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Abstract
Rechargeable Li-CO2 batteries are regarded as the ideal application for the superior energy storage technology. However, they still limited by the

lack of high efficiency electrocatalyst and limited understanding for the electrochemical reaction mechanism. In this work, we prepared the Ir-

CNT composite by a rotation hydrothermal method, which remarkably promoted the reaction kinetics and enhanced the electrocatalytic per-

formance of Li-CO2 batteries. The incorporation of Ir nanoparticles shows high activity enhancement for the adsorption of Li2CO3 species, which

was confirmed by density functional theory (DFT) calculations. The Ir-CNT cathode exhibited an excellent ability to catalyze the formation and de-

composition of Li2CO3 during cycling. Therefore, a large specific capacity of 10325.9 mAh g−1 and an excellent high rate cyclability with stably

over 100 cycles were achieved. The three-dimensional Ir-CNT cathode could spontaneously advance the electrocatalytic activity of CO2 oxidation

and precipitation to increase specific capacities and cycle life, significantly boosting the practical application of Li-CO2 batteries.
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1    Introduction

In  response to traditional  fossil  fuel  shortage and environ-
mental  pollution  problem,  the  substitution  of  traditional  en-
ergy  consumption  and  carbon  neutrality  has  become  an  in-
ternational consensus. The development of new green power
systems,  such  as  supercapacitors  and  batteries,  to  satisfy  in-
creasing  energy  storage  requirements  is  urgently  needed.
Among those, rechargeable Li-O2 batteries (LOBs) have attrac-
ted more and more research attention because of  their  high
theoretical  energy density  of 3500 Wh kg−1[1–3],  and they are
thus considered as  a  promising system to power the electric
vehicles[4].  Generally,  LOBs  operate  in  the  high-purity  O2 at-
mosphere,  and  previously  reported  results  pointed  out  that
they  were  extremely  hard  to  work  in  an  ambient  air  atmo-
sphere  with  the  influence  of  moisture  and  CO2

[5,6].  It  is
demonstrated  that  CO2 could  react  with  discharge  product
Li2O2 in the cathode, which eventually leads to the formation
of  by-product  Li2CO3 and  worsens  the  electrochemistry  per-
formance of LOBs[7–9].

As  early  research  conducted  in  2011,  Takechi et  al. repor-

3CO2+ 4Li++ 4e−⇌ 2Li2CO3+ C

ted  a  Li/CO2-O2 (from  0  to  100%  volume  CO2)  battery[10].  In-
spired by these results, Li-CO2 batteries (LCBs) have been rap-
idly  developed  in  recent  years  and  show  great  potential  for
emerging  high  energy  and  power  density  applications[11,12].
Capturing and utilizing CO2 as  reactant  gas based on the re-
versible  reaction  of [13],  LCBs
could  play  an  important  role  in  reducing  fossil  fuel  energy
consumption and minimizing global climate changes caused
by  greenhouse  effect.  Moreover,  CO2 is  much  more  soluble
than O2 in aprotic electrolytes,  which is  useful for promoting
CO2 reduction  reactions,  using  CO2 as  a  renewable  energy
carrier for CO2 fixation and achieving a superior electrochem-
ical  performance[14,15].  In  addition,  LCBs  have  received  in-
tense attentions as the ideal energy source getting intense at-
tentions  for  scientific  exploration  and  future  immigration  to
Mars, where the atmosphere contains 96% of CO2

[16]. Actually,
Li2CO3 formed  during  discharge  processes,  however,  is  hard
to be decomposed in the charge processes[17], leading to the
large overpotentials  of  CO2 evolution reaction and poor cyc-
ling stability[18,19]. Consequently, some strategies such as con-
structing  efficient  cathode  catalysts[20,21] and  improving  bat-
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tery structures[22,23] are vitally significant to handle such chal-
lenges and boost the LCB performance[24].

Tremendous  efforts  have  been  paid  to  explore  a  wide
range of various catalysts, such as carbon-based materials[25,26],
metals[27,28],  metal  oxides[29,30] and metal  boride[31] with high
electrocatalytic activity for LCBs. Among them, N-doping car-
bon  supported  noble  metals[32,33] have  been  considered  as
promising  candidate  catalysts  for  LCBs.  Zhou et  al. utilized
porous  three-dimensional  carbon  nanotubes  (CNTs)  as  the
cathode catalysts,  which delivered a discharge specific  capa-
city  of 6000 mAh g−1 at  100 mA g−1 and run for  22 cycles  at
100 mA g−1 with the fixed capacity of 1000 mAh g−1[34]. Zhou
et al. reported that graphene as the cathode catalyst showed
a cycle life of about 10 cycles at 100 mA g−1 with the fixed ca-
pacity of 1000 mAh g−1 and the specific capacity of 6600 mAh
g−1[35].  However,  the  high  charge  overpotentials  and  poor
cycling  performance  still  existed  in  LCBs.  In  this  regard,  the
design of Mo2C/CNTs with low overpotentials[36], Ru@Super P
with good cycling stability[18] and NiO/CNTs with remarkable
oxidation efficiency[37] were conducted, demonstrating favor-
able  electrocatalytic  improvements  of  LCBs  during  the
charge/discharge processes. Despite all this, achieving higher
battery performance still remains challenging.

At  present,  Ir-based  materials  have  been  extensively  stud-
ied as the cathode for LCBs. Ir is one of the most stable metals
and  a  hyperactive  oxygen  evolution  reaction  catalyst  in
LOBs[38,39].  Firstly, A cathode based on reduced graphene ox-
ide  (rGO)  with  added  Ir  nanoparticles  delivered  a  superior
electrochemical  activity  toward  the  crystalline  LiO2

[40].  It  was
also  reported  that  Ir  incorporated  into  deoxygenated  hier-
archical graphene exhibited excellent cycling performance in
LOBs[39]. It is thus concluded that Ir-based material could con-
tribute to decomposing Li2CO3 during charging.  Zhang et  al.
realized the complete decomposition of Li2CO3 in LOBs using
the  Ir-decorated  boron  carbide  (Ir/B4C)  nanocomposite  as  a
cathode  material  for  LOBs,  which  displayed  remarkably  im-
proved cycling stability[41].

Herein,  Ir-CNT  composite  was  prepared  by  a  rotating-hy-
drothermal  method,  and  its  catalytic  activity  for  the  bifunc-
tional  electrocatalytic  properties  in  non-aqueous  LCBs  has
been  intensively  investigated.  For  this  composite,  CNTs
formed robust three-dimensional architecture, which provide
a  large  specific  surface  area  and  storage  space  for  discharge
products.  Then,  the  nano-sized  Ir  particles  were  homogen-
eously  decorated  on  the  network  structure  with  abundant
active  sites.  Ir-CNT  cathode  showed  superior  ability  for  cata-
lyzing  the  formation  and  decomposition  of  Li2CO3,  which
could be attributed to the synergetic  effects  of  the conduct-
ive  three-dimensional  CNTs  and  Ir  nanoparticles  with  high
electrocatalytic  activities  in  the  composite.  CNT  network
could not only effectively enhance the electrical conductivity
of  the  composite,  but  also  offer  enough  regions  for  the  tri-
phase  (solid-liquid-gas)  reactions  and  accommodated  huge
volume  changes  during  cycling.  The  well-dispersed  Ir  nano-
particles on the CNTs matrix could make full use of their high
catalytic activity and promote more efficient CO2/Li2CO3 con-
version on the surfaces of the composite, giving a novel direc-
tion  toward  the  cathode  design  and  CO2 eletrocatalysis  op-
timizing for LCBs. 

2    Materials and methods
 

2.1    Material Preparations
Typically,  30  mg of  CNTs were dissolved in  25 mL distilled

water  under  vigorous  magnetic  stirring  to  form  a  homogen-
eous  mixture  at  25  °C,  followed  by  adding  0.1  g  of  PVP  and
57.59  mg  of  IrCl3·3H2O  with  vigorous  stirring  for  1  h.  After-
wards, the as-prepared suspension was transferred into a Te-
flon-lined  stainless-steel  autoclave  and  maintained  at  180  °C
for  12  h  in  a  thermo-mighty  stirrer.  Finally,  the  resulting
product was centrifuged with ethanol. 

2.2    Characterizations
The morphology of the materials was investigated through

a  field-emission  scanning  microscope  (FESEM,  SU-70)
equipped with an energy dispersive X-ray spectrometer (EDS)
and  a  transmission  electron  microscope  (TEM,  JEM-2100F).
The  composition  of  the  materials  is  tested  by  an  X-ray  dif-
fractometer  (Rigaku  D/Max-r  B)  and  FT-IR  spectroscopy
(Bruker Inc. Vector 22). A Bruker spectrometer (RFS 100/S) was
used  to  test  Raman  spectra.  A  Vacuum  Generator  Scientific
spectrometer (ESCA 2000) was used to collect The XPS (X-ray
photoelectron  spectroscopy)  data.  Thermogravi-metric  ana-
lysis  (TGA)  was  proceeded in  air  condition  using a  Theremo-
gravi-metric analyzer (TGA/SDTA851e). 

2.3    Electrochemical Measurements
90  wt%  catalyst  materials  and  10  wt%  poly  (tetrafluoro-

ethylene)  were  uniformly  mixed  in  isopropanol.  They  were
subsequently  dropped  onto  a  Toray  carbon  paper  (TGP-H-
060), and the cathodes were vacuum dried at 120 °C for 10 h.
Electrocatalytic properties were investigated by CR 2032 coin-
type cells, which were assembled inside a glovebox under an
Ar  condition (H2O<0.1  ppm,  O2<0.1  ppm) using the catalyst-
based cathode and the Li anode, separated by the glassy fiber
soaking  with  1  M  LiTFSI-TEGDME  electrolyte.  The  cycling
voltammetry  (CV)  measurements  were  tested  through  an
electrochemical workstation (RST5002F) with the condition at
0.1 mV s−1 between 2.0-4.5 V. Galvanostatic discharge-charge
tests  were  launched  on  a  LAND  battery  tester  (LANHE
CT2001A). All battery measurements were tested at 25 °C and
in a high-purity CO2 condition. 

2.4    DFT Calculations
The  thermodynamically  abundant  (111)  surfaces  of  Ir  that

are dominant on the wulff crystal have been established. For
comparison, CNT (002) surfaces were also tested in the simu-
lations. All the simulations were performed on basis of Dens-
ity  Functional  Theory  (DFT)  calculations  with  plane-wave
technique  implemented  in  the  Vienna  ab  initio  simulation
package  (VASP)[42].  Gradient  corrected  exchange-correlation
functional of Perdew, Burke and Ernzerhof (PBE) models were
engaged to conduct the spin-polarized calculations under the
projector augmented wave (PAW) method, with a cut-off kin-
etic energy of 400 eV for plane wave basis.  The convergence
criterion  of  the  total  energy  was  set  up  to  be  within  1×10−5

eV, while all the atoms and geometries were optimized.
Ir  (111)  and  CNT  (002)  were  optimized  energetically  most

favorable  structures  after  the  full  geometry  relaxation  were
conducted  within  a  K-point  5×5×5  grid.  The  adsorption  en-
ergy of  CO2/Li2C2O4/Li2CO3 is  defined as Eabs=ET-EA-ES,  where
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ET is  the total  energy of  the corresponding system with spe-
cified atoms or molecules adsorbed, and EA and ES are the en-
ergy  of  the  specified  atom  or  molecule  and  the  pristine  sys-
tem, respectively. 

3    Results

Ir-CNT  composite  was  synthesized  via  a  rotating-hydro-
thermal  method,  as  demonstrated  in Figure 1.  Its  morpho-
logy was characterized by FESEM and TEM.  As  shown in  Fig-
ure S1 image,  the synthesized Ir-CNT composite consisted of
numerous  nanowires  with  a  diameter  of  10-20  nm.  The  ele-
ment  mapping  of  green  C  and  red  Ir  elements  in  the  EDS
spectra  demonstrates  the  uniform  distribution  of  C  and  Ir  in
Ir-CNT composite in Figure 2d-2f. While for the detailed char-
acterization of TEM, Figure 2a confirmed that the diameter of
CNTs  is  about  10-20  nm,  and  the  Ir  nanoparticles  are  evenly
decorated on the CNT surfaces. Notably, the three-dimension-
al  Ir-CNT  composite  could  enable  multiple  spaces  for  suffi-
cient  mass  transport  and  discharge  product  storage,  which
aids in stabilizing electrode structure for guaranteeing stable
and fast diffusion of Li+ and CO2 during reversible formation/
decomposition  of  discharge  products,  and  these  Ir  nano-
particles could act as active sites to play a key electrocatalytic

role in boosting Li-CO2 reactions. The result of the high-resol-
ution  lattice  fringes  in Figure 2b displays  an  interlinear  spa-
cing of 0.22 nm, corresponding to the (111) crystal plane of Ir[43].
The  radial  profiles  of  the  selected  area  electron  diffraction
(SAED)  and  crystalline  structure  of  the  nanoparticles  corres-
ponded to C (002), Ir (111), (200) and (311) planes in Figure 2c,
which are matched well with the reference patterns of graph-
itic  carbon  and  Ir  (JCPDS#46-1044).  These  results  together
with the XRD data proved the successful formation of Ir nano-
particles  on the composite  sample via  the reported prepara-
tion route.

The Ir-CNT composite and CNTs were characterized by XRD.
It can be seen from Figure 3a that both the diffraction peak of
CNTs and the Ir-CNT composite exhibited diffraction peaks at
around 26°, corresponded to the C (002) crystal plane[44], and
another relatively obvious diffraction peak of the Ir-CNT com-
posite corresponds to the crystal Ir (111) crystal plane (JCPDS
No.46-1044)[45],  which  also  illustrates  the  successful  decora-
tion  of  Ir  nanoparticles.  To  further  analyze  the  state  of  the
metal  element  in  the  Ir-CNT  composite,  we  carried  out  fur-
ther  XPS characterization. Figure 3b exhibits  the 4f  spectrum
of  the  Ir  element[39].  Specifically,  the  high-resolution  XPS
spectrum of Ir 4f were dominated by Ir (0) 4f5/2 and Ir (0) 4f7/2,
respectively. Meanwhile, the presence of Ir (IV) 4f5/2 and Ir (IV)

Ultrasonic dispersion Rotational hydrothermal

25°C/1 h 180°C/12 h

PVP

Ir3+

Reactants

CNTs

Reaction suspension

Ir nanoparticle
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Fig. 1    Schematic representation of preparing Ir-CNT composite.
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Fig. 2    (a,b) TEM images with (c) SAED pattern and (d) SEM image with EDS element mapping images of (e) Ir and (f) C elements of the Ir-CNT
composite.
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4f7/2 signals  indicate  their  surface  oxidation,  which  is  a  com-
mon phenomenon in Ir nanoparticles. TGA measurement was
performed  from  20-700  °C  at  a  temperature  increase  rate  of
10  °C  min−1 under  an  air  atmosphere  to  determine  the  con-
tent of IrO2 nanoparticles in the composite. Based on this, the
doping  content  of  Ir  nanoparticles  can  be  calculated  to  be
19.36 % (Figure 3c). Raman D band peak and G band peak are
connected  with  the  structural  defects  in  the  graphitic  struc-
ture  and  in-plane  vibration  of  graphitic  carbon,  respectively.
The ID/IG value  was  used to  characterize  the  graphitic  or  dis-
order  states  aspects. Figure 3d showed  the  Raman
spectrum[45,46] of the composite,  and the ID/IG intensity ratios
of  Ir-CNTs  and  CNTs  are  1.50  and  1.18,  respectively,  demon-
strating that its graphitization degree increased due to the in-
corporation of Ir nanoparticles on CNTs.

The eletrocatalytic activity of Ir-CNT cathode in LCBs was in-
vestigated, and the results are shown in Figure 4. As depicted
in Figure 4a, the CNT cathode delivered a low discharge spe-
cific  capacity  of 8354 mAh  g−1,  while  the  discharge  specific
capacity  of  Ir-CNT  cathode  reached 10325.9 mAh  g−1.  It  is
found  that  CNT  cathode  exhibited  limited  specific  capacity,
mainly due to its limited active sites and poor electrocatalytic
activities on the reduction activity of CO2. While for the Ir-CNT
cathode, the charge and discharge specific capacity is almost
the  same,  which  reveals  its  superior  property  for  the  highly
catalyzing decomposition of the discharge products for LCBs.
The  rate  capability  of  Ir-CNT  cathode  was  also  tested  with  a
cut-off  voltage  window  of  2.0-4.5  V  at  different  currents,  as
shown  in Figure 4b.  At  the  current  densities  of  100,  200  and
400  mA  g−1,  the  discharge  specific  capacities  are 10325.9,
5222.1 and 3851.4 mAh  g−1,  respectively. Figure 4d-4e
showed the cycling stability of CNT and Ir-CNT cathodes at a

current  density  of  100 mA g−1 with a  cutoff  specific  capacity
of 1000 mAh  g−1.  The  CNT  cathode  displayed  excessively
higher  charge  overpotentials  and  fast  discharge  terminal
voltage breakdown after  30  cycles,  while  the Ir-CNT cathode
could be stably discharged and charged for almost 100 cycles
(Figure 4f). Those demonstrated the as-prepared Ir-CNT cath-
odes  with  abundant  active  sites  could  realize  the  excellent
charge  and  discharge  stability.  Then,  the  impedances  raised
to 220 Ω at the end of 1st discharging, owing to the genera-
tion of discharged products. After fully recharging, the resist-
ance  of  the  electrode  declined  as  the  reversible  decomposi-
tion of discharged products. Particularly, only a slightly grow-
ing impedances of 120 Ω can be seen after 100 cycles, which
is  consistent  with  its  outstanding  cycle  performance  (Figure
S2).  In  addition,  we  used  CV  to  further  investigate  the  elec-
trocatalytic  activity  of  CNT  and  Ir-CNT  cathode  for  re-
chargeable  LCBs.  Compared  with  CNT  cathode  (Figure 4c),  it
is  worth noting that  the CV curve of  Ir-CNT cathode showed
an  obvious  CO2 reduction  peak[47].  In  contrast,  the  profile  of
the  Ir-CNT  cathode  exhibited  a  strong  oxidation  peak  at
around  4.1-4.3  V,  mainly  due  to  the  advanced  catalytic  reac-
tions, and there was no peak appeared in the CNT curve, be-
cause of the slow reaction kinetics of the insoluble Li2CO3 de-
composition.  The  CV  results  fully  indicated  that  the  Ir-CNT
composite not only facilitated the reduction of  CO2,  but also
played  a  vital  role  in  the  decomposition  reaction  of  Li2CO3.
The possible reactions are listed in the following equations[48]:

Li2CO3→ CO2+1/2O2+2Li++2e− E0= 3.82 V versus Li/Li+ (1)

Li2CO3+1/2C→ 2Li++3/2CO2+2e− E0=2.80 V versus Li/Li+ (2)
Eventually,  the  outstanding  performance  of  the  Ir-CNT

cathode can be attributed to the synergistic effect of three-di-
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Fig. 3    (a) XRD, high-resolution (b) Ir 4f XPS spectra, (c) TGA and (d) Raman data of Ir-CNT composite.
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mensional  architecture  and  uniformly  distributed  Ir  nano-
particles.  The  Ir-CNTs  with  optimized  designed  structure  en-
hanced  the  discharged  products  formation  and  decomposi-
tion,  which is  the key point  for  a  superior  cycle performance
than those of other works in Table 1.

To further investigate the states of the Ir-CNT cathodes for
LCBs during cycling, ex-situ FESEM, TEM and XRD were charac-
terized[49]. As shown in Figure 5a, after the discharge process,
film-like products adhered to the surfaces of  Ir-CNT cathode,
and  there  is  a  diameter  increase,  compared  with  that  of  the
pristine  cathode  material  in Figure 2a.  This  conclusion  can
also be confirmed by ex-situ TEM image in Figure 5e that the
diameter  of  the  Ir-CNT  composite  and  discharged  product
composite became 20-30 nm, meanwhile the layer  thickness
of  discharged  product  reached  about  10  nm.  The  diffraction
rings  of  C  (002),  Ir  (111),  Li2CO3 (002)  and  (311)  crystal  faces
could  be  detected  from  SAED  data[50] in Figure 5f.  Further-
more, the crystalline nature of the discharge products on the
Ir-CNT cathode surfaces were analyzed utilizing XRD measure-
ment,  and  the  results  were  illustrated  in Figure 5d.  The  dif-
fraction peaks of Ir-CNT cathode at the first complete dischar-
ging  corresponded  to  (002),  (-112),  (020),  (310)  and  (112)
planes,  which  were  assigned  to  the  diffraction  peak  of  the
Li2CO3 (JCPDS  83-1454).  FTIR  spectra  of  Ir-CNT  cathode  with
the  stage  1st  discharging/charging  were  also  studied  in  Fig-
ure  S3.  The  results  indicated  the  increased  peak  of  the  pro-
duction of Li2CO3 (C-O bond) after discharging and the disap-
pearance  of  the  peak  after  charging[51].  Therefore,  it  is  con-
cluded  that  the  existence  of  discharged  products  and  good
reversible performance. After the first fully charging after 100
cycles,  the  diffraction peak of  Li2CO3 disappeared,  indicating
that the discharge products almost completely decomposed,
benefiting from the excellent electrocatalytic performance of
the  Ir-CNT  cathode.  The  same  conclusion  can  be  also  drawn
from the FESEM data. After the discharge process, the Li2CO3

layer on the surface of Ir-CNT cathode seemed to disappear in
Figure 5b,  and  the  cathode  almost  maintained  its  original
morphology  after  100  cycles,  as  depicted  in Figure 5c.  This
verified the pleasant cycling performance of the Ir-CNT cath-
ode.

The  electrocatalytic  activity  of  Ir-CNT  cathode  was  illus-
trated  based  on  XRD,  FESEM  and  TEM  measurement  results,
and the possible mechanisms on the reversible formation and
decomposition  of  discharge  products  were  intensively  dis-
cussed. It is widely reported that the operation of LCBs experi-
ences the reversible formation by means of the follow revers-
ible electrocatalytic reaction[52,53]:

4Li++4e−+3CO2↔ 2Li2CO3+C (3)

O−2 O2−
2

Unfortunately, Li2CO3 is a wide bandgap insulator, which is
insoluble  in  nonaqueous  LCBs.  Therefore,  its  deposition  on
the cathode at  discharging could result  in an increase of  im-
pedance until  "sudden death",  which is  similar  to the depos-
ition  of  Li2O2 produced  in  nonaqueous  LOBs  during  dischar-
ging.  Normally  in  the  charge  process,  it  could  lead  to  high
overpotentials  of  Li2CO3 decomposition,  and  develop  novel
catalyst materials is thus essential to reduce the high overpo-
tentials  to  enhance  battery  efficiency.  Similarly,  Li-O2 and  Li-
[O2+CO2]  batteries  experience  the  formation  of  Li2O2 and
Li2CO3 insulators  and  form  active  and  intermediates.
Peeling oxygen from the Li-[O2+CO2] battery operation envir-
onment would induce LCB system[54],  which tends to exhibit
excellent energy storage efficiency and the superior ability to
capture and release CO2.

Although  the  intermediate-involving  processes  is  still  un-
clear,  it  is  assumed that disproportionation reactions of LCBs
would also occur[55], and the final products of these LCBs can
be generated according to the (4)-(7) reactions:

2CO2+2e−↔ C2O−4 (4)
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Fig. 4    (a) Initial discharge/charge profiles at 100 mAh g−1 and (c) CV curves of CNT and Ir-CNT cathodes; (b) rate capability of Ir-CNT cathodes
at 100, 200 and 400 mAh g−1; (f) cycling performance with typical discharge/charge profiles of (d) CNT and (e) Ir-CNT cathodes with a fixed ca-
pacity of 1000 mAh g−1 at 100 mAh g−1.
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C2O−4 ↔ CO2−
2 +CO2 (5)

C2O−4+CO2↔ 2CO2−
3 +C (6)

2CO2−
3 +2Li+↔ Li2CO3 (7)

DFT calculations were further carried out to verify the pos-
sibility  of  stable  formation  of  Li2C2O4 intermediates  on  the
surfaces of Ir nanoparticles[56].  Figure S4 provides the models

of  Li2CO3 monomer,  Li2C2O4 monomer  and  Ir  (111),  respect-
ively. The adsorption energy models were also established to
obtain  the  binding  energies  of  Li2CO3 monomer  to  Ir  (111)
plane  (Figure 5g)  and  Li2C2O4 monomer  to  Ir  (111)  plane
(Figure 5h).  It  is  evident  that  on the Ir  (111)  surfaces,  the  ad-
sorption  energy  of  Li2CO3 reached  3.44  eV,  while  that  of
Li2C2O4 only achieved 1.81 eV.
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Fig. 5    Ex-situ FESEM images of Ir-CNT cathodes at (a) 1st discharging, (b) 1st charging and (c) 100th charging stage; (e) ex-situ TEM image and
corresponding (f) SAED pattern at 1st discharging; (d) XRD data of Ir-CNT cathodes at different stages; (g, h) comparison of adsorption energy
between Li2C2O4 and Li2CO3 monomer on Ir (111).
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According  to  the  calculation  results  of  the  adsorption  en-
ergy,  the  Ir  nanoparticles  on  Ir-CNT  cathodes  could  serve  as
active  centers,  effectively  capturing  the  final  discharge
product  Li2CO3 and  promoting  the  electrocatalytic  perform-
ance of LCBs. As  is larger than ,
the  surfaces  of  Ir-CNT  cathode  are  more  likely  to  enable
Li2CO3 accumulation,  and  the  reversibility  of  discharge
products  was  realized  at  charging  and  discharging  in  LCBs.
Figure  S5  showed  the  charge  density  difference  of  different
adsorbates on the surface of  Ir  (111)  to understand the elec-
tronic  characteristics  of  the cathode surfaces  and their  inter-
action  with  different  adsorbates.  Yellow  and  blue  contours
represent  the  increased  and  decreased  electron  density,  re-
spectively. It can be concluded that Ir (111) could show strong
interaction with the Li2CO3, forming a more stable bond with
the substrate, which further verified the fact that Ir-CNT cath-
ode could exhibit favorable CO2 electrocatalytic properties. 

4    Conclusions

In  general,  Ir  nanoparticles  were  dispersed  onto  the  CNT

support  by  using  a  rotating  hydrothermal  method,  which
showed  excellent  catalytic  activity  in  non-aqueous  LCBs.  In
this composite, the CNTs formed a robust web-like structure,
on  which  the  nano-sized  Ir  particles  were  uniformly  spread.
The  Ir-CNT  cathode  exhibited  an  excellent  ability  to  catalyze
the  formation  and  decomposition  of  Li2CO3 during  cycling.
We  also  analyzed  the  material  structure,  morphology  and
composition  evolution  on  the  Ir-CNT  composite  by  XRD,  Ra-
man, XPS, FESEM and TEM measurements. A series of electro-
chemical  performance  tests  were  performed  on  Ir-CNT  cath-
ode for LCBs, including specific capacities, rate capability and
cycling performance. It  is  evident that the incorporation of Ir
nanoparticles  showed  remarkable  activity  enhancement  for
the  adsorption  of  Li2CO3 species,  which  was  confirmed  by
DFT calculations. The three-dimensional Ir-CNT cathode could
spontaneously  and significantly  promote  the  electrocatalytic
activity of CO2 reduction and precipitation to improve specif-
ic  capacities  and cycling stability.  Hence,  it  is  concluded that
the  unceasing  development  of  green  and  efficient  electro-
catalysts  through various preparation strategies  could play a
vital role in further large-scale commercial applications of LCBs. 
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