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Abstract—Li-CO, batteries involve a spontaneous conversion reaction by injecting CO, into a cathode, and reversibly
store energy without additional energy input through a charging and discharging process, thereby achieving carbon
neutrality. Noble metal-based electrocatalysts have been actively considered to efficiently facilitate the Li-CO, reaction
with reduced overvoltage, yet the use of expensive noble metal catalysts is a barrier to developing this type of Li-CO,
battery. Here, the importance of minimizing the size of noble metal particle-based catalysts for Li-CO, batteries is
reviewed and emphasized. Comparisons of the performance of Li-CO, cells with noble metal catalysts, such as Ru and
Ir, showed that overpotential is lower when particle sizes are reduced to the single atom-scale. This indicates that the
smaller the particle-to-atomic scale, the greater the catalytic activity. Recent diverse studies based on nano- or atomic-
scale Ru and Ir catalysts affecting catalytic activities of the Li-CO, cell reaction are introduced. Other single atom cata-
lyst candidates are also suggested for Li-CO, battery applications.
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INTRODUCTION

With accelerated industrial growth, the concentration of CO,,
which is a primary greenhouse gas, has rapidly increased in the
atmosphere, causing severe global warming and climate change
issues [1-5]. To address this global challenge, carbon capture and
storage (CCS) technologies are a promising methods of accom-
plishing a meaningtul reduction in CO, emissions in the near-term
[6-8]. Although there are typically numerous technical options (e.g.,
amine-based absorbents) that are suitable for CCS activity, the chal-
lenges associated with excess energy and cost consumption in terms
of scaling up need to be tackled [9-11].

Li-CO, batteries have emerged as a reliable CCS candidate oper-
ating in an electrochemical manner, dealing with economical lim-
itations of existing CCS systems [12-15]. Using a reversible electro-
chemical CCS method, Li-CO, cells are capable of spontaneous
energy storage and simultaneous environmental CO, fixation with-
out external electricity [16]. Generally, Li-CO, batteries consist of Li
metal for anodes, non-aqueous electrolytes, ionic conductive sepa-
rators, and porous air cathodes in which CO, gas flows into the elec-
trode [17-19]. Through charging and discharging reactions, the
cathode engages in the absorption and release of CO, gas on the
air electrode, accompanied with a conversion reaction with Li ions
[20]. During the discharge reaction, CO, reduction (4Li*+3CO,+4e"
—2Li,CO;+C, —0.24 V) occurs spontaneously in combination
with the counter anodic reaction of Li (Li>Li*+e", —3.04 Vgyp)
[16,17,21-24]. Based on this redox chemistry of CO, in the Li-CO,
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system, a high cell voltage (~2.8 V) and theoretical specific energy
density (1,876 W h kg™') can be achieved [25]. Therefore, the Li-
CO, battery system is a promising candidate to realize carbon neu-
trality by storing substantial energy. Despite their potential for simul-
taneous CCS and electrochemical energy storage, critical interferences
such unsuitable battery life and low efficiency are often found [26-
28]. One of the disturbances of the Li-CO, reaction is the irrevers-
ible electrochemical decomposition of insulating Li,CO; products
that are yielded during recharging [29]. In general, Li,CO; has a
wide bandgap that exhibits high thermodynamic stability; thus, an
excessive potential bias is usually required for the decomposition
of Ly,CO; (>4.3V vs. Li/Li") [22-24]. Inherent properties of the
Li,CO; products therefore tend to induce large overpotential and
slower reaction kinetics in the Li-CO, cell, thereby deteriorating the
lifespan of the battery [13].

To overcome the limitations of the Li-CO, battery, it is necessary
to introduce highly active and conductive electrocatalysts [30-32].
Electrocatalysts applied to the air electrode have been extensively
studied because Li-CO, batteries usually depend on the cathodes
with CO, reduction and evolution reaction catalytic activity [16,
33-36]. Various types of electrocatalysts controlling chemical com-
position, morphology, and size have been considered for Li-CO,
batteries [15,20,37-39]. Among these studies, noble metal-based cat-
alysts, especially Ru and Ir, have received a considerable amount of
attention for their excellent activity; selectivity, and stability; and they
have been widely used in environmental protection and new energy
fields, including in Li-CO, batteries [40-49]. The intrinsic state of
semi-filled antibonding of precious metal catalysts creates suitable
binding energy between the catalysts and reactants, which advances
the reaction kinetics [50-54]. Thus, it is well-known that precious
metal catalysts have superior catalytic activity for CO, reduction and
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precipitation reactions; however, the high cost and low abundancy
of noble metal elements are decisive and practical limitations for
scaling to an industrial level [55-60]. For this reason, overcoming
the economic issues of noble metal catalysts is important for the
development of the overall electrochemical industry as well as bat-
tery fields [61-65].

Up to now, it has been spotlighted that size control of noble
metal catalyst particles is crucial for determining the performance
of Li-CO, batteries and can reduce the burden of cost [34,66,67]. In
most recent studies, the smaller the catalyst particle size from the
nanoparticle to atomic scale, the more active the electron transfer
of the catalytic active sites [68-73]. By eventually minimizing the
size of the catalyst particles to a single atomic unit, various positive
changes, such as high catalytic activity and selectivity toward the
Li-CO, reaction, can be achieved [74-78]. Single atom catalysts
(SACs) involve catalytically active individual and distinctive metal
atoms anchored to supports, and these can display desirable metal
utilization with maximized reaction surfaces exposed to reactants
as well as allow facile catalytic reactions [75,79]. The interaction
between individual atoms and supports as well as the unsaturated
coordination environments of the SACs can improve electrocatalytic
performance, resulting in tunable electronic structures [74,80-83].

In this short review; a series of various particle sizes of noble
metal-based electrocatalysts, including Ru and I, are looked at, and
how the size effect determines the performance of the catalytic reac-
tion is explained through comparison of the overpotentials of Li-
CO, cells. This review contributes to current knowledge of noble
metal-based electrocatalysts freshly applied to Li-CO, cells and
informs on the importance of controlling the electrocatalyst parti-
cle size towards the atomic scale. We believe that introduction of
SACs accomplishes dual goals of maximizing catalytic activities and
minimizing usage of noble metals (Fig. 1).

Ru PARTICLE-BASED ELECTROCATALYSTS

Ru, a precious metal catalyst with broad functions, exhibits out-

3C0O, +4Li* + 4e" = 2Li,CO, + C

2Li,CO, + C - 3CO, +4Li* + 4e
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standing catalytic activity in electrochemical reactions, including a
reversible reaction of Li-CO, [84-87]. Here, representative studies
on the catalytic efficiency of Ru electrocatalysts according to parti-
cle size (from nanoparticle-to-single atom size) are compared.
1. Morphology and Ru Particle Size Characterization

Diverse size ranges of Ru catalysts have been loaded on to vari-
ous carbon supports, and representative examples are shown in
Fig. 2. Qian et al. introduced Ru nanoparticles loaded on carbon
nanofiber (Ru/CNF) (Fig. 2(a)) [41]. The average diameter of Ru
particles is 9.0+2.5 nm. Yang et al. reported Ru nanoparticles sup-
ported on Super P carbon (Ru/Super P) catalyst by facile heat treat-
ment and the magnetron sputtering method (Fig. 2(b)) [88]. Metallic
Ru nanoparticles were homogeneously loaded on Super P and the
particle size was estimated to be about 5-10 nm. As shown in Fig.
2(a), Qian et al. also synthesized activated CNF (ACNF) substrates
(Fig. 2(c)) [41]. ACNF is formed after subsequent gasification treat-
ment of CNF under a CO, atmosphere, and Ru particles are mounted
on both CNF and ACNF by the thermal shock method (Ru/ACNE).
The average diameter of Ru particles is 4.1+0.9 nm for Ru/ACNE
Qiao et al. synthesized Ru nanoparticles dispersed on N and S co-
doped graphene nanosheets (Ru/NS-G) by ultrasonication and a
hydrothermal procedure (Fig. 2(d)) [89]. The hexagonal Ru nanopar-
ticles were uniformly distributed on NS-G supports with a mean
size of 2.6+0.6 nm. TEM observations of smaller Ru particles were
conducted in some studies (Fig. 2(e), (f)) [18,90]. As seen in Fig.
2(e), RuO, nanoparticles with diameters of around 2 nm were evenly
loaded on to carbon nanotubes ranging in size from 10 to 30 nm
(RuO,/CNT) through a series of annealing processes. Similarly, Ru
nanoparticles with an average size of 2 nm were functionalized on
wrinkled graphene nanosheets (Ru/G) (Fig. 2(f)). To further mini-
mize Ru catalyst size beyond the nanoscale level, Ru SACs were
recently introduced for Li-CO, batteries [91,92]. Contrary to the
catalyst nanoparticles, numerous bright and tiny dots, which are
Ru atoms, are homogeneously dispersed on the substrates (Fig. 2(g),
(h)). As shown in Fig. 2(g), Ru atoms, which are marked with red
circles, are loaded on to a Co;O, nanosheet surface supported on a
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Fig. 1. Schematic illustration of the size effect of noble metal particle-based catalysts.
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Fig. 2. (a)-(f) TEM images, (g), (h), HAADF-STEM images, and (i) Size distribution graph of (a) Ru/CNF (reproduced with permission from
ref. [41], copyright 2019, Royal Society of Chemistry), (b) Ru/Super P (reproduced with permission from ref.[88], copyright 2017,
Royal Society of Chemistry), (c) Ru/ACNF (reproduced with permission from ref. [41], copyright 2019, Royal Society of Chemistry),
(d) Ru/NS-G (reproduced with permission from ref. [89], copyright 2020, Elsevier B.V.), (¢) RuO,/CNT (reproduced with permission
from ref. [90], copyright 2019, American Chemical Society), (f) Ru/G (reproduced with permission from ref. [18], copyright 2017,
American Chemical Society), (g) Ru SAC/Co;0,-CC (reproduced with permission from ref. [91], copyright 2021, John Wiley and
Sons), (h) Ru SAC/NCB (reproduced with permission from ref. [92], copyright 2022, John Wiley and Sons).

carbon doth (Ru/CO;0,-CC). Fig. 2(h) shows Ru single atoms dis-
persed on N-doped carbon nanobox supports (Ru SAC/NCB). The
average diameter of Ru SACs is about 0.86 nm. As with the previ-
ous materials, both Ru SACs are synthesized through facile calci-
nation. The average size distribution of Ru particle-based catalysts
is summarized in Fig. 2(i). The average diameter was miniaturized
from 9.0 nm for Ru/CNF (Fig. 2(a)) to 0.86 nm for Ru SAC/NCB
(Fig. 2(h)).
2. Electrochemical Performance of Ru Particle-based Cata-
lysts Embedded in Li-CO, Cells

Based on the size information of Ru nanoparticle catalysts or
SACs (Fig. 2), the electrochemical performance of diverse Ru-based
catalysts in Li-CO, cells is shown in Fig. 3. Profiles were organized
and compared in order from large to small Ru particle sizes, from
nanoparticle to single atom. We compared the catalytic activity among

the SAC materials mainly via overvoltage comparison, where the
overvoltage means the difference between the voltage plateau gen-
erated for discharge and following charge processes. In Fig. 3(a),
the charge/discharge curves of the Ru/CNF cathode, which has
the largest average diameter (9.0£2.5 nm) of Ru particles, and the
Ru/ACNF cathode (4.1+£0.9 nm) are shown at a current density of
100mA g with a limiting capacity of 500mAh g in Li-CO,
batteries [41]. The Ru/CNF exhibits a large overpotential of 1.79 V
with terminal discharge and charge voltages of 2.51 and 4.3V, re-
spectively. However, for the Ru/ACNE which has smaller and more
dispersed particles than Ru/CNE, the discharge and charge plateau
voltages are 2.8 and 4.15 V, respectively, indicating 1.35V of over-
potential. Compared with the Ru/CNE the Ru/ACNF exhibits lower
overpotential in Li-CO, cells. After 50 cycles, the charge and dis-
charge terminal voltage of Ru/ACNF remains at about 1.43 V. More-
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Fig. 3. Electrochemical performance in Li-CO, batteries. (a)-(h) Charge/discharge profiles, (i) average diameters, and overpotentials compar-
ison of (a) Ru/CNF and Ru/ACNF (reproduced with permission from ref. [41], copyright 2019, Royal Society of Chemistry), (b) Ru/
Super P (reproduced with permission from ref. [88], copyright 2017, Royal Society of Chemistry), (c) Ru/NS-G (reproduced with per-
mission from ref. [89], copyright 2020, Elsevier B.V.), (d) RuO,/CNT (reproduced with permission from ref. [90], copyright 2019,
American Chemical Society), (¢) Ru/G (reproduced with permission from ref. [18], copyright 2017, American Chemical Society), (f)
Ru SAC/Co0,0,-CC, (g) RuO,/C050,-CC (reproduced with permission from ref. [91], copyright 2021, John Wiley and Sons), and (h)
Ru SAC/NCB (reproduced with permission from ref. [92], copyright 2022, John Wiley and Sons) at a current density of 100 mA g'1

with a limiting capacity of 500mAh g "

over, at different current densities of 800 and 1,000mA g ', the
overpotentials of Ru/ANCF are 1.79 and 1.81'V, respectively. The
full discharge and charge profiles of Ru/ACNF were also checked,
and found to display a discharge plateau at about 2.72V with
11,495 mAh g of capacity. During charging, the reversible charge
capacity is 10,715 mAh g ', corresponding to the recharge voltage
of 45 V. In summary, the overpotential of two catalysts tested in
the same experimental environment can be examined to determine
the lowering overpotential that can be realized with miniaturiza-
tion of Ru noble metal particles by simply changing a support.

In addition to Ru/CNF and Ru/ACNE there are other Ru-based
catalysts for comparing cell performance (Fig. 3(b)-(g)). The dis-
charge and charge curves corresponding to a current density of
100mA g of the Ru/Super P cathode (5-10 nm), in which the Ru
particles loaded are smaller than those in the Ru/CNF and larger
than those in the Ru/ACNE are shown in Fig. 3(b) [88]. These data
show that the cut-off capacity is 500 mAh g', and cycling perfor-
mance is displayed until the 70" cycle. The discharge and charge
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terminal voltages are 2.6 and 4.0 V, respectively, corresponding to
an overpotential of 1.4V, which is lower than that of the Ru/CNF
but higher than that of the Ru/ACNE Regarding the discharge pro-
cess, the Ru/Super P cathode presents a capacity of 8,229 mAh g*
with a discharge plateau of around 2.54 V. The charging capacity is
7,093 mAh g, which corresponds to a charge plateau of 4.25 V.
Compared to the Ru/ACNE which has smaller Ru particles, the
full discharge and charge measurements show a worse value for
Ru/Super P. The discharge and charge cycle performance of the
Ru/NS-G cathode (2.6+0.6 nm) until the 100" cycle is shown in
Fig. 3(c) at a current density of 100 mA g with a limited specific
capacity of 500 mAh g [89]. The discharge and charge plateaus
are 291 and 4.04 V, respectively, and the overpotential is 1.13V,
which is lower than that of the Ru/CNE Ru/Super P, and Ru/ACNE
After 50 cycles, the overpotential of the Ru/NS-G slightly increases
to 1.33 and 1.40 V after 100 cycles; however, this is still lower than
that of the Ru/ACNF (1.43 V). In terms of stability; charge/discharge
polarization was quite large in 70 cycles in the Ru/super P with
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larger particles, but the Ru/NS-G maintained a stable charge/dis-
charge curve for up to 100 cycles. The full discharge and charge
profiles individually demonstrate 12,448 and 10,660 mAh g, respec-
tively, resulting in a discharge platform of around 2.68 V; which is
superior to the Ru/CNE Ru/Super B and Ru/ACNE Additionally,
the overpotentials at different current densities, 200, 300, 400, and
500mA g ', are 1.14, 1.31, 1.55, and 1.69 V, respectively, and these
values are reasonable compared to those of larger Ru particle-based
catalysts. In addition to the materials mentioned above, the cell per-
formance after applying catalysts with smaller Ru particles (2 nm),
labeled RuO,/CNT and Rw/G at 500 mAh g™' of limited specific
capacity; is shown in Fig. 3(d) and (e) [18,90]. The average charge
voltages of RuO,/CNT-applied Li-CO, cells are 3.86, 3.88, and 3.92V
at a current density of 50, 100, and 150 mA g, respectively, and
the overpotential at 100 mA g ' is 1.42'V, displaying a slightly high
value compared to the other cathode materials mentioned in Fig.
3(a)-(c). The full discharge and charge capacities at 50mA g are
both 2,187 mAh g, corresponding to average discharge and charge
plateaus at 2.46 and 3.97 V, respectively. For Ru/G shown in Fig.
3(e), the cell performance tests were conducted under an O,-assisted
Li-CO, battery environment at a current density of 160 mA cm ™
showing 67 cycles of cycle stability. The full discharge and charge
profiles were conducted at a current density of 80 and 160 mA
cm > At 80 mA cm?, the discharge capacity was 4,742 mAh g'l,
corresponding to 2.76 V' of discharge plateau. For the recharge pro-
cess, the charge capacity was 4,230 mAh g, with 402 V of charge
plateau, indicating 1.26 V of overpotential. At a higher current den-
sity of 160 mA cm ™, the discharge case showed 3,865 mAh g ' of
capacity and 2.67 V of plateau. The recharge capacity also showed
3,000mAh g™ and 4.10 V of terminal voltage. In summary of Fig,
3(a)-(e), the overpotential between discharge and charge at 100
mA g of current density was over 1.1V, displaying 1.13 V of mini-
mum and 179V of maximum. Furthermore, the overpotential
tended to fall with decreasing size of the Ru particles and tended
to rise again at a larger Ru particle diameter of 2 nm.

To prove the effects of minimizing catalyst size toward SACs,
the Li-CO, cell performance of SACs is shown in Fig. 3(f) and (h).
The cell tests of Ru SAC/Co,0,-CC were conducted under a con-
stant current density of 100mA g with a cut-off capacity of 500
mAh g' (Fig. 3()) [91]. The overpotential was a very low value of
1.05V, indicating excellent catalytic activity. In addition, the over-
potential at higher current densities of 200 and 300 mA g remained
at the lower level compared to those of the Ru nanoparticle-based
catalysts above, showing 1.27 and 145V, respectively. In the full dis-
charge and charge process, the full discharge capacity was higher
than that of nanoparticle catalysts, showing up to 30,915 and 16,510
mAh g at a current density of 100 and 300 mA g ', respectively.
The cycling stability also properly lasted for 251 cycles (2,000 h)
with a discharge and charge depth of 800 mAh g™ and current den-
sity of 200mA g~'. Furthermore, in a study performed by Lian et
al,, an additional test for larger Ru particle catalysts with the same
support material was conducted (Fig. 3(g)). The data showed an
overpotential of 1.28 V and full discharge capacity of 23,633 mA
g ' at 100mA g, which meant poorer catalytic performance than
Ru SAC/Co0,0,-CC. The test of the Ru SAC/NCB, which is the
other Ru SAC in the study, was conducted at diverse current den-

sities with a limiting capacity of 500 mAh g' (Fig. 3(h)). The dis-
charge plateaus were 3.01, 2.77, 2.73, 2.68, 2.58, and 2.41 V, resulting
in overpotentials of 1.05, 1.23, 1.33, 1.47, 1.65, and 1.86 V at 100,
200, 300, 500, 1,000, and 2,000 mA™", respectively. Compared to
the data provided in Fig. 3(a)-(e), this information implies supe-
rior catalytic activity of Ru SAC. The full discharge capacity (10,652
mAh g™') is almost the same as that of other Ru nanoparticle-
based catalysts. The size and overpotential summary of the Ru cat-
alysts mentioned above are shown in Fig. 3(i). As Ru size decreased,
the overvoltage also decreased. While the overpotential of Ru cata-
lysts with a diameter of 2 nm seemed to slightly increase, the Ru
SACs with smaller diameter showed the excellent activity. That is,
the results imply that the catalytic activity can be accelerated by
atomically reducing the size of the precious metal catalysts. The
catalytic reaction can be facilitated by maximizing catalytic reac-
tion sites and their exposed surface.

In summary of the Ru particle-based electrocatalysts for Li-CO,
cells, diverse sizes of particles were studied from two-digit nm to
SACs. Li-CO, batteries with Ru SACs exhibited excellent electro-
chemical performance compared to those with larger Ru catalysts.
The trend indicates that uniformly dispersed single atom-based
catalysts can offer more catalytically active sites and maximize cat-
alytic surface utilization [93].

Ir PARTICLE-BASED ELECTROCATALYSTS

Ir is a highly active noble metal-based catalyst used for electro-
chemical reactions, such as Li-O, batteries and water electrolysis
[94-96]. Due to the high electrocatalytic activity, the Ir-based cata-
lyst has recently begun to be applied to Li-CO, batteries [97]. To
examine another example and emphasize the importance of size
effects, the relationship between the size of Ir-based electrocatalysts
and catalytic activities is reviewed in this chapter.

1. Morphology and Ir Particle Size Characterization

TEM images of various Ir particle-based electrocatalysts are pre-
sented to examine the structural characterization (Fig. 4). Mao et
al. synthesized the IrO,/MnO, catalyst material by using a hydro-
thermal method and the IrO,/MnO, nanoflakes were uniformly
grown on the carbon fibers of carbon dloth (Fig. 4(a)) [40]. The Ir
nanoflakes had a thickness of about 5 nm, which is the largest case
among the catalyst materials for comparison in Fig. 3. Ir/CNF as
another case with a smaller Ir size loaded on CNF was reported
(Fig. 4(b)) [98]. The CNFs were synthesized by subsequent heat
treatment after electrospinning, and Ir nanoparticles with an aver-
age diameter of 3 nm were uniformly loaded on the CNFs after a
series of thermal methods. Moreover, Gang et al. synthesized smaller
Ir nanoparticles than IrO,/MnO, and Ir/CNE and Ir nanoparti-
cles were loaded on N-doped CNT (N-CNT) (Fig. 4(c)) [99]. The
N-CNTs were formed by spray pyrolysis chemical vapor deposi-
tion, and IrO, particles were dispersed on the N-CNT5s by simply
stirring and heating the Ir and N-CNT precursor solutions. The
average size of the IrO, nanoparticles was 2.15 nm.

In addition to the Ir-based catalyst, our group previously con-
ducted an in-depth study regarding the size effects of Ir catalysts
on catalytic activity and electrochemical performance of Li-CO,
cells. Rho et al. synthesized three different samples with diverse Ir
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Fig. 4. TEM images of (a) IrO,/MnO, (reproduced with permission from ref. [40], copyright 2019, Elsevier B.V.), (b) Ir/CNF (reproduced
with permission from ref. [98], copyright 2018, John Wiley and Sons), (c) IrO,/N-CNT (reproduced with permission from ref. [99],
copyright 2020, Royal Society of Chemistry), (d) s-Ir/NCNT, (e) m-Ir/NCNT, and (f) I-Ir/NCNT (reproduced with permission from

ref. [16], copyright 2022, Royal Society of Chemistry).

catalyst sizes loaded on to N-doped CNT5, called s-Ir/NCNT, m-
Ir/NCNT, and I-Ir/NCNT (Fig. 4(d)-(f)) [16]. The amount and size
of the Ir catalysts were successfully adjusted by controlling the
amount of Ir precursor in the solution for synthesis. The average
diameters of the Ir particles were 0.42, 1.75, and 2.69 nm, and the
observable size distributions were 0.1-1.4, 0.7-3.8, and 0.9-5.5nm
for s-I/NCNT, m-Ir/NCNT, and 1-Ir/NCNT, respectively. Based
on the size distribution, it can be concluded that the values of the
s-It/NCNT sample are close to those of SACs. While Ir nanoparti-
cles of m-Ir/NCNT and I-Ir/NCNT are relatively non-uniformly
loaded on the NCNT5, Ir atoms of s-I/NCNT exhibit uniform
distribution on the NCNT supports.
2. Electrochemical Performance of Ir Particle-based Cata-
lysts Embedded in Li-CO, Cells

To compare the electrocatalytic activity of diverse-sized Ir-based
catalyst materials in Li-CO, batteries, discharge and charge curves
are shown in Fig 5(a)-(d). The Li-CO, cell employing IrO,/MnO,
with a catalyst size of 5nm displays an overpotential of 1.4V at
100mA g ' and discharge and charge voltages of 2.6 and 4.0V
respectively (Fig. 5(a)) [40]. At the same current density, the full
discharge capacity is 6,604 mAh g . At 400 mA g ', the discharge
capacity is maintained at 2,002 mAh g ' after 80 cycles, and the
cycle stability continues to 378 cycles with a limiting capacity of
1,000 mAh g . The charge/discharge performance of Ir/CNE which
has a smaller Ir particle size (3 nm) than that of IrO,/MnQO,, is dis-
played in Fig. 5(b) [98]. For the remaining stability for 45 cycles,
the discharge and charge capacities are 21,528 and 20,045 mAh g,
respectively, at 50mA g, and the discharge platform is around
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2.7 V. At a current density of 100 mA g, the discharge and charge
platforms indicate a 2.76 and 4.14 V resulting overpotential of 1.38 V,
which is lower than that of IrO,/MnQO, (1.4 V). Furthermore, the
discharge capacity is 18,813 mAh g after 27 cycles at 100 mA g .
Compared to the capacity of 6,604 mAh g ' from the IrO,/MnO,
catalyst with larger Ir particles, the Ir/CNF case shows much bet-
ter catalytic activity and cell performance in Li-CO, batteries. The
discharge/charge performance of the Li-CO, cell with IrO,/N-CNT
(average diameter of catalyst: 2.15 nm) is shown in Fig. 5(c) [99].
The discharge and charge plateaus are 2.61 and 3.95V, respec-
tively, at 100mA g '; therefore, the overpotential is 1.34 V. This
value is the smallest overpotential value among the other larger Ir
particle-based catalysts mentioned above.

Our group attempted to examine the size effect of Ir SACs in
Li-CO, batteries compared to that of larger Ir catalysts [16]. The
discharge/charge performance of s-Ir/NCNT (SAC), m-Ir/NCNT
(1.75nm), and -Ir/NCNT (2.69 nm) at 50 mA g ' with a limit of
500mAh g after 15 cycles is shown in Fig. 5(d). When comparing
the overpotential among the three catalysts, the degree of polarity
is the highest in -Ir/NCNT, showing the highest overpotential.
The charge voltages decrease with a decrease in the Ir particle size:
45, 34, and 33V for I-It/NCNT, m-Ir/NCNT, and s-Ir/NCNT,
respectively. This tendency becomes more prominent as the cycle
continues. The cycle-specific voltage gap between the discharge
and charge reactions is shown in Fig. 5(e). After ten cycles, while
the overpotential value rapidly increases for the I-Ir/NCNT, this rap-
idly decreases for the s-Ir/NCNT catalyst. This tendency implies that
catalytic activity is activated in the case of Ir SACs during cycling.
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Fig. 5. Discharge/charge curves of (a) IrO,/MnO, (reproduced with permission from ref. [40], copyright 2019, Elsevier B.V)), (b) Ir/CNF
(reproduced with permission from ref. [98], copyright 2018, John Wiley and Sons), (¢) IrO,/N-CNT (reproduced with permission
from ref. [99], copyright 2020, Royal Society of Chemistry), (d) s-Ir/NCNT, m-Ir/NCNT, and I-Ir/NCNT. (e) Voltage gap graphs calcu-
lated during discharging and charging, (f) EIS profiles after ten cycles, and (g)-(i) in-situ DEMS results for the gas evolution rate of
CO, during the charge reaction of s-I/NCNT, m-Ir/NCNT, and I-Ir/NCNT (reproduced with permission from ref. [16], copyright

2022, Royal Society of Chemistry).

The overpotential of s-I/NCNT shows an impressive value of
1.07 V after the 30th cycle, which is the lowest value among the Ir
particle-based catalysts referred to above. The s-I/NCNT delivers
excellent cycle performance exceeding 120 cycles, while the m-Ir/
NCNT and Hr/NCNT are degraded after 80 and 60 cydles, respec-
tively. To examine the surface resistance, the electrochemical im-
pedance spectroscopy measurements of the s-Ir/NCNT, m-Ir/NCNT,
and -Ir/NCNT are shown in Fig. 5(f). The charge-transfer resis-
tance, which is shown as the diameter of a semicircle between the
electrode and electrolyte surface, is about 400 and 650 €2 for the
m-Ir/NCNT and I-Ir/NCNT, respectively. On the other hand, the
s-Ir/NCNT shows a decreased charge-transfer resistance value of
150 Q2 This result demonstrates that the Li-CO, reaction is suc-
cessfully facilitated with reduced resistance by employing SACs (s-
Ir/NCNT). To confirm that the facile Li,CO; decomposition reac-
tion occurs while charging, in-situ differential electrochemical mass
spectrometry (DEMS) results are displayed (Fig. 5(g)-(i)). During
the recharge process, CO, gas is released by the reverse decompo-
sition of Li,CO;. Therefore, the CO, evolution rate analyzed by
DEMS demonstrates the degree of reversibility in the Li-CO, reac-
tion. The CO, evolution shows the highest rate for the s-Ir/NCNT

(0.5nmol s ™) compared to that for the m-Ir/NCNT (0.45 nmol s ')
and I-Ir/NCNT (0.4 nmol s™). This reveals that the s-I/NCNT cat-
alyst with atomically minimized catalyst size offers excellent cata-
lytic activity and superior reversibility.

To elucidate the reaction pathway and excellent activity of SACs,
the result of calculating the reaction energy (AG) through simula-
tion is shown in Fig. 6. First, the most preferred calculated Li-CO,
reaction pathway goes through nine intermediates. In the discharge
reaction, Li,CO; and C are generated by first forming a LiCO, inter-
mediate from Li and then binding to Li again; thus, the reaction
proceeds stably: This pathway becomes a spontaneous reaction where
AG is lowered. When charging, an additional potential correspond-
ing to the AG is given to create a spontaneous pathway, meaning
additional cell voltage is required. In the case of s-Ir/NCNT, it is
necessary to additionally apply an overpotential of 1.53 V' to return
to the original state including Li and CO, after the discharging
process to make the charging process reversible (Fig. 6(a)). On the
other hand, when the particle increases in size, the overpotential
increases; thus, it is calculated that the reverse reaction with Li and
CO, occurs only when an overpotential of 4.92 V for nanoparti-
cles and 526 V for bulk Ir is added. Therefore, it can be seen from
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the previous experimental results in Fig. 5(d)-(i) and calculation
results in Fig. 6 that atomizing the Ir metal can successfully reduce
overpotential.

In summary, there have been several studies for I particle-based
catalysts in Li-CO, batteries and diverse sizes of Ir particles are
synthesized from 5nm to a single atom unit. The overpotential in
the discharge and charge reaction decreases with decreasing cata-
lyst particle size, which means that the atomical miniaturization of
catalysts can not only effectively facilitate the Li-CO, reaction, but
also reduce expensive noble metal components in catalyst materi-
als. The density functional theory (DFT) calculation results also
support the high reversibility in SAC-applied batteries.

SAC CANDIDATES FOR NEXT-GENERATION Li-CO,
BATTERIES

The excellent catalytic effect of SACs can further maximize the
electrochemical performance for Li-CO, batteries. Considerable
efforts have been made to homogeneously and stably load SAC
particles using the facile synthesis method [100]. This section of
the review introduces other possible candidates for precious metal-
based SACs employing diverse support materials that are poten-
tially suitable for Li-CO, batteries.

Wan et al. made defects on TiO, nanosheets to act as an opti-
mal support material of Au atoms (Au/TiO,) [101]. TiO, nanosheets
are formed through a series of heat treatments of the precursor
gel. Then, some defects are formed in TiO, nanosheets by calcinat-
ing them in a reducing atmosphere. In this process, oxygen vacan-
cies are generated in TiO,. For the last step, Au atoms are loaded
on to the TiO, nanosheets through stirring and calcination of Au
and TiO, nanosheet precursors, constructing a Ti-Au-Ti structure.
The valuable characteristic of this catalyst is that the defect of TiO,
forms strong binding between Au atom metals and the TiO, sup-
ports, resulting in catalytic stability and high activity. TEM images
of Au/TiO, demonstrate that the SACs are successfully synthe-
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sized (Fig. 7(a)). Furthermore, the conversion of CO through the
DFT calculation shows higher catalytic activity at the Au single atom
compared to the Au (111) surface. By manipulating this kind of
Au-based SAC, boosted catalytic activity and performance can be
expected for the Li-CO, reaction. The defect engineering of sup-
port material can generate oxygen vacancy, which can be a binding
site of single atom metals and a promising reaction site [59,60,73].

Liu et al. suggested that MCM-22 serves as a framework in which
Pt atomic catalysts exist (Pt/MCM-22) [102]. As seen in Fig. 7(b),
the pure siliceous layered precursor of MCM-22 (MWW zeolite
precursor, MWW(P)) is expanded by introducing hexadecyltrimeth-
ylammonium (CTMA'OH)) at the swelling process. After; Pt atoms
enter the expanded gaps of MWW and are fixed by thermal treat-
ment. By encapsulating the Pt atoms, the structure of MCM-22
serves as the stable supporter for Pt SACs. The TEM images show
that the Pt atoms are highly dispersed and stably anchored on the
MCM-22 framework (Fig. 7(b)). Furthermore, a high-temperature
stability test was conducted for Pt/MCM-22. Even under the harsh
conditions of oxygen and reduction treatment at 650 °C, this Pt/
MCM-22 material successfully exhibits high stability. Therefore, the
complex zeolite structure with highly well-anchored single atoms
could be another catalyst alternative for stably working Li-CO,
batteries.

In addition to Pt/MCM-22, there is another case wherein Pt
SAC:s are applied to Li-O, batteries. Zhao et al. used holey ultrathin
g-CN, nanosheets for Pt support and employed them as a cathode
for a Li-O, battery (Pt/CNHS) [55]. Bulk g-C;N, (CNB) is formed
through thermal polycondensation of melamine, then holey g-C;N,
nanosheets (CNHS) are synthesized via the two-step calcination of
CNB. After adding Pt precursor solution and further heat treat-
ments, Pt atoms are successfully loaded on to CNHS supports
through a liquid phase reaction (Fig. 7(c)). The TEM image shows
the nanosheet substrates with pores and dispersed Pt atoms. Li-O,
cells employing the Pt/CNHS show superior catalytic performance
with low overpotential and improved cycle performance. This is
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copyright 2018, American Chemical Society), and (c) Pt/CNHS (reproduced with permission from ref. [55], copyright 2020, Elsevier).

due primarily to the edge sites created by the hole not only creat-
ing a place for Pt atoms to be stably dispersed, but also providing
an active catalytic site. Furthermore, this porous structure provides
a large surface area, facilitating speedy mass transport and provid-
ing more space to accommodate Li,O, discharge product. Pt single
atoms with high electrical conductivity can supply effective mass
transfer and stable reaction sites during the Li-O, reaction. There-
fore, this type of catalyst could also be a promising candidate for
high performance Li-CO, cells.

In addition to the synthetic methods we mentioned above, a
plasma etching method for a practical material process has recently
been studied by Peng et al. [103], who used nanocarbon (NC) for
metal supports. For plasma-enhanced chemical vapor deposition
(PECVD) process under N, flow; abundant defects are generated
on the NC supports. Metal atoms such as Fe, Co, and Ni are pref-
erentially trapped in the defected NC. The PECVD strategy is
highly efficient for large-scale production of SAC based materials,
so that we can easily scale up to gram level. We expect that devel-

oping the facile and versatile way to fabricate SACs would give a
vision of enabling practical application of the SACs in a large area,
including Li-CO, battery field.

Various methods for synthesizing the SACs have been attempted
for various applications. The studies mentioned above not only
focused on simple and scale-up synthesis, but also tried to achieve
the stable and homogeneous distribution of metal atom catalysts.
These studies proposed diverse strategies for modifying support
materials for SACs, such as the generation of oxygen defects, intro-
duction of porous materials, and artificial pore generation. In addi-
tion, the studies regarding practical method for large-scale synthesis
would suggest a way to get closer to commercializing SACs.

CONCLUSION
This review highlights catalyst size miniaturization of noble
metal-based electrocatalysts from nanoparticle to single atom units

for high performance Li-CO, cells. Previous studies controlled the
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size of noble metal particles through various facile synthesis meth-
ods with diverse supports. Among the noble metals, Ru- and Ir-
based catalysts have commonly been studied for Li-CO, batteries.
Among various Ru and Ir particle-based catalysts, the atomically
loaded catalysts display the lowest discharge/charge overpotential
in Li-CO, cells compared to others with larger particle sizes. DFT
calculation for reaction energy also demonstrates that the lowest
overvoltage can be achieved by using SACs. Besides the catalysts
above, although it has not yet been applied as a Li-CO, battery, it
is possible that there are many SAC candidates that exhibit suffi-
ciently high catalytic activity. To enable further breakthrough in
Li-CO, technology and its realization in the practical aspect, utili-
zation of atomic noble metal catalysts is the most promising strategy.
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