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This Additional file includes:

Thickness and surface morphology of CuPc and Fi¢CuPc films characterized by AFM; in-situ UPS
spectra for sequential Na deposition on CuPc (or FisCuPc) using silicon wafers as substrates and
sequential CuPc (or FisCuPc) deposition on Na using tungsten wafers as substrates; XPS spectra of
Cu LMM auger and Cu 2p regions for pristine CuPc and after 3.7 nm Na deposition; voltage profiles
of galvanostatic electrodeposition of Na for Na|Cu, Na|CuPc-Cu, and Na|F1sCuPc-Cu asymmetric cells
and the summary of the mass-transport controlled overpotential (1) and the nucleation overpotential
(172) for these cells; detailed XPS peak fitting parameters for CuPc (or FisCuPc) with increasing Na

deposition and Na with increasing CuPc (or Fi1¢CuPc) deposition.
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Fig. S1 Thickness and surface morphology of a—¢ CuPc and d—f FisCuPc films characterized by AFM.

We characterized the thickness and surface morphology of CuPc and FisCuPc films on Si substrates
via atomic force microscopy (AFM). Thicknesses of CuPc and F1sCuPc films were about 14.2 and 6.4
nm respectively. The average roughness (R,) of both CuPc and Fi¢CuPc films was lower than 3.00 nm,

indicating a smooth surface for both samples.
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Fig. S2 UPS spectra of SECO region, VB region and HOMO edge region for CuPc grown on a silicon foil with increasing

Na thickness.



In-situ UPS was conducted to study the electronic evolution at Na/CuPc interface. The valance band
(VB) shape and the position of highest occupied molecular orbital (HOMO) (spectral weight maximum
located at 1.47 eV below the Fermi level) are in good agreement with previous reports!. With
increasing Na deposition, the work function measured from SECO gradually decreases due to the
formation of reacted CuPc with electron receiving from Na!“. Meanwhile, the original CuPc peak
broadens and weakens in the VB region. Besides, a new LUMO-derived signal appears near Er at (.74

eV, showing clear evidence of the charge transfer from sodium to the LUMO of CuPc!-3.
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Fig. S3 UPS spectra of SECO region, VB region and HOMO edge region for Na grown on a tungsten foil with increasing

CuPc thickness.

UPS spectra for Na grown on W with increasing CuPc deposition show similar results in a reverse
process. After the deposition of CuPc, the work function measured from SECO gradually increases
and then remains nearly unchanged with nearly all unreacted CuPc on the surface. In the VB region,
the original Na peak broadens and weakens and transfers to be similar to that of CuPc gradually. In the
HOMO edge region, anew HOMO signal appears and then gradually shifts to the lower binding energy
side (at 0.82 eV with 8.0 nm CuPc deposited) due to charge transfer from Na to CuPc LUMO. And
another peak appears at 2.00 eV, which is thought to originate from the HOMO state of pristine CuPc

considering its binding energy difference with other main VB peaks.
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Fig. S4 UPS spectra of SECO region, VB region and HOMO edge region for FisCuPc grown on a silicon foil with

increasing Na thickness.

The evolution of electronic structures at Na/FisCuPc interface was also measured by in-situ UPS
characterizations. The VB shape of FisCuPc and the position of HOMO (spectral weight maximum
located at 1.44 eV below the EF) are in good agreement with the previous reports*>. With increasing
Na deposition, the work function measured from SECO gradually decreases due to the formation of
reacted F1sCuPc with electron receiving from Na. Meanwhile, the original F1sCuPc peak broadens and

weakens in the VB region. A new LUMO-derived signal appears near the Fermi level at 0.68 eV due
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to the charge transfer from sodium to the LUMO of F1sCuPc®.
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Fig. S5 UPS spectra of SECO region, VB region and HOMO edge region for Na grown on a tungsten foil with increasing

F16CuPc thickness.

UPS spectra for Na grown on W with increasing FisCuPc deposition show similar results in a reverse
process. After the deposition of F1sCuPc, the work function measured from SECO gradually increases
and becomes gradually close to that of unreacted FisCuPc (4.81 eV). In the VB region, the original Na
peak broadens and weakens and transforms to be the similar shape of F1sCuPc gradually. In the HOMO
edge region, with increasing Fi1sCuPc deposition, two new LUMO-derived signals appear at the lower
binding energy side (0.86 and 1.58 eV with 1.8 nm FisCuPc deposited). It may relate to the relative
abundant sodium atoms, which are able to provide enough electrons to fill two unoccupied orbitals of
molecules. Besides, another peak appears at 2.25 eV, which is proposed to originate from the HOMO
state of pristine Fi1sCuPc considering its binding energy difference with other main signals in the VB

spectrum.
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Fig. S6 XPS spectra of Cu LMM auger and Cu 2p core-level regions for (a) pristine CuPc and (b) after 3.7 nm

Na deposition.

Cu LMM auger and 2p spectra are both taken into account to study the interaction process of central
copper ions. For pristine CuPc, the Cu 2p3/» signal of Cu(Il) ions is located at 935.5 eV binding energy
and the relevant LMM signal is mainly located at 915.5 eV kinetic energy. According to previous
reports, its auger parameter (kinetic energy of LMM plus binding energy of 2ps2) equals 1851.0 eV
which is consistent with that of CuO’. After 3.7 nm Na deposition, the 2p3. signal becomes located at
933.9 eV binding energy and the relevant LMM signal is mainly located at 914.8 eV kinetic energy.
Accordingly, its auger parameter equals 1848.7 eV which is close to that of Cu>O’. Moreover, the Cu

LMM auger peak of metallic Cu(0) is reported at higher kinetic energy of 918.4 eV®. Thus the reduced
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Fig. S7 Voltage profiles of galvanostatic electrodeposition of Na for Na|Cu, Na|CuPc-Cu, and Na|FsCuPc-Cu asymmetric

cells measured at a current density of 0.5 mA/cm?.

Na|Cu, Na|CuPc-Cu, and Na|F;sCuPc-Cu asymmetric cells were fabricated and tested with a current
density of 0.5 mA/cm? and an areal capacity of 1 mAh/cm?. When Na is deposited on the Cu foil, there
mainly exist two steps: nucleation process and growth process. Due to the presence of concentration
polariton of Na* during nucleation process and diffusion barrier of Na atom during growth process,
nucleation overpotential (12) and mass-transport controlled overpotential (r1) will be generated,
respectively!®!!. As shown in Fig. S7, with the coating of CuPc and FisCuPc on the Cu foil, the
nucleation overpotential and mass-transport controlled overpotential of Na|CuPc-Cu, and Na|FsCuPc-
Cu asymmetric cells are greatly reduced compared to that of Na|Cu asymmetric cell. The reduced
overpotential can be contributed to the abundant nitrogen and fluorine sites, which can facilitate the

formation of Na-N and Na-F and then enable homogenous sodium ion flux.



Table S1 Summary of the mass-transport controlled overpotential (#:) and the nucleation overpotential (7,) for the Na|Cu,

Na|CuPc-Cu, and Na|FsCuPc-Cu asymmetric cells.

Bare Cu CuPc-Cu F16CuPc-Cu
n/mV 7.7 3.1 1.8
n2/mV 24.2 9.9 12.1

Table S2 Detailed peak fitting parameters in C 1s, N 1s and Cu 2p3» XPS core-level spectra for CuPc with

increasing Na deposition.

Na/CuPec Cls N 1s Cu?2p

Cx CrNa Ce Ccna Nc Nxa  Cu(l)  Cu(l)

BE/eV / 2870 2859 2849 3994 3988 9355 9339

370m | pwHM / 1.40 1.40 1.30 1.60 1.40 1.70 1.70
Areal% / 25.0 512 23.8 313 68.7 203 79.7

BE/eV / 2865 2854 2844  399.1 3985 9356  934.0

2.0nm | pwiv / 136 1.40 130 1.60 1.45 170 170
Area/% / 25.0 59.2 15.8 34.5 65.5 32.0 68.0

BE/eV / 2864 2853 2844 3993 3986 9356  934.0

Ldnm | pywim / 132 1.40 130 1.50 1.45 170 170
Areal% / 25.0 63.2 11.8 37.0 63.0 42.0 58.0

BE/eV / 2864 2853 2843 3993 3986 9356 9340

LOnm | eywim / 130 1.40 130 135 133 170 170
Area/% / 25.0 65.2 9.8 40.0 60.0 49.7 503

BE/eV / 2863 2852 2843 3993 3987 9356 9340

0.8nm | pwhM / 1.22 1.40 1.20 1.25 1.25 1.70 1.70
Areal% / 25.0 68.8 6.2 418 58.2 67.5 32.5

BE/eV / 2860 2849 / 3993 3986 9357 9341

O.4nm | pwimM / 132 1.40 / 1.25 1.20 1.69 170
Area/% / 25.0 75.0 / 50.0 50.0 88.5 115




BE/V 2863 2860 | 284.9 / 3992 3986 9357 /
02nm | pwHM  1.20 130 1.29 / 130 126 170 /
Area%  10.1 14.9 75.0 / 77.0 23.0 100.0 /
BE/V  285.9 / 284.5 / 398.9 / 935.6 /
CuPe | pwHM  1.10 / 1.16 / 1.21 / 1.60 /
Area%  25.0 / 75.0 / 100.0 / 100.0 /

Table S3 Detailed peak fitting parameters in C 1s, N 1s and Cu 2ps» XPS core-level spectra for Na with

increasing CuPc deposition.

Na/CuPec Cls N 1s Cu?2p
Cx Crna Ce (B Nc Nva  Cu(l)  Cu(D)
BE/eV / / / / / / / /
Na ' rwHM / / / / / / / /
Areal% / / / / / / / /
BE/eV / 2874 2864 2855 3999 3992 / 934.0
0.5nm | pywiv / 130 1.30 123 1.60 1.53 / 1.60
Area/% / 25.0 54.1 20.9 34.5 65.5 / 100.0
BE/eV / 287.1 2861 2852 | 4000 3993 9358 9342
LSnm | ewim / 1.19 130 130 1.55 .44 1.60 1.60
Area/% / 25.0 59.0 16.0 39.4 60.6 2322 76.8
BE/eV / 2867 2857 2848 3997  399.1 | 9360 9343
30nm | oy / 130 130 1.10 127 127 1.60 139
Area/% / 25.0 62.2 12.8 42.9 57.1 91.5 8.5
BE/eV / 286.4 2854 2844 3996 3990 = 9359 9342
S0nm ey / 1.16 130 1.10 1.19 1.26 1.60 1.60
Areal% / 25.0 68.6 6.4 47.6 52.4 93.7 6.3
BE/V 2865 = 2863 2853 2843 3996 3990  936.0 /
80nm | pwpm 130 127 130 1.10 1.21 1.16 1.60 /
Area% 68 18.2 70.4 4.6 63.5 36.5 100.0 /




Table S4 Detailed peak fitting parameters in C 1s, F 1s, N 1s and Cu 2ps» XPS core-level spectra for FisCuPc

with increasing Na deposition.

Na/F1sCuPe Cls N 1s F1s Cu2p
Cr Cn CN-Na Cc Cr-Na Nc Nna Fc Fna Cud Cu®d
BEV 2879 /2866 2858 2848  399.0 3984 6886 686.1 9363 9345
490m | pwHM 130 / 156 142 160 160 150 160 166 180  1.80
Area% 1.7 / 250 250 483 500 500 33 967 176  82.4
BE/V 2877 2868 2863 2856 2846 399.1 3985 6883 6855 9356 9338
44nm | pwHM 0 133 150 0 150 130 150 170 150 180 169 180 | 1.80
Area®% 51 51 199 | 250 449 602 398 103 897 584 416
BE/V 2877 2868 2863 2856 2846 399.0 3983 6882 6850 9356 9338
23nm | pwHM 130 130 130 130 150 150 138 180 171 180  1.80
Area% 89 109 141 | 250 411 717 283 177 823 786 214
BE/V 2877 2868 2863 2856 2846 399.1 3984 6882 6847 9357 9339
O4nm | powpm o 138 150 0 150 130 150 150 130 180 173 1.80 | 1.80
Area% 214 138 112 250 286 777 223 428 572 879 121
BE/V  287.8 2868 2864 2856 2846 3992 3985 6883 6848 9358  934.0
0.20m | pwHM 139 150 150 130 143 150 140 179 168 180  1.80
Area®% 309 153 97 | 250 191 805 195 618 382 906 = 9.4
BE/V 2873 2864 /2852 / 3991  /  687.6 1 | 9357  J
FisCuPe | pwpv 112 1.20 / 1.15 / 1.24 / 1.50 / 1.61 /
Area/% 496 = 228 / 276 /1000 /1000 /1000  /

Table S5 Detailed peak fitting parameters in C 1s, F 1s, N 1s and Cu 2p3» XPS core-level spectra for Na with

increasing FisCuPc deposition.

Na/F1¢CuPe Cls Nls F1s Cu2p
Cr Cn  Cxxa Cc  Cexva  Ne Nwa Fe | Faa  Cu) Cu())
BE/eV / / / / / / / / / / /
Na FWHM = / / / / / / / / / / /
Areal% |/ / / / / / / / / / /

10



BE/eV / 2873 2867 2859 4002 3995 /6864 /9350
012nm | pwpm 140 160 160 131 130 / 1.46 / 1.80
Area% 233 | 256  5L1 | 313 687 / 1000/ 100.0
BE/eV / 2873 2867 2859 3999 3993 /| 6863 9366 9348
0.3nm | pwam 133 120 140 131 130 / 140 170 160
Area% 233 256  SL1 | 427 573 /1000 275 725
BEV 2881 2867 2860 2851 3997 399.1 6889 6857 9363 9345
0.6nm | pywiMm 160 131 140 140 131 130 170 158 170 180
Areal®% = 15.6 258 283 303 465 535 430 570 662 338
BE/eV  288.0 286.4 2857 2851 3997 399.0 6889 6854 9360 934
LOnm | cwHM  1.60 150 140 130 129 122 169 149 163 130
Areal®% = 38.7 251 276 86 465 535 8.4 166 950 5.0
BE/eV  287.8 2863 2857 /| 399.6 3990 6886 [/ 9359  /
1L8nm | pwyM 170 170 1.40 / 125 122 16l / 1.59 /
Area/% 511 233 | 256 / 469 531 1000 /1000  /
References

1. Schwieger, T.; Peisert, H.; Golden, M. S.; Knupfer, M.; Fink, J., Electronic structure of the organic
semiconductor copper phthalocyanine and K-CuPc studied using photoemission spectroscopy.
Physical Review B 2002, 66 (15).

2. Ding, H.J.; Gao, Y., Modification on the Electronic Structure of Organic Semiconductor by Alkali
Metal. ECS Transactions 2008, 11, 1.

3. Kafafi, Z. H.; Watkins, N. J.; Antoniadis, H.; Yan, L.; Zorba, S.; Gao, Y.; Tang, C. W., Evidence
of electron and hole transfer in metal/CuPc interfaces. In Organic Light-Emitting Materials and
Devices VI, 2003.

4. Shen, C.; Kahn, A., Electronic structure, diffusion, and p-doping at the Au/FisCuPc interface.
Journal of Applied Physics 2001, 90 (9), 4549-4554.

5. Peisert, H.; Knupfer, M.; Schwieger, T.; Fuentes, G. G.; Olligs, D.; Fink, J.; Schmidt, T,
Fluorination of copper phthalocyanines: Electronic structure and interface properties. Journal of
Applied Physics 2003, 93 (12), 9683-9692.

6. Shen; Chongfei; Kahn; Antoine; Schwartz; Jeffrey, Role of metal-molecule chemistry and
interdiffusion on the electrical properties of an organic interface: The Al-FisCuPc case. Journal of

11



Applied Physics 2001.

7.  Shima, M.; Tsutsumi, K.; Tanaka, A.; Onodera, H.; Tanemura, M., Chemical state analysis using
Auger parameters for XPS spectrum curve fitted with standard Auger spectra. Surface and Interface
Analysis 2018, 50 (11), 1187-1190.

8. Poulston, S.; Parlett, P. M.; Stone, P.; Bowker, M., Surface Oxidation and Reduction of CuO and
Cu20 Studied Using XPS and XAES. Surface and Interface Analysis 1996, 24 (12), 811-820.

9. Tang, J.; Lee, C.; Lee, S., Chemical bonding and electronic structures at magnesium/copper
phthalocyanine interfaces. Applied Surface Science 2006, 252 (11), 3948-3952.

10. Yi, J.; Chen, J.; Yang, Z.; Dai, Y.; Li, W.; Cui, J.; Ciucci, F.; Lu, Z.; Yang, C., Facile Patterning of
Laser-Induced Graphene with Tailored Li Nucleation Kinetics for Stable Lithium-Metal Batteries.
Advanced Energy Materials 2019, 9 (38), 1901796.

11. Yan, K.; Lu, Z.; Lee, H.-W.; Xiong, F.; Hsu, P.-C.; Li, Y.; Zhao, J.; Chu, S.; Cui, Y., Selective
deposition and stable encapsulation of lithium through heterogeneous seeded growth. Nature Energy
2016, / (3), 16010.

12



