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Experimental Section
Materials.

Si0; (300 nm) /Si wafer was obtained from Si-Mat Company. Electron-beam (E-beam) source materials (Cr, Ti, Pt,
Au, Ag, Cu, Fe, Ni pellet/wire) were purchased from Kurt J. Lesker Company. Li foil (99.9% trace metals basis) was
from Thermo Scientific Alfa Aesar. The carbon paper was purchased from Suzhou Sinero Technology Co., Ltd.
Bis(trifluoromethane)sulfonimide lithium salt (LiTFSI), Triethylene glycol dimethyl ether (TEGDME) and

Whatman® glass microfiber were from Sigma-Aldrich.
On-chip Li-CO:; batteries fabrication.

The patterned Cr/Au (5 nm/150 nm) and Cr/Cu (5 nm/150 nm), which served as the cathode and anode current
collectors, respectively, were first deposited on the 4-inch SiO; (300 nm) /Si wafer substrate by Univex E-beam
evaporation. The patterned metal films (100 nm of Pt, Au, Ag, Cu, Fe, Ni) with an adhesion layer (10 nm of Ti) were
deposited on the substrate as cathode materials via Univex E-beam evaporation. Lithium metal was then deposited
on the surface of the patterned anode current collector via a small thermal evaporator (Zhengzhou CY Scientific
Instrument Co., Ltd.) which was installed in the Ar glovebox. Three different masks were used in the whole
deposition process of the cathode material, current collector, and anode material respectively. The exposed current
collectors inside the on-chip LCBs were coated with a thin layer of electrolyte-stable epoxy resin to mitigate potential
side reactions or CO;-related reactions on the current collectors. A glass slide of a certain size covered the cathode
and anode materials and was encapsulated by epoxy resin. Two needles were also included within the on-chip battery

for electrolyte/CO, addition.
Coin cell and pouch cell fabrication

The coin cell and pouch cell were both assembled in the Ar glovebox, in which O, and H,O levels were maintained
below 0.1 ppm. For the cathode preparation, 30 nm of Pt was deposited on the carbon paper surface via the Univex
E-beam evaporation, the areal mass loading is around 0.1 mg cm™. 1 M LiTFSI in TEGDME was used as the
electrolyte. Glass fibre was served as the separator. Several holes were punched at the coin cell and pouch cell cathode
sealing case for CO, diffusion. The as-assembled batteries were transferred to the metal-air battery test chamber

(Shenzhen Kejing Star Technology Company) for further performance testing.
Material characterizations

Grazing incidence X-ray diffraction (GIXRD) patterns of the metal films were collected by PANalytical X’Pert Pro.
The structure and morphology of samples were obtained by field-emission scanning electron microscopy (FESEM,
JEOL JSM-7100F), which was equipped with the energy-dispersive X-ray spectroscopy (EDS) detector. Ex situ and

in situ Raman spectra were recorded with a Horiba Xplora Plus Confocal Raman Microscope using a 532 nm
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wavelength laser and 1800 grating with a 50x long working distance lens. All Raman spectra were intensity
normalized to the maximum peak height (maximum normalization). FTIR measurement was conducted on
ThermoFisher Scientific, Nicolet iS50. The in situ atomic force microscopy (AFM) observations were conducted
inside an argon atmosphere glovebox by a Bruker Multimode 8 system under Scansyst-fluid mode with an insulating
silicon nitride tip. The on-chip Li-CO; battery is cut off from the silicon wafer and situated at the bottom of the AFM
fluid cell. 0.1 mL electrolyte (1 M LiTFSI in TEGDME) is injected into the in-situ cell for each experiment. The
electrodes are connected to a GAMRY potentiostat (Gamma 1000) for battery discharge/charge and CV test (Fig
S10). The transmission electron microscopy (TEM) images and selected area electron diffractions (SAED) were

collected by Talos™ F200i TEM (Thermo Scientific) using a 200 keV electron beam.
Electrochemical measurements

The galvanostatic discharge and charge test, which was used to measure the battery-specific capacity, cyclic stability,
energy efficiency and rate performance, was conducted on a NEWARE battery tester (CT-4008Q-5 V100 mA).
Cyclic voltammetry (CV) was measured with a GAMRY potentiostat (Gamma 1000). The energy density of the Li-
CO: coin cells was calculated by the using the recorded discharging energy (final discharging state) dividing the

catalyst weight of per electrode.
Computational methods

The first-principle calculations were conducted within the density functional theory (DFT) through the Vienna ab-
initio Simulation Package (VASP). The Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional within the
generalized gradient approximation was employed. The cut-off energy for the kinetic energy was set to 520 eV and
a 3x3x1 Monkhorst-Pack k-mesh was applied for sampling in the Brillouin zone. The energy convergence tolerance
and the force certification were set as 1 x 107 eV/atom and 0.02 eV/A, respectively. The DFT-D3 method with
Becke-Jonson (BJ) damping was used for the Van der Waals (vdW) corrections. The absorption calculations were
performed in the (111) plane of Pt. The general adsorption energies (Eass) were obtained through the following
equation: Eags = Esubstrate-adsorbatc — Esubstrate — Eadsorbate, Where Esubsirate-adsorbates Esubstrate, Eadsorbate T€present the total energy
of the substrate with adsorbed species, the substrate, and the molecule/atom (e.g., CO,, Li, Li»CO3), respectively.
The Gibbs free energy change (AG) was calculated based on the following equation: AG = AE + AZPE — TAS, where
AE is the reaction energy change, T is the temperature (298.15 K), AZPE and AS denote the change in zero-point-

energy and entropy, respectively.
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Fig S1 Schematic of on-chip Li-CO; batteries fabrication process. The (a) current collector, (b) cathode material, and

(¢) anode material are deposited on a 4-inch wafer in sequence.
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Fig S2 Images of on-chip Li-CO, devices at different fabrication steps: (i) after current collector and cathode material

deposition, (ii) after anode deposition, (iii) after device encapsulation.



Fig S3 Scanning electron microscopy (SEM) images of deposited six different cathode films with the thickness of
100 nm on SiO,/Si wafer: (a) Pt, (b) Cu, (¢) Ag, (d) Au, (e) Fe, and (f) Ni. In order to improve the film quality of the

cathode material, a 10-nm-thick adhesion layer was first deposited before the cathode material was evaporated.
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Fig S4 The X-ray diffraction (XRD) pattern of deposited six different cathode films with the thickness of 100 nm on
Si0,/Si wafer: (a) Pt, (b) Cu, (¢) Ag, (d) Au, (e) Fe, and (f) Ni. In order to improve the film quality of the cathode

material, a 10-nm-thick adhesion layer was first deposited before the cathode material was evaporated.
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Fig S5 On-chip Li-CO; batteries electrochemical performances comparison. Discharge-charge curves of different
cathode materials with a limit capacity of 5 uAh at the constant current of 1 pA: (a) Pt, (b) Cu, (¢) Ag, (d) Au, (e)
Fe, and (f) Ni.
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Fig S6 In situ Raman spectra of Pt cathode recorded during the corresponding Galvanostatic discharge-charge process.
Black, red, and blue curves represent the battery in open circuit potential state (OCP), discharge state, and charge

state, respectively.
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Fig S7 In situ FTIR measurement of the Pt-based on-chip LCBs.
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Fig S8 In situ FTIR measurement of the Cu-based on-chip LCBs.
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Fig S9 In situ FTIR measurement of the Ni-based on-chip LCBs.

12



Photodiode Laser

Potentiostat |—

Feedback & AFM probe
Control <—Electrolyte
O-ring Catalysts i I
Substrate ——» L 1

Piezoelectric Scanner

Fig S10. The schematic diagram of the on-chip in situ AFM setup.
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Fig S11 In situ atomic force microscopy (AFM) images of Pt cathode in Ar atmosphere obtained at (a) OCP, (b)
discharge to 2.0 V, (c) charge to 2.8 V, and (d) charge to 3.1 V. The white arrows represent the scanning direction.

14



Pathway 1 Pathway 2 Pathway 3

Step1  *+Li*+CO, +e — *LiCO, * 4 Li* + CO, + & — *LiCO, *+Li* + CO, + & — *LiCO,
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l l
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| |
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Fig S12 Three possible reaction pathways for the formation of C and Li,COs. The * represents the basal plane of
Pt(111).
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Fig S13 The schematic of three reaction pathways and the optimized structures of reactants and intermediates. *

represents the Pt(111) substrate.
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Fig S14 Gibbs free energy diagram of three different reaction pathways on Pt(111) surface during charge process at

U=Up=2.85V.
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Fig S15 (a) SEM image of Pt@carbon paper (Pt@CP). (b-d), EDS elemental mappings of carbon (red) and Pt
(yellow).



Fig S16 Images of commercial Li-CO» battery test box: (a) front view, (b) top view.
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Fig S17 Full discharge curves of carbon paper (CP) and Pt@CP based Li-CO; coin cell in the CO; and Ar atmosphere
at the same constant current. The inset is the enlarged image of the full discharge curve for Pt@CP in the Ar

atmosphere and CP in the CO, atmosphere.
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Fig S18 SEM images of pure CP, pristine Pt@CP, Pt@CP after discharging and Pt@CP after recharging.

21



* Li,CO3
n Charge
c
3
g
S
> .
= Discharge %
[ =
Q
€

Pristine

800 1000 1200 1400 1600 1800

Raman shift (cm™)

Fig S19 Raman spectra of Pt@CP at pristine state, after discharging state and after recharging state.
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Fig S20 Photographs of the assembled Pt-based Li-CO- pouch cell: front side (a) and back side (b). ¢, Photograph of
the assembled Pt-based Li-CO, pouch cell inside the testing bottle which is full of CO,. The pouch cell is also

connected to a multimeter for OCP measurement.
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Fig S21 Spray coating porous activated carbon on the on-chip devices: optical images (left) and SEM images (right).

For the demonstration of practical high loading of catalyst and carbon material as current collector, we used the spray
coating techniques to load activated carbon (AC). The porous activated carbon (AC, specific surface ~ 2000 m? g')
was mixed with carbon black and polyvinyl pyrrolidone (PVP) in isopropanol. A uniformly dispersed slurry can be
obtained after ultrasonic dispersion. The slurry can be further spray-coated onto the on-chip devices with tailored
mask and the electrode thickness can be controlled. After vacuum drying, the working electrode can be uniformly
covered by the carbon material as current collectors. The areal mass loading of the AC-based on-chip LCB is around
0.5 mg cm? which is at the common level compared with literature. By physically mixing different catalyst with the
carbon material slurry or chemically synthesizing catalyst onto the AC and then spray coating onto the devices, a

configuration of catalyst on carbon material substrate can be achieved.

The electrochemical testing result is shown in the Fig S22 which confirms its functionality under high mass loading
of catalyst. Fig S23 displays the Raman measurement of the AC-based on-chip devices before cycling, typical Raman

spectra of activated carbon can be clearly observed.

In summary, the demonstrated on-chip platform can be also used for a wide range of catalyst with high loading and

deliver integrated test and analysis functions.
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Fig S23. Raman measurement of the AC-based on-chip LCB (before cycling).
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Fig S24. Recycling test of the on-chip Li-CO; platform. (a) Digital image of on-chip LCB with spray coating AC as
cathode electrode. (b) Digital image of the washed platform after testing. (¢) Repeated coating the platform with

activated carbon. (d) Voltage-curves of the first test and recycle test on the same platform.

For the demonstration of recycling utilization of the on-chip platform, AC was coated onto the on-chip platform (Fig
S24a) and the AC-based on-chip LCB was further fabricated in the glovebox according to the procedures in
Experimental Section. Ultraviolet polymerization glue was used to seal the batteries for better fabrication and
disassembling. After electrochemical testing, the on-chip platform was disassembled and washed with isopropanol
and ethanol. The surface of the on-chip platform was refreshed, and the current collectors also remained stable as
shown in Fig S24b. The AC electrode slurry was spray-coated onto the platform again (Fig S24¢) and the
corresponding on-chip LCB was tested under the same conditions. The electrochemical performance of the two LCBs
was compared as shown in the Fig S24d. The almost overlapped voltage curves confirmed that the recyclability of

the on-chip platform.
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Table S1 Electrochemical performance comparison of Li-CO; batteries with different cathode catalysts.

Discharge/charge Over- Energy Discharge
Electrolyte Stability Ref
voltage potential efficiency capacity
) 26V/38V 6228 mAh/g 600 cycles (2.5-4.2 V, 2023, Adv. Funct. Mater.,
IrRu/N-CNT 1 M LiTFSU/TEGDME ) 1.2V *68.4%
(500 mAh/g @ 100 mA/g) (100 mA/g,2 V) 500 mAh/g @ 100 mA/g) DOI: 10.1002/adfm.202213931!
234V /4.02V
) 23000 mAh/g 100 cycles (2.25-4.75 V, 2023 Adv. Eng. Mater.,
SnCu; 503 s@MFI 1 M LiTFSU/TEGDME (1000 mAh/g @ 100 1.68V *58.2%
(100 mA/g,2 V) 1000 mAh/g @ 100 mA/g) DOI: 10.1002/aenm.202204143>
mA/g)
291V /422V
1 M LiTFSI/DMSO 160045 mAh/g 1685 cycles (2.5-4.5V, 2023, Adv. Funct. Mater.,
Cd SAs/NC o . (1000 mAh/g @ 200 131V *70%
containing 0.3 M LiNOs Ag) (500 mA/g, 2 V) 500 mAh/g @ 1 Alg) DOI: 10.1002/adfim.2022138413
mA/g
. 277V /418 V
TiVC/tGO aerogels 1 M LiCF3S0:s- 27880 mAh/g 91 cycles (2.5-4.5V, 2023, Adv. Funct. Mater.,
(1000 mAh/g @ 100 141V *66.3%
(TVGA) TEGDME ) (100 mA/g,2 V) 1000 mAh/g @ 200 mA/g) DOI: 10.1002/adfm.202210037*
mAa/g
26V/425V 3898 mAh/g 30 cycles (2.5-4.5 V),
) 2021, ACS Mater. Lett.,
Fe NPs@N-CNTs 1 M LiTFSUTEGDME (600 MAN/gearvon @ 100 1.65V *61.2% (100 MA/Zearbons 600 MAh/gearvon @ 100 _
DOI: 10.1021/acsmaterialslett.1c00078°
MA/gearbon) 23V) MA/Zearbon
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carbon cloth

W.C
nanoparticles/CNTs

Ru/Co-CPY@CNT-2

1 M LiTFS/TEGDME

1 M LiTFSI/TEGDME

1 M LiTFSI/DMSO
containing 0.3 M LiNO3

1M
LiCF;SOs/TEGDME

1 M LiTFSI/TEGDME

1 M LiClO«/
DMSO

1 M LiTFS/TEGDME

3.01V/4.06V
(1000 mAh/g @ 100
mA/g)

287V /375V
(1000 mAh/g @ 200
mA/g)

28V /3.74V
(1000 mAh/g @ 100
mA/g)

2,64V /4.13V
(1000 mAh/g @ 100
mA/g)

275V /38V
(500 mAh/g @ 100 mA/g)

20V/41V
(500 mAh/g @ 200 mA/g)

3.06 V/3.90 V
(1000 mAh/g @ 100
mA/g)

1.05V *74.1%
0.88 V *76.5%
094V 75%

149V *63.9%
1.05V *72%
12V *70.7%
0.84 V *78%
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10651.9 mAh/g
(100 mA/g, 2 V)

~10000 mAh/g
(200 mA/g, 2 V)

8057 mAh/g
(100 mA/g, 2 V)

13631 mAh/g
(100 mA/g, 2 V)

30915 mAh/g
(100 mA/g, 2 V)

10632 mAh/g
(100 mA/g, 2.5
V)

24740 mAh/g
(200 mA/g, 2 V)

62 cycles (2.5-4.5V,
500 mAh/g @ 300 mA/g)

120 cycles (2.4-4.2 V,
1000 mAh/g @ 200 mA/g)

43 cycles (2.4-4.5V,
500 mAh/g @ 250 mA/g)

253 cycles (2.3-4.25 V,
1000 mAh/g @ 100 mA/g)

200 cycles (2.6-4.1 V,
800 mAh/g @ 200 mA/g)

75 cycles (2.9-4.1V,
500 mAh/g @ 200 mA/g)

180 cycles (2.5-4.5V,
1000 mAh/g @ 500 mA/g)
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containing 0.3 M LiNO;

1 M LiTFS/TEGDME

1M
LiTFSI/DMSO

1 M LiTFSI/TEGDME

1 M LiTFS/TEGDME

2.74V/4.15V
(1000 mAh/g @ 200
mA/g)

277V/ 417V
(1000 mAh/g @ 50 mA/g)

278V /395V
(1000 mAh/g @ 100
mA/g)

291V/4.04V
(1000 mAh/g @ 100
mA/g)

228V /=38V
(1000 mAh/g @ 200
mA/g)

251V /~4.15V
(1000 mAh/g @ 100
mA/g)

.7V /=35V
(1000 mAh/g @ 200
mA/g)

141V *66%
=14V 66.4%
=117V *70.3%
L13V *72%
=1V *70.4%
=1.63V %60.5%
088V 67.9%
(200 mA/g)
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11458 mAh/g
(500 mA/g,2 V)

18416 mAh/g
(100 mA/g, 2 V)

23174 mAh/g
(100 mA/g, 2.2
V)

12448 mAh/g
(100 mA/g, 2 V)

9600 mAh/g
(200 mA/g, 2.2
V)

17358 mAh/g
(100 mA/g, 2 V)

13698 mAh/g
(200 mA/g, 2.2
V)

100 cycles (2.25-4.3 V,
1000 mAh/g @ 200 mA/g)

158 cycles (2.2-4.7 V,
1000 mAh/g @ 400 mA/g)

200 cycles (2.5-44 V,
1000 mAh/g @ 1 A/g)

100 cycles (2.6-4.0 V,
1000 mAh/g @ 100 mA/g)

180 cycles (2.25-3.95 V,
1000 mAl/g @ 200 mA/g)

100 cycles (2.4-4.2 V,
1000 mAh/g @ 100 mA/g)

100 cycles (2.7-3.6 V,
1000 mAh/g @ 200 mA/g)
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1000 mAl/g @ 200 mA/g)
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Our work

* denotes the energy efficiency value calculated from performance data reported in the literature.
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Table S2 The Gibbs free energy change (AG) of each reaction step on the basal plane of Pt(111).

Reaction step

Pathway 1 Pathway 2 Pathway 3
on Pt(111)
(1) AG (eV, U=U=2.85 V) -0.86 -0.86 -0.86
(2) AG (eV, U=U=2.85 V) -2.09 -0.914 -2.58
(3) AG (eV, U=U=2.85 V) 1.80 0.62 2.30
(4) AG (eV, U=U=2.85 V) -0.64 -0.64 -0.64
(5) AG (eV, U=Us=2.85 V) 1.01 1.01 1.01
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Table S3. Summary of suitable catalysts loading techniques for the demonstrated platform.

Methods

Materials

Catalyst engineering

Ref

Thermal evaporation

Spin-coating

Electrodeposition

Spraying

On-chip self -assembly

Ion Implantation

Chemical vapor
deposition

Most compounds and elements

Compounds that are readily soluble or
dispersible

Pure metals and alloys

Nanoscale to microscale particles

Colloidal particles, block copolymers,
nano particles

Metals, polymers, semiconductors.

Precious metals, semiconductors

The internal temperature, pressure and evaporation
rate, substrate temperature, annealing

Dispense volume, solution viscosity, solution

concentration, spin time

Deposition current and deposition time

Spray distance, carrier gas flow rate, spray time

External fields, evaporation, surface tension and

interface interaction

Ion energy, post-implantation annealing

Deposition temperature, substrate choice, pressure

and gas flow

Materials Today Advances, 2022,
14, 100232

Indian J Phys, 2009, 83, 493—
502%

Russ J Electrochem, 2016, 52,
806-831%¢

Surface and Coatings
Technology, 2008, 202, 4483—
4490%

Advances in Colloid and
Interface Science, 2018, 251, 97—
11428

Sensors, 2018, 18, 2358%

Materials, 2018, 11, 822
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