journal of Semiconductors      doi: 10.1088/1674-4926/41/9/091705 13

 

 
C Cui et al.: Recent progress on nanostructured bimetallic electrocatalysts for water splitting ......

 



the  boosting  FE  of  formate  at  all  potentials  and,  particularly,
26%  top  at  –1.1  V  vs.  RHE  with  respect  to  3%  at  smooth  sur-
face.  Meanwhile,  the  FE  of  CO,  methane,  and  ethylene  not-
ably  decreased;  whereas  the  ethane  and  propylene  ap-
peared  to  be  detectable  (Fig.  8(b)).  Subsequently,  the  results
about  copper  nanocube  with  high  selectivity  towards  ethyl-
ene was reported, suggesting the significant influence of nano-
structured  surface  upon  the  activity  and  selectivity  of
CO2RR[146].  In  this  work,  the  experimental  evidence  from  on-
line  electrochemical  mass  spectrometry  (OLEMS)  demon-
strated the ethylene selectivity of Cu nanocubes (Fig. 8(c)), sug-
gesting  this  cubic  nanostructure  strongly  favored  the  forma-
tion  of  multi-carbon  products  after  comparison  with  the
products  of  various  different  copper  surface.  Besides,  extens-
ive  studies  on  the  Cu  overlayer  films  were  also  reported.
Reske et  al.  reported  the  influence  of  combining  the  Pt  sub-
strate  with  Cu  overlayer  films  toward  the  performance  of
CO2RR[147].  With  decreasing  thickness  of  Cu  layer,  larger  drop
of  amount  for  methane  with  respect  to  ethylene  indicated
that the selectivity for methane or ethylene significantly exhib-
ited  high  thickness-dependence  (Fig.  8(d)).  With  thicker  layer
(15 nm), the Cu overlayer film behaved more like bulk Cu, res-
ulting  in  methane  products  6  times  higher  than  ethylene  at
–1.1 V vs. RHE; whereas the production ratio of methane over
ethylene  dropped  to  2  :  1  at  –1.1  V  vs.  RHE  with  thinner  Cu
overlayer.

Apart  from  directly  mediating  the  morphology  of  cata-
lysts for higher activity and selectivity, another merit of nano-
structured  electrocatalysts  is  its  ability  to  affect  the  hydro-
phobicity  of  the electrode as  well  as  the local  pH around the
catalyst  surface,  which  results  in  the  inhibition  of  competit-
ive reaction (HER) and the promotion of CO2RR. For instances,
Nam and co-workers reported a superhydrophobic surface of
hierarchically  structured  Cu  dendrites  that  could  surprisingly
achieve 56% FE for ethylene and 17% for ethanol production,

comparing to poor FE of 9% and 4% on a hydrophilic and wet-
table  equivalent[148].  Accordingly,  this  idea  was  inspired  by
the  diving  bell  spider  (Fig.  9(a))  of  which  the  hydrophobic
hairs  on  their  plastrons  could  trap  air  and  allow  them  to
breath  underwater.  The  similar  multiscale  hydrophobic  sur-
face could be also achieved by hierarchically structured dend-
ritic  Cu  treated  with  1-octadecanethiol  to  form  a  monolayer
of  alkanethiol  (Fig.  9(d)),  and  the  visibly  trapped  bubbles
(Fig.  9(b))  along  with  the  difference  of  contact  angle  before
and  after  1-octadecanethiol  treatment  (Fig.  9(c))  demon-
strated its superior hydrophobicity. After initially applying po-
tential  on  this  electrode,  a  stable  liquid-electrode-gas  triple-
phase  boundary  was  formed  (Fig.  9(e))  for  the  proceeding
CO2RR.  Comparing  with  the  wettable  electrode,  the  hydro-
phobic  dendrite  Cu  significantly  decreased  the  evolution  of
H2 and increased the FE of  C1 and C2 products  in  wide range
of  potential,  and  especially  at  –1.6  V  vs.  RHE,  the  hydro-
phobic  dendrite  impaired  the  FE  of  H2 production  below
10%,  whereas  the  efficiency  for  both  C1 and  C2 products  ex-
ceeded 30% and ~35%, respectively (Fig.  9(f)).  The author ex-
plained this  trend by indicating that,  compared to hydrophil-
ic electrode surface, the CO2 could accumulate in the electro-
lyte-solid-gas  triple-phase  boundary  at  the  electrode  surface
while  pushing  the  electrolyte  and  thereby  the  H+ away  from
the  surface.  In  that  case,  the  surface  concentration  of  Cu-
COOH*  and  the  subsequently  formed  Cu–CO*  is  dramatically
increased  over  that  of  Cu–H*.  Consequently,  the  C–C  coup-
ling process was promoted, while the H2 evolution was signific-
antly  suppressed  (Fig.  9(g)).  Later,  Liu  and  coworkers  repor-
ted  the  EDTA  anions-modified  porous  hollow  copper  micro-
spheres  (Fig.  9(h))  could  double  the  FE  of  ethylene  from
23.3% to 50.1%, which is the highest efficiency towards ethyl-
ene  among  all  kinds  of  Cu-based  electrodeposited  cataly-
sts[149].  In  this  work,  the  products  of  this  EDTA  modified  por-
ous hollow copper  included ethylene,  ethanol,  n-propyl  alco-
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Fig. 9. (Color online) (a) This is illustrated on a diving bell spider for subaquatic breathing. (b) A hydrophobic dendritic Cu surface for aqueous
CO2 reduction. (c) The contact angle measurements of the wettable and hydrophobic dendrite. (d) SEM image of the hydrophobic dendrite. (e) Il-
lustration of the hydrophobic dendrite gaining a solid–liquid interface on the application of a negative potential. (f) CPE product FEs from the wet-
table and hydrophobic dendrite at various potentials. (g) The proposed role of hydrophobicity in promoting CO2 reduction over proton reduc-
tion[140]. Reprinted with permission, Copyright 2019, Springer Nature. (h) SEM images of EDTA modified porous hollow cupper sphere. (i) FE of all
the reduction products for H-Cu MPs at various potentials. (j) Free energy profiles for the CO dimerization reaction on surfaces with or without
EDTA modification[149]. Reprinted with permission, Copyright 2020, American Chemical Society.
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hol,  formic  acid,  methane,  and  carbon  monoxide,  exhibiting
67.3%  FE  of  multi-carbon  products  and  86%  FE  of  overall
CO2RR  (Fig.  9(i)).  The  DFT  calculations  indicated  that  this  sur-
prising  enhancement  of  FE  could  be  attributed  to  the  EDTA-
modified local-charged copper surface, which could synergistic-
ally stabilize transition state and dimer (Fig. 9(j)).

6.  Summary and perspectives

The  development  of  highly  efficient  and  durable  elec-
trocatalysts is essential for the wide-spread application of vari-
ous energy conversion systems. To date, bimetallic electrocata-
lysts  with  morphology  modification  in  the  nano  scale  have
been recognized as a promising options. In this review, funda-
mental knowledge background and vital concepts in theoretic-
al  studies  for  water  splitting  and  CO2RR  are  covered  firstly  to
understand  the  exact  process  happening  on  the  surface  of
nanostructured bimetallic electrocatalysts. After that, the dom-
inant  advantages  of  these  electrocatalysts  was  summarized
to  bimetallic  alloying,  bi-component  interfacing,  and  nano-
structuring, which could result in electronic environment alter-
ations of surface atoms, coupled benefits of two distinct mater-
ials  regarding  different  electronic  properties,  and  fine-design
structure  modifications  in  the  nano  scale  for  fast  mass/pro-
ton/electron  transformation.  Despite  these  significant  pro-
gresses,  there  are  still  many  challenges  and  questions,  which
must be addressed before the nanostructured bimetallic cata-
lysts can find a wide range of practical uses.

(1) In the current stage of nanostructured bimetallic elec-
trocatalysts  developed for  water  splitting,  the in-situ spectro-
scopic study is  extremely lacking.  Although the development
of  DFT  calculation  already  provides  a  useful  theoretical  tool
to  identify  and  predict  the  active  sites  and  electronic  struc-
ture change,  the further  design and optimization of  perform-
ance of electrocatalysts is  highly reliant on the exact catalytic
mechanism  on  these  structure/electronic  tuned  catalysts
where a straightforward observation of catalytic reaction pro-
cess  under  various  in-situ  spectroscopic  techniques  could  be
very  promising  for  that  goals.  Especially  for  these  nanostruc-
tured  bimetallic  electrocatalysts,  the  fine-tuning  structure  in
nano  scale  significantly  alter  the  bubbles  evolution  process
for  fast  kinetics  and  mass  transferring,  but,  lots  of  unknown
questions,  like  have  these  structure  modification  affected
strain or resistance in bulk, is left behind, which need to be un-
raveled by directly investigation of the structure/bubbles evol-
ution  behavior.  On  the  other  hand,  the  precise  identification
of  catalytic  sites  is  essential  for  unveiling how the interaction
between  two  metals  or  interfaces  between  two  components
boosts  the  activity  of  reactions,  which  can  be  experimentally
verified through in-situ observation in atomic-level.

(2)  As  for  CO2RR,  advanced  in  situ  characterization  tech-
niques  are  also  necessary  for  an  in-depth  understanding  of
the reaction pathways and to improve the activity  and/or  se-
lectivity for further rational design of nanostructured bimetal-
lic electrocatalysts.  In fact,  the in situ FT-IR is  already used for
unravelling the reaction pathways and intermediates by provid-
ing the information about adsorbed carbon species on cataly-
sts[150−152]. However, there is the same dilemma as water split-
ting; experimental  results  barely  provide directly  observation
using in situ spectroscopic techniques in a proceeding CO2RR
to identify the real active sites or explain the enhancement of
performance,  not  to  mention  the  observation  of  relationship

between  the  performance  enhancement  and  the  rational-
design  sophisticated  nanostructure.  In  addition,  considering
the complexity  of  the local  chemical  environment  near  or  on
the  catalyst  surface,  such  as  surface  intermediate  coverage,
local pH, regulation of reactant and product diffusion at inter-
faces,  and local  electric  field,  a  quantitative  understanding of
the  correlation  between  the  local  reaction  conditions  and
the  CO2RR  product  selectivity  is  important  but  fundament-
ally  challenging.  This  is  largely  due to  the  intertwined nature
of  numerous  parameters  and  the  ill-defined  structure  of  the
most investigated electrodes. Therefore, a simple tandem elec-
trocatalyst model with well-defined and programmable archi-
tecture,  composition,  and  the  interface  will  be  highly  desir-
able  to  give  a  quantitative  prediction  of  the  relationship
between the structure/materials and the selectivity of the elec-
trode,  as  well  as  to  guide  the  fabrication  of  practical  CO2RR
electrodes in the future.
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