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Given the high energy density and eco-friendly characteristics, lithium-carbon dioxide
(Li-CO,) batteries have been considered to be a next-generation energy technology to
promote carbon neutral and space exploration. However, Li-CO, batteries suffer from
sluggish reaction kinetics, causing large overpotential and poor energy efficiency. Here,
we observe enhanced reaction kinetics in aprotic Li-CO, batteries with unconventional
phase 4H/face-centered cubic (fcc) iridium (Ir) nanostructures grown on gold template.
Significantly, 4H/fcc Ir exhibits superior electrochemical performance over fcc Ir in
facilitating the round-trip reaction kinetics of Li*-mediated CO, reduction and evolu-
tion, achieving a low charge plateau below 3.61 V and high energy efficiency of 83.8%.
Ex situ/in situ studies and theoretical calculations reveal that the boosted reaction kinet-
ics arises from the highly reversible generation of amorphous/low-crystalline discharge
products on 4H/fcc Ir via the Ir-O coupling. The demonstration of flexible Li-CO,
pouch cells with 4H/fcc Ir suggests the feasibility of using unconventional phase
nanomaterials in practical scenarios.

unconventional phase | Ir nanostructures | reaction kinetics | electrochemical mechanism
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Featuring high theoretical energy density (1,875 mAh g~ ') and environmentally friendly
properties, the lithium-carbon dioxide (Li-CO,) battery, a metal-gas electrochemical sys-
tem, has been regarded in recent years as a promising candidate for next-generation
high-performance energy conversion and storage techniques with carbon-neutral capabil-
ity (1-3). The Li-CO, battery can not only act as a durable power source but also offer
an efficient strategy for CO, fixation without extra energy consumption, which is hardly
achieved by the traditional CO, fixation methods in industry. These favorable character-
istics make Li-CO, batteries extremely attractive and important in terms of sustainable
development and space exploration (4-6). Moreover, the deeper investigation of Li-CO,
electrochemistry also facilitate the development of Li-O, batteries toward real Li-air
batteries that can steadily operate in ambient atmosphere (7, 8).

At the initial stage, various carbon materials (e.g., super P (9), Ketjen black (10), car-
bon nanotube (11-13), graphene (14-17)) have been used as cathode catalysts in aprotic
Li-CO, batteries to deliver large specific capacity because of their high specific surface
area. Unfortunately, owing to the low catalytic activity of carbon materials, Li-CO, elec-
trochemistry on carbon suffers from sluggish reaction kinetics. As a result, a high charge
potential (usually >4.2 V) is required to drive the partial decomposition of discharge
products (e.g., Li;CO3) even at quite low currents, leading to large overpotential, low
energy efficiency, poor reversibility, and quite limited cycling stability (10, 17, 18). Even
though heteroatom doping (e.g., N, S, B, O) and defect engineering could facilitate the
transformation of Li,COs, it is still hard to achieve a charge potential of <4.0 V for car-
bon materials, and the corresponding energy efficiency of carbon-based Li-CO, batteries
usually lies in the range of 60 to 70%. The large charge overpotential also causes a high
risk of electrolyte decomposition and carbon corrosion, which suppresses the battery per-
formance. To solve these problems, tremendous efforts have been devoted to exploring
other kinds of materials that possess much higher catalytic activity than carbon materials.
Recently, some metals/alloys (e.g., Ru (9, 19-21), Ir (22, 23), Ni (24), Fe (25, 26), Co
(27), Cu (28, 29), RuCo (30), RuRh (31)) and metal compounds (e.g., Mo,C (32, 33),
VN (34), IrO, (35), RuP, (36), ZnS (37), MnO, (38)) with abundant unoccupied
orbits or dangling bonds have proven to be capable of enhancing the reaction kinetics of
Li-CO, electrochemistry in aprotic organic electrolytes. In light of this point, most stud-
ies try to hybridize carbon materials with metals/alloys and/or metal compounds to fabri-
cate composite catalysts for Li-CO, batteries with low overpotendals, focusing on
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regulating the morphology, size, composition, and distribution
of metal-based components to promote the battery performance
(7, 39). To date, the metal-based catalysts could decrease the
charge potential of Li-CO, batteries to ~3.8 to 4.0 V and realize
an energy efficiency of ~70 to 75%. However, although signifi-
cant advances in Li-CO, batteries have been achieved by tuning
the aforementioned factors, another important structural param-
eter of cathode catalysts (i.e., phase) is almost neglected in this
direction.

In recent years, phase engineering of nanomaterials has
emerged as an effective strategy to modulate the intrinsic physi-
cochemical properties of materials, including the catalytic prop-
erties (40-45). Compared with the conventional phases,
unusual phases possess different atomic arrangements. Conse-
quently, the catalytic properties of materials could be signifi-
cantly changed as the electronic structure is highly sensitive to
atomic configuration (41). For instance, it was revealed that
unusual hexagonal close-packed phases of Au (46-49) and Cu
(50) nanomaterials exhibit much higher catalytic activity and
selectivity than their conventional face-centered cubic (fcc)
phase in the aqueous electrocatalytic CO, reduction reaction
(CO,RR). These observations suggest the great potential of
unusual phase metal nanomaterials in next-generation catalysis-
related energy storage and conversion applications (51), such as
Li-CO, batteries. Therefore, despite that it puts forward strict
requirements on the bifunctionalicy of cathode catalysts in
aprotic Li-CO, batteries, tuning the round-trip reaction kinet-
ics of the Li*-mediated CO,RR and CO, evolution reaction
(CO,ER) via the phase engineering of catalysts could be a feasi-
ble and promising strategy in boosting the electrochemical
performance.

In this work, unconventional phase 4H/fcc Ir nanostructures
are synthesized through controlled growth of Ir on 4H/fcc Au
nanorods (NRs). As a proof-of-concept application, the
obtained 4H/fcc Ir nanostructures are used as cathode catalysts
in aprotic Li-CO, batteries. Compared with the Au substrate,
the introduction of Ir nanostructures can facilitate the reversible
formation of discharge products in Li-CO, electrochemistry.
Significantly, unusual 4H/fcc Ir demonstrates much faster
round-trip reaction kinetics than conventional fcc Ir in the Li*-
mediated CO,RR and COER. It not only improves the dis-
charge capacity and corresponding reversible capacity but it
also decreases the discharge/charge overpotential remarkably,
resulting in a low-charge plateau <3.61 V and high energy effi-
ciency up to 83.8% during cycling. Ex situ/in situ studies and
computational calculations reveal that the coordinative electron
transfer via Ir-O coupling between 4H/fcc Ir and discharge
products benefits the deep decomposition of low-crystalline/
amorphous carbonates and carbon species. This study exhibits
the high feasibility of using unconventional phase materials to
further promote the electrochemical performance of nonaqu-
eous metal-CO, batteries.

Results

Synthesis and Characterization. The synthesis of 4H/fcc Ir
nanostructures on unusual phase Au NRs (denoted as Au@4H/
fee-Ir) is schematically illustrated in ST Appendix, Fig. S1 (see
more details in ST Appendix, Supplementary Methods). Com-
pared with the pristine 4H/fcc Au template (SI Appendix, Fig.
S2), the NR surface became rough after Ir deposition (Fig. 1 A4
and B). The thickness of Ir nanostructures grown on the
Au substrate was measured to be around 5 nm (S/ Appendix,
Fig. S3). The energy-dispersive X-ray spectrum (EDS) indicates

https://doi.org/10.1073/pnas.2204666119

an Au:lr weight ratio of 0.86:0.14 in the obtained Au@Ir NRs
(denoted as Au@4H/fcc-Irg 14), consistent with the inductively
coupled plasma optical emission spectrometry analysis (S/
Appendix, Fig. S4).

Spherical aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (HAADEF-STEM)
was used to reveal the crystal structure of as-prepared Au@4H/
fec-Irg 14. The alternating distribution of 4H and fcc phases in
Au core along the [001]4y/[111]¢ close-packed directions was
confirmed by the typical HAADF-STEM image and corre-
sponding selected-area fast Fourier transform (FFT) patterns
(Fig. 1 C-E). To investigate the crystal structure of Ir nano-
structures, HAADF-STEM images of the edge areas on
Au@4H/fcc-Irg 14 were collected. Along the close-packed direc-
tions of [001]44/[111] the characteristic stacking sequences of
“ABCB” and “ABC,” which are attributed to 4H and fcc
phases, respectively, can be clearly distinguished in the atomic-
resolved images of Ir nanostructures (marked regions of Fig. 2F
and SI Appendix, Fig. S5 A-C). The corresponding selected-
area FFT patterns match well with the electron-diffraction pat-
terns of fcc and 4H phases along the [101]¢ and [110]4y4 zone
axes, respectively, indicating the coexistence of fcc and 4H
phases in Ir nanostructures (Fig. 1 G and H and SI Appendix,
Figs. S5 D and E and S6). In addition, from the enlarged
HAADE-STEM image acquired along the [110]4y zone axis
(Fig. 1J), the interplanar distances along the [001]4y close-
packed direction of Au template and Ir nanostructure were
measured at 2.31 and 2.19 A, which are attributed to the
(004)43., and (004) 4141, planes, respectively (Fig. 1 7 and )).
Alternatively, the interplanar spacing of (110)41y, planes was
measured at 2.38 A. Based on these experimental results, the
unit cell model of 4H Ir was built, in which the calculated unit
cell parameters are a = 2.739 A and ¢ = 8.947 A (Fig. 1K). For
comparison, the unit cell model of fcc Ir is also provided, along
with the crystal models of both 4H Ir and fcc Ir. In addition,
HAADF-STEM images and the corresponding EDS line scan-
ning and elemental mappings further corroborate the homoge-
nous growth of Ir nanostructures on Au templates (Fig. 1 L-Q).

X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) spectroscopies were
combined to reveal the electronic structure and coordination
environment of Au@4H/fcc-Irg 14. As shown in Fig. 24, in the
Ir Ls-edge, the white line intensity, and XANES energy of 4H/
fcc Ir match well with those of pure fcc Ir nanoparticles (NPs).
The Fourier transforms of EXAFS spectra are provided to
obtain the local structure of Ir (Fig. 2B). Both 4H/fcc Ir and
fcc Ir show a dominant peak at ~2.52 A in R space, corre-
sponding to the Ir-Ir scattering path of the first shell (52). The
smaller average Ir-Ir bond distance (SI Appendix, Fig. S7 and
Table S1) and wider distribution of Ir-Ir bond length (Fig. 2C)
in 4H/fcc Ir than those of fcc Ir indicate the formation of
unusual Ir species (e.g., 4H Ir). In addition, the Ir-Ir coordina-
tion number (CN) of 4H/fcc Ir was calculated to be 9.1, which
is much lower than that of pure fcc Ir (CN = 10.8). As for the
Au Ls-edge, Au@4H/fcc-Irg 14 demonstrates almost the same
white line intensity and XANES energy as those of the pristine
4H/fcc Au NRs (87 Appendix, Fig. S8A). Meanwhile, no appar-
ent difference in the average Au-Au bond length was found
between Au@4H/fcc-Irg 14 and 4H/fcc Au NRs (81 Appendix,
Figs. S8B and S9 and Table S1). To further uncover the effect
of the special coordination structure of 4H/fcc Ir and fec Ir, the
wavelet transforms (WTs) of Ir Lj-edge EXAFS were con-
ducted. As shown in Fig. 2 D and E, 4H/fcc Ir nanostructures
exhibit a much broader distribution of maximum intensity in
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Structural characterization of Au@4H/fcc-Irg 14 nanostructures. (A and B) SEM (A) and (B) TEM images of the as-synthesized Au@4H/fcc-Irg 14 Nnanostruc-

tures. (C) HAADF-STEM image of a single Au@4H/fcc-Irg14 NR. (D and E) FFT patterns of the corresponding regions (D and E) marked in (C). (F) Aberration-
corrected HAADF-STEM image acquired at the edge of the Au@4H/fcc-Irg 14 nanostructures. (G and H) FFT patterns of the corresponding regions (G and H)
marked in (F). (/) Magnified HAADF-STEM image showing the lattice fringes of the inner 4H Au core and the outer 4H Ir nanostructure. (J) Integrated pixel intensi-
ties along the green (1) and red (12) dashed lines of the selected areas marked in (/). (K) Theoretical unit cell and crystal models of 4H (top panels) and fcc (bot-
tom panels) Ir. (L and M) HAADF-STEM image (L) and the corresponding EDS line-scanning profile (M) across an individual Au@4H/fcc-Irg 14 NR indicated by the
white dashed line in (L). (N-Q) HAADF-STEM image (N) and the corresponding EDS elemental mappings (0-Q) of the Au@4H/fcc-Irg 14.

the k range compared to pure fcc Ir NPs, which could be
attributed to the diverse atomic arrangements of 4H Ir and fcc
Ir (Fig. 1 F=K). In contrast, no evident change in the WT con-
tour plots derived from Au Ls-edge EXAFS was observed, sug-
gesting the good structure preservation of 4H/fcc Au after Ir
deposition (S7 Appendix, Fig. S8 C and D). In addition, X-ray
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photoelectron spectroscopy (XPS) was performed to further
confirm the chemical states of Au@4H/fcc-Irg 4. From the
high-resolution XPS spectrum of Ir 4f (Fig. 2F), two strong
peaks corresponding to the 4fs/, and 4f;,, doublet of metallic
Ir were found at 63.7 and 60.8 ¢V, while another couple of
faint peaks at 65.6 and 62.0 eV indicate the slight oxidation of
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Fig. 2. X-ray spectral analysis of Au@4H/fcc-Irg 14 nanostructures. (A) XANES spectra at the Ir Ls-edge. (B and () Fourier transform of Ir L3 EXAFS spectra
(B) and enlarged Fourier transform patterns (C) marked by the black dashed rectangle (in B) at R space of Au@4H/fcc-Irg 14 and fcc Ir NPs. (D and E) The
counter plots of WT of Au@4H/fcc-Irg.14 (D) and fcc Ir NPs (E). (F) The high-resolution Ir 4f XPS spectrum of Au@4H/fcc-Irg 14.

Ir in air (22, 23). Simultaneously, only the peaks attributed to
metallic Au can be recognized in the high-resolution XPS spec-
trum of Au 4f (87 Appendix, Fig. S10) (49).

The crystal structure of Ir nanostructures can be easily
adjusted by controlling the thickness of Ir on the 4H/fcc Au
template. In general, with the increase in Ir thickness, the Au
template gradually cannot confine the growth of unusual phase
Ir, leading to the formation of fcc-rich nanocrystals in the outer
layer of Ir nanostructures. In specific, another two kinds of
Au@4H/fcc-Ir NRs were synthesized by the same method but
with increased amounts of Ir precursor and extended growth
time. The Au:Ir weight ratios in these two samples were mea-
sured at 82:18 (denoted as Au@4H/fcc-Iryg) and 75:25
(denoted as Au@4H/fcc-Iry »5), respectively (SI Appendix, Figs.
S114 and S12A). As shown in SI Appendix, Fig. S11 B and C,
the thickness of Ir in Au@4H/fcc-Irg 15 is ~7 nm, resulting in
the distinct decrease in 4H-phase content in Ir nanostructures.
As for Au@4H/fcc-Irg 5, the outer layer of Ir nanostructures
with a thickness of ~12 nm is almost full of fcc Ir nanocrystals

(81 Appendix, Fig. S12 B—E).

Electrochemical Performance of Li-CO, Batteries. The
as-synthesized Au@4H/fcc-Ir NRs were used as cathode cata-
lysts to investigate the effect of phase on the reaction kinetics of
Li*-mediated nonaqueous CO,RR and CO,ER in Li-CO, bat-
teries (Fig. 34). Since Au is an eligible substrate for Li-CO,
electrochemistry, no other carbon additives (e.g., super P (9),
Ketjen black (10), Vulcan XC72 (31)) were added into the cat-
alyst system. Thus, Au excludes the interference by carbon spe-
cies that are active catalysts for Li-CO, batteries (9, 10, 31). In
addition, dimethyl sulfoxide (DMSO) with a high donor num-
ber (DN) of 29.8 was used as the electrolyte solvent in this

https://doi.org/10.1073/pnas.2204666119

work. Note that the limited specific surface active sites of metal
catalysts usually require a higher CO, concentration near the
surface region than carbon-based counterparts to trigger the
redox reactions (53-56). Galvanostatic discharge and charge
tests were conducted on different Ir cathodes toward Li-CO,
electrochemistry. To measure the performance of pure fcc Ir, the
control cathode catalysts were prepared by physically mixing 4H/
fcc Au NRs and fcc Ir NPs with a weight ratio of 86:14 (denoted
as Au + fec-Irg 14, ST Appendix, Fig. S13). All of the current den-
sities and capacities were normalized to the mass of Ir. The cur-
tailing capacity was set at 500 mAh g~ '}, on account of the large
mass density of Ir, which is 10 times larger than that of carbon,
as well as the general test conditions used in metal-gas systems.
The mass loadings of Ir were kept at a similar level on different
cathodes. Before the measurements, the negligible contributions
by Li intercalation and pseudocapacitance were first confirmed by
the nonevident capacities on Au and Au/Ir cathodes in Ar (57
Appendix, Fig. S14). Hence, almost all of the capacities recorded
should originate from the Li-CO, electrochemistry.

Rate capability is an important indicator for reaction kinetics
(57, 58). As shown in Fig. 3B, with the increase in current den-
sity from 50 to 100, 250, and 500 mA g~ '|, on Au@4H/fcc-
Irg.14, the discharge voltage shows a slight decrease, but the
charge potential polarization gradually increases, with the
charge termination voltage moving upward from 3.61 to 3.80,
3.92, and 4.12 V, respectively. In comparison, Au + fcc-Irg 14
suffers from much serious voltage polarization at every applied
current density (Fig. 3C and S/ Appendix, Fig. S15 A-D).
Importantly, Au@4H/fcc-Irg 14 demonstrates much lower dis-
charge and charge overpotential than Au + fcc-Irg 4 under
the current densities of 50 to 500 mA gfllr (SI Appendix,
Fig. S15E). The better rate capability of Au@4H/fcc-Irg 14 than
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Fig. 3. Electrochemical performance of the assembled aprotic Li-CO, batteries. (4) Schematic illustration depicting the general configuration and working

mechanism of aprotic Li-CO, batteries. (B and C) Rate capabilities of Au@4H/fcc-Irg.14 (B) and Au + fcc-Irg 14 (C) cathodes. (D) Long-term cycling stability of
Au@4H/fcc-Irgq14 and Au + fcc-Irg14 at 500 mA g~ and 500 mAh g~'.. (E and F) Discharge-charge profiles at 50 mA g~ within 500 mAh g~",; () and com-
parison of the median discharge/charge voltages and voltage differences (F) of Au@4H/fcc-Ir and Au + fcc-Irg 14. (G) Discharge-charge profiles of a flexible
Li-CO, pouch cell using Au@4H/fcc-Irg 14 at various bending angles at 50 pA within 200 pAh, along with the digital photographs of a clock powered by this
device as insets. (H) Comparison on the charge potential, overpotential, and energy efficiency of as-synthesized Au@4H/fcc-Irg.14 and other representative

catalysts for Li-CO, batteries reported previously.

Au + fcc-Irg 14 indicates the faster CO,RR and CO,ER kinet-
ics. To reveal the ability of sustaining fast reaction kinetics by
Ir catalysts, long-term cyclinlg behaviors were investigated at a
high rate of 500 mA g °;, and a curtailing capacity of
500 mAh g_llr. From Fig. 3D and SI Appendix, Fig. S16, Au@
4H/fcc-Irg 14 show the longer working lifespan of 46 cycles
than that of Au + fec-Irg 14 (20 cycles), along with the lower
overpotential and more stable discharge/charge profiles. The
cycling life of Au@4H/fcc-Irg 14 can be further extended above
60 cycles under 250 mA gflh and 250 mAh gflh (81
Appendix, Fig. S17). The performance decay probably originates
from the instability of the 4H/fcc Au substrate and metal anode
corrosion in aprotic Li-CO, batteries using DMSO-based elec-
trolytes. Note that pure Au cathodes can only work for 4 cycles
even under mild conditions (S7 Appendix, Fig. S18). In addition,
as evidenced by the discharge/charge profiles and median dis-
charge/charge potentials at 250 mA g_llr and 500 mAh g_llr,
Au@4H/fcc-Irg 14 can maintain relatively high energy efficiencies
even at high rates (S Appendix, Fig. S19).

PNAS 2022 Vol. 119 No.40 e2204666119

The electrochemical behaviors of Au@4H/fcc-Ir and Au +
fec-Irg 14 toward Li-CO, electrochemistry were compared to
further reveal the phase effect of Ir nanostructures. As shown in
Fig. 3E, the discharge-charge voltage gaps exhibit an increasing
trend with the decrease in 4H-phase content in Ir nanostruc-
tures at 50 mA g_llr and 500 mAh g_lh. Fig. 3F demonstrates
the detailed discharge/charge plateaus and corresponding volt-
age gaps of the Ir nanostructures. Remarkably, Au@4H/fcc-
Irg.14 exhibits the median discharge and charge potentials at
~2.90 and 3.52 V, respectively, resulting in the lowest
discharge-charge voltage difference of 0.61 V and the highest
energy efficiency of 83.8% among all of the measured catalysts
(0.82 V/78.2% for Au@4H/fcc-Irg 15, 0.97 VI/75.6% for
Au@4H/fcc-Irg 55, and 1.02 V/74.2% for Au + fcc-Irg 4).
Moreover, the charge termination voltage of Au@4H/fcc-Irg 14
is <3.61 V. As for Au@4H/fcc-Irg 55, the discharge/charge pro-
files are approaching those of Au + fcc-Irg 14. Given the fact
that the surface of Au@4H/fcc-Irg 55 is mainly covered by fcc Ir
nanostructures and metal-gas electrochemistry is more sensitive
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to the surface state of catalysts, it is reasonable that 4H/fcc-
Irg .25 exhibits a discharge-charge behavior that is very similar to
that of pure fcc Ir. The aforementioned results suggest that the
unconventional 4H phase of Ir tends to favor the Li*-mediated
CO,RR and CO,ER kinetics in aprotic Li-CO, batteries over
that of the common fcc counterparts.

In addition, a flexible Li-CO, pouch cell was constructed
using Au@4H/fcc-Irg 14 as the cathode catalyst. As shown in
Fig. 3G, the fabricated pouch cell exhibits an excellent electro-
chemical behavior retention under various bending angles,
ranging from 0° to 60° and 120°. The as-fabricated pouch cell
is also able to provide electricity steadily for a commercial clock
even during the continuous deformation process (illustrations
within Fig. 3G and S/ Appendix, Movie S1). The successful
demonstration of flexible Li-CO, pouch cells indicates the great
potential of using unconventional phase nanomaterials to pro-
mote the round-trip reaction kinetics of flexible metal-gas bat-
teries in practical application scenarios.

To better elucidate the advantages of unusual Au@4H/fcc-Irg 14
nanostructures for aprotic Li-CO, batteries, a systematic com-
parison including the charge potential, overpotential, and
energy efficiency has been made between this work and other
representative metal-based catalysts that were reported previ-
ously. As shown in Fig. 3H, Au@4H/fcc-Ir 14 nanostructures
demonstrate the highest energy efficiency among all of the listed

catalysts. Furthermore, to the best of our knowledge, there are
few metal/alloy-based catalysts that can reach such a low charge
voltage (i.e., <3.61 V) (SI Appendix, Table S2). Note that at
least ~3.75 V is typically required to drive the decomposition
of discharge products on previously reported catalysts (9, 20,
22,31, 33, 59).

Electrochemical Reaction Mechanism. Ex situ and in situ tech-
niques were combined to explore the reason why unusual 4H/fcc
Ir is able to boost the CO, reduction and evolution kinetics in
aprotic Li-CO, batteries. Here, cyclic voltammetry (CV) was
used to reveal the potential and current differences on the above
redox reactions. To evaluate the performance of intrinsic Li-CO,
electrochemistry occurring on the Au substrate and make a
reasonable performance comparison under the equivalent condi-
tions, the specific capacities and current densities were normal-
ized to the total weight of metal (i.e., Au and Ir). As shown in
Fig. 44 and SI Appendix, Fig. S20, Au@4H/fcc-Irg 14 shows the
larger current density and lower reaction overpotential of
CO,RR and CO,ER than those on the bare Au substrate and
Au + fcc-Irg 14, which means it could allow the faster reaction
kinetics. In the following, deep discharge/charge behaviors of Au,
Au + fec-Irg 14 and Au@4H/fcc-Irg 14 cathodes were also investi-
gated. On account of the large mass content of the Au substrate,
the applied current density of 50 mA g ', (approximately
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Ex situ/in situ studies on the underlying reaction mechanism of different Li-CO, electrochemistry. (A and B) CV curves at 0.2 mV s~' (A) and galvano-

static discharge-charge profiles at 50 mA g”mem (B) of Au, Au + fcc-Irg.14 and Au@4H/fcc-Irg 14 over the potential window of 2.0 to 4.4 V in CO,. (C and D)
Typical SEM images of discharge products formed on the Au substrate (C) and Au@4H/fcc-Irg 14 (D), along with the illustrations of different growth modes of
discharge products as insets. (E and F) The high-resolution Ir 4f XPS spectra of Au@4H/fcc-Irg 14 cathodes at the first discharged state (E) and the first
recharged state (F). (G-/) Raman spectra of Au@4H/fcc-Irg14 and bare Au cathodes at different electrochemical states. (/-L) In situ DEMS patterns and the
corresponding charge profiles of Au substrate (J), Au@4H/fcc-Irg 14 (K), and Au + fcc-Irg 14 (L) at 50 pA, respectively.
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equal to 350 mA gfllr) would cause a high reaction rate, which
easily leads to the rapid voltage polarization that shuts down the
battery. As shown in Fig. 4B, despite the higher working voltage
plateau at ~2.7 V, Au@4H/fcc-Irg 14 demonstrates a deep dis-
charge specific capacity of 3,748.3 mAh g ', .. at the current
density of 50 mA g_lmetal, which is even slightly higher than
that of the pristine Au substrate (3,665.1 mAh g~ ..). Signifi-
cantly, the Li-CO, electrochemistry occurring on the pure Au
substrate shows poor reversibility, only exhibiting a low Coulom-
bic efficiency (CE) of 13.90%. In comﬁmrison, the reversible
capacities of 1,304.6 and 2,187.9 mAh g~ .1 were achieved by
Au + fee-Irg 14 and Au@4H/fee-Irg 14, corresponding to the high
CEs of 38.11% and 58.37%, respectively. These results indicate
that 4H/fcc Ir should not only facilitate the conversion of CO,
to carbonates but also improve the decomposition and reversibil-
ity of discharge products.

The morphology evolution of Au@4H/fcc-Iry 14 and Au
cathodes was checked at different discharge and recharge states.
After the first discharge process, large-sized aggregates of dis-
charge products are discretely distributed in the Au cathode
(Fig. 4C), while the discharge products exist as a continuous
film covering catalysts in the Au@4H/fcc-Irg 14 cathode (Fig.
4D). This is attributed to the different growth modes of dis-
charge products in the aforementioned Li-CO, batteries (S/
Appendix, Fig. S21). If the growth process dominates (usually
in the case of inadequate catalytic sites and/or lower catalytic
activity), the newly generated discharge products (e.g., Li,CO3
and C) tend to accumulate on the surface of preformed ones,
leading to the formation of many isolated aggregates along the
Volmer-Weber mode (51, 54, 55). On the contrary, if the
nucleation process dominates (usually in the case of abundant
catalytic sites and/or higher catalytic activity), then there are
more active surfaces available for the homogeneous nucleation
of newly generated discharge products, resulting in the genera-
tion of continuous film along the Frank-van der Merwe mode
(51, 54, 55). Owing to the larger contact area and stronger
interaction between catalysts and discharge products, the latter
mode is in favor of the lower CO,RR energy barrier (higher
working voltage) and larger storage space for discharge products
(larger specific capacity) in Li-CO, cells using Au@4H/fcc-Irg,
14- Simultaneously, the latter mode can also promote the
decomposition of discharge products, as evidenced by the scan-
ning electron microscopy (SEM) observations (S Appendix,
Fig. §22). Moreover, after recharging, the initial morphology
and structure of Au@4H/fcc-Irp 14 catalyst can be well pre-
served (SI Appendix, Fig. S23).

XPS was used to investigate the chemical state evolution of
Ir and Au during cycling. Unexpectedly, apart from the com-
mon valence variation of Li;COj in the cathodes (S7 Appendix,
Figs. S24 and $25), it was observed that the intensity of peaks
corresponding to the oxidized state of Ir increases remarkably
after the initial discharge process and then decreases to pristine
status after the subsequent recharge process (Fig. 4 E and F),
while the chemical state of Au remained the same during the
cycling (SI Appendix, Fig. S26) (60). It suggests that there
should be some coordinative electron transfer between 4H/fcc
Ir and discharge products through the Ir-O coupling during
discharging (32, 33). Upon recharging, the Ir-O coupling was
broken with the gradual decomposition of discharge products,
and simultaneously, the delocalized electrons of Ir atoms
returned to 4H/fcc Ir. However, this kind of electron transfer
phenomenon cannot be detected in the pure Au cathodes (87
Appendix, Fig. S27) and Au + fcc-Irg 14 cathodes (ST Appendix,

Fig. §28). The detailed reaction process occurring on cathodes

PNAS 2022 Vol. 119 No.40 2204666119

during cycling was elucidated by Raman spectra (Fig. 4G). A
stretching peak at ~1,085 cm ™!, which is ascribed to the C-O
bond of Li,COj, appeared after discharging (20, 26). The
broadened full wave at half-maximum (~20 cm™" for Au@4H/
fee-Trg 14 versus 12 cm™ ! for Au) suggested that the crystallinity
of Li,CO; formed on Au@4H/fcc-Irg 14 is lower than that on
Au (S Appendix, Fig. S29). The low-crystalline Li,CO3 was
more easily decomposed under a relatively low charge potential,
given that no obvious peak of Li,CO3 can be recognized on
Au@4H/fcc-Irg 14 after recharging (61). A similar phenomenon
was observed for carbon, another kind of discharge product in
the Li-CO, battery. From the magnified Raman spectra around
the D band of carbon species (~1,350 cm ™), Au@4H/fec-Ir,
14 exhibited a much broader and weaker peak compared with
Au after discharging, indicating the generated carbon is mostly
amorphous or of low crystallinity (62, 63). Upon recharging,
the peak of the D band returned to the pristine state in the
Au@4H/fcc-Irg 14 cathode, while this peak became a little bit
stronger than the initial state in the Au cathode. These observa-
tions indicate that Li;COj; and carbon should be largely
decomposed in the Au@4H/fcc-Irg 14 cathode, but there are
some detectable residuals in the Au cathode after recharging.

In situ differential electrochemical mass spectrometry (DEMS)
was further used to reveal the underlying CO,ER mechanism of
Li-CO, electrochemistry with different catalysts. The electro-
chemical behaviors of reactions occurring on the Au substrate can
be regarded as the intrinsic properties of aprotic Li-CO, electro-
chemistry, given that Au is a commonly used platform allowing
metal-gas electrochemistry in spectroscopy-related studies (20,
64). According to Fig. 4/, the balanced CO, evolution rate pro-
file on the Au cathode is close to but below the standard line [1]
ascribed to 2e7/CO, (charge-to-mass ratio) and the correspond-
ing charge potential reaches around 4.3 V, which indicates the
partial decomposition of Li,COj via (20, 65)

ZLZZ COa — 4Ll+ + 2C02 + Oz + 46‘7, [1]

even under such a high overpotential. This is due to the insulat-
ing and thermodynamically stable characteristics of discharge
products generated on Au with poor catalytic activity. Although
it does not produce O, radicals with the strong oxidizing power
via another decomposition pathway based on 3e—/2CO, via

215 CO; — 4Li* +2CO, + Oy + 3¢, [2]

the generated O, may be still sufficient to oxidize the nanoscale
Au substrate, limiting the cycling stability of Au cathode to <4
cycles. The slight Au oxidation was also verified by the weak oxy-
gen consumption at the inital charge stage, which becomes
much more obvious at the third charge process (S7 Appendix, Fig.
S30). After the introduction of Ir (no matter whether 4H/fcc or
pure fcc Ir) to the Au substrate, the electrophilicity and nucleo-
philicity of catalysts are improved through the stronger electron
interaction between Ir and reactive precursors/discharge products,
thereby decreasing the round-trip reaction overpotential and
increasing the reversibility of Li-CO, electrochemistry. This state-
ment can be supported further by the reduced charge profiles
shown in Fig. 4 Kand L. The balanced CO, evolution rate pro-
files corresponding to Au@4H/fcc-Irg 14 and Au + fec-Irg 14 lie in
the range of the standard line [2] representing 2¢” /CO, to the
standard line [3] representing 4e—/3CO, via

2LirCOs + C — 4Li* + 3CO, + 4e, 3]

suggesting the enhanced reaction kinetics in both Ir-based Li-
CO; batteries. Significantly, the real charge-to-mass ratio of Au@
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4H/fcc-Irg 14 was calculated to be 1.39 ¢ /CO,, which is much
better than that of Au + fcc-Irg 4 (2.38 ¢ /CO,) and even
approaches the ideal value of 1.33 e /CO, along the completely
reversible pathway (see the detailed calculation methods in the S7
Appendix). This phenomenon indicates that carbon degradation
has also been deeply activated in the 4H/fcc Ir-based Li-CO, cell.
The aforementioned results suggest that compared with fec Ir,
the more reversible formation of amorphous/low-crystalline dis-
charge products on unusual 4H/fcc Ir leads to the boosted
round-trip reaction kinetics (87 Appendix, Fig. S31).

Computational Calculations. First-principles calculations based
on density functional theory (DFT) were performed to gain some
theoretical insights into the excellent catalytic activity of unusual
phase Ir toward Li*-mediated CO,RR and CO,ER. In the first
place, phonon spectra were simulated to verify the dynamic sta-
bility of the 4H Ir crystal obtained by the CALYPSO (66). The
results show that 4H Ir lacks imaginary models and thus possesses
a good dynamical stability (S7 Appendix, Fig. $324). Band struc-
ture calculations further demonstrate that 4H Ir maintains the
typical metallic property, analogous to fec Ir (SI Appendix, Fig.
S32 B and (). Because a high-DN solvent (i.e., DMSO) is
required to enable the 4-electron transfer Li-CO, electrochemis-
try (4Li +3CO, < 2L5,COs + C) using pure metal catalysts,
the solution pathway should dominate in CO, reduction, accord-
ing to the previous relevant studies involving metal-gas batteries
(53-56). Hence, the wettability of catalyst surface toward the
reaction precursors and discharge products remarkably affects the
position and rate of the reaction equilibrium (CO,RR kinetics).
From the precursor side, we calculated the adsorption energies of
Li atom (E_4(Li)) and CO, molecule (E,4,(CO,)) on the thermo-
dynamically stable (111) sutface of fcc Ir and 3 mainly exposed
(004), (110), (110) surfaces of the 4H Ir nanostructures. The
E (L) on (004)4y, (110)4y and (110)4y facets reach 2.97,
2.96, and 3.05 eV, respectively, which are much higher than that

(2.69 €V) on the (111)¢ facet (S Appendix, Fig. S33 A, D, G,
and J and Table S3). In terms of CO, adsorption, although
(004)4; and (110)4y facets show E_4(CO,) similar to that
(0.03 eV) of the (111)¢ facet, E_4(CO,) on the (110)4y facet
(0.77 €V) is an order of magnitude larger than that of the (111)¢
facet (SI Appendix, Fig. S33 B, E, H, and K and Table S3).
Therefore, it is believed that 4H Ir has better wettability toward
the reaction precursors, which enlarges the concentration of Li*
and CO; near the catalyst surface and thereby promotes the posi-
tive shift of the equilibrium.

From the product side, we further considered the interac-
tions between Li,COj (the dominant discharge product) and
the aforementioned four types of Ir surfaces. According to the
calculated adsorption energies of Li,COj3 (E,4(Li,CO3)), it was
deduced that the (110)4y and (110)4y facets of 4H Ir should
be preferable for electrocatalytic CO, reduction, on account of
their superior compatibility to Li;CO3 (2.64 eV for (110)45
and 2.28 eV for (110)4yy, while 1.64 eV for (111)g), as shown
in SI Appendix, Fig. S33 C, F, I, and L and Table S3. The
larger E,(Li,CO3) suggests that it would be much easier and
faster for 4H Ir than fcc Ir to capture Li,COj generated by the
solution pathway, which will decrease the discharge product
concentration at the electrochemically active regions for
CO,RR and thus further make the equilibrium move forward
as well as boost the kinetics. Moreover, the partial electronic
density of states (PDOS) (Fig. 54 and SI Appendix, Fig. S34)
and charge density differences (Fig. 5 B-D) reveal that the
interactions between Li,COj3 and four types of Ir surfaces are
mainly via the Ir-O bond. Compared with the (111)¢ facet,
there are much larger coupling regions between Ir and O atoms
in PDOS when a Li;COj; molecule is adsorbed on (110)4y
and (110)4y facets, explaining why the E,4(Li,COs) is
enhanced on the latter two surfaces. Bader charge analysis eluci-
dates that there is 0.5084 €™ transfer between the Li,CO3 mol-
ecules and Ir atoms for the (110)4y facet, while this value was
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Fig. 5. Theoretical calculations depicting the difference on modulating the Li*-mediated CO,RR and CO,ER kinetics by 4H Ir and fcc Ir. (A) The PDOS around
the Fermi level (Ep of (111)f and (110)4y facets of Ir after Li,CO3; was adsorbed. (B-D) Bader charge density difference of Li,CO3 adsorbed on (111)¢ (B),
(110)44 (C), and (110)n (D) facets of Ir. (E and F) Top views (left panels) and side views (right panels) of the optimized energetically most favorable structures
of Li,CO5 adsorbed on (111)¢ (E) and (110)4n (F) surfaces of Ir. (G and H) The dynamic simulations (G) and corresponding maximum energy barriers (H) during
the decomposition of Li,CO3 on (111)g, (004)4y, (1 10)an, and (110)4 facets of Ir.

8 of 11  https://doi.org/10.1073/pnas.2204666119 pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204666119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204666119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204666119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204666119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204666119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204666119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204666119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204666119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204666119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204666119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204666119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204666119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204666119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204666119/-/DCSupplemental

only 0.4393 e™ for the (111)¢ facet (S Appendix, Table S3). It
further suggests that the electronic interaction via Ir-O cou-
pling is much stronger for 4H Ir than fcc Ir. This is also consis-
tent with the XPS results, in which the content of Ir oxidation
state in Au@4H/fcc-Irg 14 increases after discharging (Fig. 4 E
and F).

The CO,ER is equally as important as CO,RR in metal-
CO, batteries. To evaluate the kinetic differences of Li,CO;
oxidation during the charging process, we also simulated the
dynamic decomposition of Li,COj on the aforementioned four
Ir surfaces. The decomposition process from an intact Li,COj3
molecule into a LiCOj cluster and a single Li ion was consid-
ered at the inidal dissociation stage of discharge products, cor-
responding to the fracture of a Li-O bond. Because the lengths
of the two Li-O bonds, which are initially equal in the Li,COj;
molecule, will change after Li,COj is adsorbed on the surfaces,
the decomposition processes are always fixed on the Li-O
bond with the largest bond length and hence the lowest bond
energy. It is also noteworthy that the average Li-O bond
lengths of Li,CO3 on the (110)4 and (110) 4y surfaces are dis-
tinctly larger than the counterparts on the (111)¢ surface (Fig. 5
Eand Fand SI Appendix, Fig. S35), suggesting the lower struc-
tural stability of Li,COj generated on 4H Ir than that on fcc
Ir. The dynamic dissociation processes of the first Li atom in
Li,CO;3 were further simulated on the aforementioned four
kinds of Ir surfaces, as shown in Fig. 5G. Specifically, the high-
est decomposition energy barriers of Li,-O bonds are 0.74,
0.36, 0.95, and 0.44 eV on the (111)g (1104, (110)4p, and
(004) 444 facets, respectively (Fig. 5H). This indicates that 4H Ir
is more favorable for Li,COj dissociation than the fcc Ir,
thereby allowing faster CO,ER kinetics.

In addition, to further confirm the origin of lower discharge-
charge overpotentials by unusual phase Ir, DFT calculations on
the Au substrates were also performed. It was found that 4H
Au possesses more lithiophilic surfaces than fcc Au, but the dis-
crepancies of E 4(CO,), E 4(Li,COs3), electron transfer, and
Li-O bond length of Li,COj; on different crystal phases of Au
are not so obvious (S Appendix, Figs. S36-S38 and Table S4).
The dynamic delithiation simulations further reveal that the
decomposition energy barriers of Li;COj3 on the four different
surfaces of Au are similar and range from 1.35 to 1.58 eV (87
Appendix, Fig. §39), much larger than those observed on Ir sur-
faces. The above simulation results not only explain why Ir can
enhance the Li*-mediated CO,RR and CO,ER kinetics but
also suggest that Li-CO, based reactions should have analogous
electrochemical behaviors on 4H or fcc Au surfaces, highlight-
ing the great significance of unusual phase Ir nanostructures in
promoting the aprotic Li-CO, electrochemistry.

Discussion

In summary, unusual phase 4H/fcc Ir nanostructures have been
successfully synthesized by controlling the growth of Ir on the
4H/fcc Au template. Significantly, 4H/fcc Ir demonstrated
superior catalytic performance over fcc Ir in facilitating the Li*-
mediated CO,RR and CO,ER kinetics in the aprotic Li-CO,
battery. It not only can enhance the full specific discharge
capacity and subsequent reversible capacity but also realize a
low charge voltage <3.61 V and a small discharge-charge
potential gap of 0.61 V, with the corresponding energy effi-
ciency as high as 83.8%. The combination of ex situ/in situ
experimental investigations and theoretical calculations revealed
that the 4H/fcc Ir nanostructures are more favorable for the
reversible formation of amorphous/low-crystalline discharge
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products through Ir-O coupling, thereby lowering the overpo-
tential and promoting the cycling stability. This work suggests
that preparing catalysts with unconventional phases could be a
feasible and promising strategy to boost the performance of
next-generation energy conversion and storage systems.

Materials and Methods

Growth of Unconventional 4H/fcc Nanostructures on the Au Template.
In general, 4H/fcc Au NRs were used as the template for the growth of 4H/fcc Ir
nanostructures. In a typical experiment, 2.5 mL of 4H/ffcc Au stock solution was
used for the growth of Ir with unconventional phase. Before the overgrowth of Ir,
the 4Hffcc Au NRs were carefully dispersed in 1.5 mL of ethanol (solution I).
Atotal of 5 mL of 3 mM IrCl3-3H,0 aqueous solution was mixed with 2.5 mL of
1.2 M Kl aqueous solution and then heated at 97 °C for 0.5 h under magnetic
stirring (solution 11). Solution Il at 50 uL was introduced into 1.5 mL of solution |,
followed by sonication until the solution became homogenous and transparent.
Subsequently, 720 L of 20 mM NaBH, in ethanol was rapidly injected into the
mixed solution and kept at room temperature for 25 min, without any external
disturbance. The Au@4H/fcc-Irg 14 was obtained by centrifugation. Other Au/lr
samples were prepared by the same method but with modified parameters.
More preparation details are described in the S/ Appendiix.

Battery Assembly and Electrochemical Measurements. All of the obtained
active materials were redispersed in glacial acetic acid and stirred overnight at
40 °C to remove the surface ligands. To prepare cathodes, the obtained catalysts
were directly mixed with Nafion (5%, in ethanol) at a weight ratio of 9:1 with-
out adding any other carbon species in the mixture of isopropanol and water.
The mass loading of total metal was controlled within 0.6 to 0.8 mg per
electrode to enable the reliability of electrochemical tests. The electrochemical
performance of Li-CO, batteries was evaluated using CR2032 coin-type cells,
with several holes on the cathode side to allow CO, permeation. A piece of com-
mercial Li chip acted as the counter and reference electrodes. The electrolyte was
1 M lithium bis(trifluoromethane sulfonimide) (LiTFSI) and 0.3 M LiNO; dis-
solved in DMSO. The assembled Li-CO, batteries were tested in a dried and
sealed chamber, which was filled with pure CO, gas at 80 sccm for at least 15
min to ensure the gas purity inside.

Characterization. X-ray diffraction measurements were conducted on a Bruker
D2 and D8 diffractometer using Cu KR radiation at a wavelength of 1.5406 A.
SEM and EDS were acquired by a Thermo Scientific (Waltham, MA) Quattro S
scanning electron microscope. A JEOL JEM-2100F (JEOL, Tokyo, Japan) field
emission transmission electron microscope was used to collect TEM and high-
resolution TEM images. The spherical aberration-corrected HAADF-STEM images
and EDS elemental mappings were obtained on a JEOL ARM200F with cold field
emission gun and double hexapole Cs correctors (CEOS GmbH, Heidelberg, Ger-
many). Raman spectra were recorded on the LabRAM HR Raman spectrometer
with laser excitation at 514.5 nm from an Ar ion laser source. XPS analysis was
based on a ESCALAB 220i-XL electron spectrometer from VG Scientific (Waltham,
MA) using 300 W Al KR radiation (base pressure <10~> mbar). X-ray absorp-
tion spectroscopy was conducted in a transmission mode at beamline X-ray
absorption fine structure for catalysis of a Singapore Synchrotron Light Source
(Singapore) operated at 700 MeV with a beam current of 200 mA.

Theoretical Calculations. The mainly exposed (004), (110), and (110) surfa-
ces in 4H Ir nanostructures and 4H Au substrates were established. For compari-
son, the thermodynamically abundant (111) surfaces of fcc Ir and fcc Au were
also considered in the simulations. All of the computational simulations were
performed based on DFT calculations with the plane-wave technique, which is
implemented in the Vienna ab initio simulation package. Gradient-corrected
exchange-correlation functional of Perdew-Burke-Emzerhof models were used
under the projector augmented wave method, with a cutoff kinetic energy of
500 eV for plane-wave basis. The convergence criterion of the total energy was
set up to be within 1 x 107> eV, while all of the atoms and geometries were
optimized until the residual forces became <1 x 1072 eV/A. More calculation
details are provided in the S/ Appendix.
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Data, Materials, and Software Availability. All of the study data are
included in the article and/or supporting information.
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