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Supplementary Figure 1. Digital photographs and the corresponding SEM and TEM images of HPCM-
NP samples prepared with various amounts of aniline monomers (a, 0.8 mL; b, 1.0 mL; c, 1.2 mL; d, 1.4

mL).
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Supplementary Figure 2. (a) N, adsorption-desorption isotherms and (b) the pore distribution curves of
different HPCM-NP samples. (c) lodine uptake and specific discharge capacity curves (iodine loading of

2.0 mg cm™, 200 mA g) of different HPCM-NP samples.



Supplementary Figure 3. (a, b, ¢) SEM images and (d) elemental mapping of 1,-CC.



Supplementary Figure 4. (a, b, ¢) SEM images and (d) elemental mapping of 1,-NPCF.
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Supplementary Figure 5. (a) Schematic illustration of inside encapsulation process for loading iodine on
carbon materials. Digital photo images of carbon materials (b) before and (c) after inside encapsulation

process.
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Supplementary Figure 6. Energy-dispersive X-ray (EDX) spectrum of I,-HPCM-NP.




Supplementary Figure 7. (2) SEM image and (b) elemental mapping of I,-AC.
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Supplementary Figure 8. Solubility tests of iodine on the pure carbon cloth (I) and HPCM-NP (1)

(iodine content: 2 mg cm).
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Supplementary Figure 9. (a) XRD patterns and (b) Raman spectra of various samples.
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Supplementary Figure 10. (a) N, adsorption-desorption isotherms and (b) pore size distribution plots of

iodine-carbon composites (iodine, 30 wt%).
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Supplementary Figure 11. XPS survey spectra of carbon samples (a) before

iodine.
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Supplementary Figure 12. High-resolution XPS spectra of I34 for I, and 1,-HPCM-NP.
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Supplementary Figure 13. The schematic illustration for the optimized configurations of iodine
adsorped on the surface of the pristine graphene (a), N-doped graphene (b), P-doped graphene (c),
isolated N and P (d), and coupled N and P (e) co-doped graphene, respectively. The contour plots of the
different charge densities for the optimized structures of iodine molecule adsorbed on graphene (1),
graphene doped with N (1), P (I1), isolated N and P (IV), and coupled N and P (V). The differential
charge density was calculated from: Ap = p12 - p1 - p2, Where p1, and p; are the chare density of graphene
and doped graphene with and without iodine adsorbed on the surface, respectively. Yellow and green
color indicated the charge depletion and accumulation, respectively. The adsorption energies for I,
molecule on these fragments were obtained using: Eaq = -( E; + E; - E12), Where E,q is the adsorption
energy of the I, molecule on the corresponding surfaces, E; is the total energy of the graphene (or
heteroatom-doped graphene), E; is the energy of one isolated I, molecule, and E; is the energy of the
optimized structures for I, molecules adsorbed on the graphene planes. The bonds length of adsorbed I,
molecule and the vertical distance of 1, molecule to the substrate are also listed in the figure, along with

the adsorption energies.
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Iodine atoms are adsorbed on the micropores

Supplementary Figure 14. Schematic illustration for the proposed adsorption process of iodine.
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Supplementary Figure 15. Differential capacity plots of Li-iodine (I,-HPCM-NP//Li) batteries.
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Supplementary Figure 16. (a) CVs of the I,-HPCM-NP electrode at different scan rates. The
relationships between the peak current (b, lower peak; c, higher peak) and scan rate in the cathodic/anodic

process, respectively.
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Supplementary Figure 17. Schematic illustration for the optimized configurations of Lil; adsorbed on
the surface of the pristine graphene (a), N-doped graphene (b), P-doped graphene (c), isolated N and P (d),
and coupled N and P (e) co-doped graphene, respectively. The contour plots of the different charge
densities for the optimized structures of Lil; adsorbed on graphene (1), graphene doped with N (11), P (111),
isolated N and P (1V), and coupled N and P (V). The differential charge density was calculated: Ap = p1; -
p1 - P2, Where pi2 and p; are the chare density of graphene and doped graphene with and without Lils
adsorbed on the surface, respectively. p, is the chare density of Lils. Yellow and green color indicate the
charge depletion and accumulation, respectively. The adsorption energies for Lilz on these fragments
were obtained: Eo = -( E1 + E2 - E12), where Eqq is the adsorption energy of Lil; on the corresponding
surfaces, E; is the total energy of the graphene (or heteroatom doped graphene), E, is the energy of
isolated Lils, and Ej; is the energy of the optimized structures for Lil; adsorbed on the graphene planes.
The bond lengths of I-I in Lilz and vertical distance from the adsorbed Lil; to the substrate are also listed

in the figure, along with the adsorption energies.
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Supplementary Figure 18. Photographs of Li-l, batteries before (left) and after (right) the cycling

stability test (iodine content: 1.5 mg cm™).
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Supplementary Figure 19. Typical charge/discharge curves of Li-iodine (I,-HPCM-NP//Li) batteries.
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Supplementary Figure 20. (a, ¢) Charge/discharge curves and (b, d) long-term cycling stability tests of

HPCM-NP for Li and Na storage.
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Supplementary Figure 21. (a) Initial discharge capacities of iodine-carbon composite cathodes with

various iodine loadings.
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Supplementary Figure 22. (a) Nyquist plots for the l,-HPCM-NP and I,-AC electrodes. Inset is a

simplified equivalent circuit. (b) Photographs of electrolyte droplet placed onto the surface of 1,-HPCM-
NP electrode (up) and I,-AC electrode (down), respectively. (c) Schematic illustration for the continuous

electron pathway of the 1,-HPCM-NP electrode compared with that of the I,-AC electrode.
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Supplementary Figure 23. Specific capacity of batteries using HPCM-NP and l,-HPCM-NP (between

2.0 and 3.6 V vs. Li*/Li) prepared at different temperatures, respectively.
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Supplementary Figure 24. (a) The typical absorption spectra of iodine dissolved in ethanol with
different concentrations. (b) The linear relationship between the UV absorbance and the concentrations of
iodine. Inset shows the mass loading of iodine in HPCM-NP electrode and the content of iodine in the

electrolyte measured after 2000 cycles (current density: 500 mA g™).
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Supplementary Figure 25. Cyclic voltammogram profiles of HPCM-NP (a) and I,-HPCM-NP (b)

electrodes at a scan rate of 0.1 mV s in the potential range of 2.0 ~ 4.0 V, respectively.
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Supplementary Figure 26. SEM images of the Li-metal electrode (a) before and (b, c) after 2000

charge/discharge cycles.
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Supplementary Figure 27. (a) Rate capability and (b) cycling stability test of Na-iodine batteries.
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Supplementary Figure 28. Initial discharge and charge profiles of different carbon anodes for LIBs.
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Supplementary Figure 29. CV curves of HPCM-NP anode for (a) LIBs and (b) NIBs. Discharge/charge
curves of HPCM-NP anode for (c) LIBs and (d) NIBs at low-current density of 100 mA g™ . Rate
capabilities of HPCM-NP anode for (e) LIBs and (f) NIBs. Cycling stabilities of HPCM-NP anode for (g)

LIBs and (h) NIBs.
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Supplementary Figure 30. (@ SEM image and (b) XRD pattern of LiMn,O, power. (c)
Discharge/charge curves and (d) cycling performance of LiMn,O, as LIBs cathode. (¢) SEM image and (f)

XRD pattern of NazV2(PO,4)s/C. (g) Discharge/charge curves and (h) cycling performance of

NazV2(PO,)3/C as NIBs cathode.
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Supplementary Figure 31. Charge-discharge profiles of (a) Li-ion and (b) Na-ion full cells with
LiMn,0O, and Na3zV2(PO,4)s/C as cathodes, respectively, and the corresponding discharge capacities (up:
based on the weight of anode and cathode; down: based on the weight of carbon anode). (c) Rate

capability and (d) cycling performance of Li-ion and Na-ion full cells.
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Supplementary Figure 32. (a) CV curves of I,-HPCM-NP// HPCM-NP full battery using a Li-ion

1/2 172

electrolyte at different scan rates. (b) Plots of v/ vs. i/v'/? at different potentials. Here, v (mV s™) and i

(mA) are scan rate and current values at different potentials, respectively.
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Supplementary Figure 34. CV curves of (a) I,-HPCM-NP, commercial LisTisO12, and (b) l,-HPCM-

NP//Li,TisO1, full cell at a scan rate of 0.1 mV s™.
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Supplementary Figure 35. (a) CV curves of l,-HPCM-NP//LisTisO1, full battery using a Li-ion
electrolyte at different scan rates. (b) Plots of v vs. iiv*? at different potentials and (c) Surface

capacitive contribution (k.v) at a specific potential according to the Equation (i = kyv + kov?

). Here, v
(mV s™) and i (MA) are scan rate and current values at different potentials, respectively. k; and k, were

determined by plotting the scan rate against the current at different potentials.
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Supplementary Figure 36. Ragone plot of full batteries, where power and energy densities were
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Supplementary Figure 37. Optical images of a red LED being driven by the iodine-carbon hybrid full

battery.
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Supplementary Table 1. Electrochemical performances of Li-iodine batteries.

Matrix Capacity (mAh g%)/ Capacity retention (%)/ Ref.
current density (mA g™) cycles
Solid-state Li-l,thin film 49.6 pAh cm™/6 pA cm™ ~25/5 1
battery
B,0s-modified carbon 200/20C ~76.8/5000 2
microtubes
Carbon black 300/101 71.4/1000 3
Carbon cloth 301/105 64.8/300 4
HPCM-NP 386/100 84.5/2000 This work
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Supplementary Table 2. Overview of carbon anodes for Li and Na ion batteries (LIBs and NIBs).

Type of carbon Capacity (mAh g?)/  Capacity retention (%)/ Ref.
current density (mA g™) cycles
LIBs
Porous carbon sphere 378/37.2 96.6/100 5
Coconut kernel 195/728 81.3/50 6
derived carbon
Carbon aerogels 288/375 93/100 7
N-porous carbon 551/100 94/100 8
Carbonized lignin 164.9/200 109/400 9
HPCM-NP 386/100 70.9/2000 This work
NIBs
Hard Carbon 240/25 91.7/100 10
Hollow Carbon 251/50 82.2/400 11
Nanowires
N-porous carbon 349.7/50 44.4/260 12
nanosheets
N-doped porous carbon fibers 296/50 ~88/600 13
Carbon Nanofiber 233/50 97.7/200 14
N-doped carbon nanofibers 134.2/200 88.7/200 15
HPCM-NP 252/100 67.7/2000 This work
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Supplementary Note 1. Detailed discussion on the effect of synthetic parameters on materials
properties.

HPCM-NP samples have been synthesized by changing the ratios of aniline to phytic acid
(Supplementary Figs. 1 and 2). The effect of amount of aniline on the morphology evolution and
thickness of the surface layer of the HPCM-NP is shown in Supplementary Fig. 1. It can be seen that
polyaniline was uniformly deposited on the carbon fiber matrix, and the thickness of the carbon layer
increased with increasing the aniline monomers from 0.8 to 1.2 mL. However, further increasing the
aniline monomers resulted in the formation of free-standing polyaniline macro-particles randomly
attached on the surface (Supplementary Fig. 1d), but did not obviously increase the thickness of porous
carbon film due to the limited binding affinity to the core fiber. The surface becomes uneven and the as-
deposited polyaniline hydrogels were easily detached from carbon fibers during the drying process. The
nitrogen adsorption-desorption isotherm (Supplementary Fig. 2a,b) revealed the gradual formation of
highly porous structure with a large surface area. Typically, the specific surface area increased from ~673,
1182 to 1487 m? g* for the resultant samples named as HPCM-NPg g, HPCM-NP1 o and HPCM-NP1,.
However, as the volume addition of aniline increased to 1.4 mL, the specific surface area decreased to
~906 m? g™. It has been revealed that phytic acid played a crucial role for the formation of porous
polyaniline aerogel'®*’. Thus, the HPFCM-NP; , synthesized under the optimized ratio of aniline to phytic
acid ratio exhibited a relatively narrow pore size distribution and high surface area, which would be
beneficial for improving the electrochemical performance.

The iodine uptake curve (Supplementary Fig. 2c) exhibited the maximum adsorption content of
iodine for HPCM-NP;, due to its large specific surface area and unique porous structure. The galvanic
charge/discharge measurements exhibited the initial capacity of HPCM-NP , electrode around 324 mAh
g™, which was the largest among all the electrode materials tested in this study. These results revealed
that the highly porous HPCM-NP with a large surface area and unique porous structure can be prepared

under the optimized condition, leading to the improved battery performance.
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Supplementary Note 2. The solubility tests of iodine adsorped on different carbon samples.

Owing to the unique porous structural feature and the desirable chemical composition (heteroatom
doping), the HPCM-NP material exhibited an enhanced stability for iodine adsorption and a good long-
term cycling stability for Li-I, batteries. As demonstrated in Supplementary Fig. 8, the adsorbed iodine on
the carbon scaffold without heteroatoms doping was quickly dissolved in carbonate and ether solvent with
dark brown color. However, the HPCM-NP solution showed only a slight brown color even after 10 days,
indicating the adsorbed iodine has a strong interaction with the matrix. Thus, the HPCM-NP exhibited a

much better stability for iodine adsorption in comparison with the pure carbon fiber.

42



Supplementary Note 3. XPS spectrum of Is4 for 1,-HPCM-NP.

XPS spectrum of I34 for I,-HPCM-NP (Supplementary Fig. 12) exhibited a binding energy shift
about 0.6 eV toward lower binding energy in comparison with that of the pure I,, corresponding to the
increase of charge density*®*®. This is in aggrement with the theoretical calculation (Supplementary Fig.
13). The nitrogen and phosphorous doping reuslted in the charge relocalization when the iodine molecules

were adsorbed on the surface of graphene.
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Supplementary Note 4. Detailed discussion on theoretical results.

On the basis of the theoretical results, it can be seen that the pure graphene with homogeneous
nonpolar surface basically cannot afford a sufficient binding and confining effect to maintain iodine
molecules due to the weak interactions (Supplementary Fig. 13a). In contrast, the heteroatom doping
using N or P dopant significantly enhances the interaction between the carbon hosts and the iodine guests.
The adsorption of iodine is quite sensitive to dopant elements according to the largely varied bond length
of iodine molecule, adsorption energy (Ea.q), and the differencial charge density. For the nitrogen-doped
graphene, the bond length of iodine molecule is stretched from 2.70 to 2.91 A. The adsorption energy is
increased to 0.29 eV from 00.02 eV for the pure graphene while the vertical distance between the
adsorption pair decreaes. The charge difference shows that the obvious charge transfer occurs from the
substrate to the iodine molecules (Figure 13f). These results suggest the enhanced interactions caused by
nitrogen doping in comparison with the pure graphene. In the case of phosphorus doping, the strong
interaction between iodine and phosphorus dopant with large bond energy of 5.82 eV leads to the
irreversible dissociation of iodine. The charge transfer occurs from iodine to phosphorus (the green and
yellow region coating on the P atoms), indicating the formation of P-1 ionic bonds. Fortunately, the
strong-coupling effect can be achieved via N and P co-doping. As demonstrated in Supplementary Fig.
13d,e, the bond length of iodine is 2.96 and 2.93 A on the graphene co-doped with isolated N and P, and
coupled N and P, respectively. The adsorption energy of 2.39 and 2.89 eV suggests the formation of
stable chemisorption. Meanwhile, the charge density indicates that most of the charge accumulates in the
surrounding of the | atoms (green region in Figures 13f (IV and V)), suggesting the strong chemical
interactions between iodine and the carbon substrate. Therefore, the strong interactions toward iodine
would benefit to the nucleation of iodine by lowering the surface tensile against the carbon substrate,
leading to the a high loading of iodine on the HPCM-NP electrode. These results prove that the doping of
carbon with N and P helps to anchor iodine onto the doped carbon substrate, and thereby effectively
suppress the shuttle effect during cycling of the batteries, which is in good agreement with our

experimental testing.
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The adsorption energy (E,q) of Lils on different carbon substrates, the distance between the
adsorption pair, and the varied bond lengths of I-1 were calculated. In comparison with the pure graphene,
the nitrogen doping could change the electronic structure of adjacent carbon atoms to promote the
interaction between Lils and the doped graphene with enhanced adsorption energy (1.02 vs 0.97 eV) and
shorter vertical distance (2.21 vs 2.24 A). The phosphorus doping leads to the irreversible dissociation of
Lil; molecular with a large adsorption energy of 5.42 eV. The adsorption energy is 2.88 and 3.46 eV on
the graphene doped with isolated N and P, and coupled N and P, respectively. The striking adsorption
energy with close contact (1.70 and 2.19 A) exhibits the synergic effect of nitrogen and phosphorous co-
doping, which could ensure the suitable interaction of Lil; to the N, P-co-doped carbon matrix. These
results suggest the nitrogen and phosphorus doping is beneficial to the adsorption and subsequent redox

reactions between Lils and I, at the interface of the carbon electrode and electrolyte.
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Supplementary Note 5. The cycling stability test in a glassy bottle.

The cycling stability of the Li-I, battery was tested in a glassy bottle (Supplementary Fig. 18). It can
be seen that only slight color change caused by the iodine was observed after 1000 charge/discharge
cycles. The capacity retention was around 80.2%, suggesting an acceptable cycling stability. At the same
time, the iodine content in the electrolyte was measured to be only 9.5 % after cycling stability test. The

low ratio suggests the intercalation of Li or Na ions did not significantly deteriorate the stability of iodine.
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Supplementary Note 6. The performance comparison of HPCM-NP electrodes for Li and Na
storage.

As demonstrated, the specific capacity of Li-I, battery is larger than that of Na-I, battery althrough
the same I,-carbon electrode was used on the basis of the similar redox reactions between I, and Li/Na.
These results indicate the possible influence of the ion intercalation on the specific capacity of the carbon
electrode due to the different ionic radius between Li* and Na'. When used as cathodes, the specific

capacity of HPFCM-NP is only around 56 and 37 mAh g for Li* and Na* storage (Supplementary Fig. 20).
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Supplementary Note 7. Electrochemical impedance spectroscapy test and Dynamic contact angle
analysis.

The free-standing I,-HPCM-NP composite with a highly conductive carbon sketch could provide
rapid charge transfer pathways. It is evidenced by the smaller charge transfer resistance (R, 42 Q) for the
I,-HPCM-NP electrode in comparison with that of the I,-AC electrode (R, 89 Q) according to the
electrochemical impedance spectroscopy (Supplementary Fig. 22a). Furthermore, the highly conductive
carbon fiber as the inner core would be beneficial to providing rapid electron transfer pathway. The
contact angle tests with a Dynamic Contact Angle Analyzer (Supplementary Fig. 22b) clearly revealed
the good wettability of the I,-HPCM-NP for the electrolyte. Such good wettability could lead to the facile
penetration and fast diffusion of electrolytes into the porous electrode, which is of importance for
achieving a good battery performance. As demonstrated in Supplementary Fig. 22c (down), the intimate
interaction between the substrate and carbon particles would be possible. However, it is hard to form an
efficient charge transfer route among the carbon particles, resulting in a relatively large charge-transfer
resistance. In contrast, the 3D hierarchical interconnected porous framework not only allows the
electrolyte easy accessibility to the inner surface but also ensures effective electronic transport pathways
along the conductive carbon sketch. Therefore, 3D hierarchically porous HPCM-NP electrode with a
larger surface area is proved to be useful in minimizing electron and ion transport resistance due to the

bicontinuous porous structure, which is also in good agreement with the previously reported results.
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Supplementary Note 8. The stability test of iodine adsorbed HPCM-NP electrode during the cycling
test according to the UV-Vis spectrocopy.

As known in Supplementary Fig. 24a, the optical absorption spectra exhibit a characteristic
absorption peak of I, at 220 nm in ethanol solution”’. The absorbance at 220 nm was recorded for each
sample and plotted versus the iodine content of the solution. According to the Lambert-Beer law (A =
exbxc), a linear relationship between the concentration of iodine (c) and the absorbance of the typical
peak (A) was obtained, which was used to determine the content of iodine in the electrolyte after cycling
(Supplementary Fig. 24b). Typically, each cell was stopped at full charged state after cycling test to
ensure the iodine species in I, state for spectrum characterization. The stainless steel coin cell and
separator were washed with ethanol. The obtained solution was analyzed to examine the content of iodine.
The content of iodine in the electrolyte after 2000 cycles was given in the inseted note in Supplementary

Fig. 24b. The calculated mass loss rate is about 4.0%, confirming the slow dissolution of the iodine.

49



Supplementary Note 9. The stability test of electrolyte/electrode according to cyclic voltammetry.
To examine the stability of electrolyte/electrode, the cyclic voltammetry curve of HPCM-NP
electrode (Supplementary Fig. 25a) exhibited the nearly perfect rectangle shape without any redox peak in
a voltage range of 2.0-4.0 V (vs. Li*/Li) at a low scan rate of 0.1 mV s™, suggesting a good stability of the
electrode material and electrolyte without side reaction. The typical peaks for I,-HPCM-NP are ascribed
to the reversible redox of iodine (Supplementary Fig. 25b). Therefore, the battery with 1,-HPCM-NP

electrode performed well in the potential range of 2.0-3.6 V.
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Supplementary Note 10. Surface morphologies of Li-metal electrode before and after the cycling
test.

The surface morphologies of Li-metal electrode were characterized by using scanning electron
microscopy. As shown in Supplementary Fig. 26a, the surface of the pristine Li-metal is uniform in
general except some scratches. However, after 2000 cycles, the surface became rough with the Li
dendritic structures. The growth of needle-like sharp lithium dendrites could pierce through the separator
to cause short circuit and even explosion. Along the extensive research and development on advanced
approaches to address this issue for safe applications of Li-metal batteries, it is also highly desirable to
construct advanced battery systems without the unsafe metallic Li or Na electrode, as demonstrated in the

present study.
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Supplementary Note 11. Detailed discussion on anodic performance of HPCM-NP.

In the first CV cycle, obvious cathodic peaks were observed at 0.6 V (vs. Li*/Li, Supplementary Fig.
29a) and 0.5 V (vs. Na'/Na, Supplementary Fig. 29b). These peaks were analogy attributed to the
decomposition of the electrolyte and/or the formation of solid electrolyte interphase (SEI) layer®%. The
initial discharge/charge capacities of 644/255 mAh g™ for NIB was smaller than that for LIB due to the
larger ionic radius of Na* ion. reproduces For the discharge/charge curves of the Li//HPCM-NP and
Na//HPCM-NP half-cell at 100 mA g™ in the voltage range of 0.01-3 V (Supplementary Fig. 29¢c-d) show
the apparent plateaus in the first discharge process for Li and Na cells. Typically, the Li//HPCM-NP and
Na//HPCM-NP exhibited the initial discharge/charge capacities of 922/388, 644/255 mAh g* with an
initial Coulombic efficiency of 42.1, 39.6%, respectively. After 500 cycles, 68.8, 65.1% of the reversible
discharge capacity for LIB and NIB were preserved. Notably, the HPCM-NP also exhibited excellent
cycling stability and good high-rate performance. Even at a high current density of 2000 mA g*, a
capacity retention of 77.3/62.4% of the nominal capacity for Li*/Na’, respectively, were achieved
(Supplementary Fig. 29e-f). When returned to the initial current density of 100 mA g, the capacities of
Li-ion and Na-ion half-cell were restored to 387 mAh g™ (99.6%, capacity recuperation) and 158 mAh g*
(96.6%, capacity recuperation), suggesting the good high-rate performance. Besides, the long-term

stability test also exhibited good capacity retention after 2000 cycles (Supplementary Fig. 29g-h).
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Supplementary Note 12. The full battery performance using a HPCM-NP electrode.

With the favorable LiMn,O4 or NasV2(PO,4)s/C cathode (Supplementary Fig. 30), respectively,
Li/Na-ion full cells have been fabricated by coupling with a HPCM-NP electrode. The Li-ion battery
exhibited a specific capacity of around 83 mAh g™ whereas the specific capacity for the Na-ion battery
was only 70 mAh g™ on the basis of the total mass of anode and cathode. The Li-ion battery also
exhibited a better high rate performance and an excellent cycling stability (~79% after 500 cycles,
Supplementary Fig. 31) in comparison with Na-ion battery. These results demonstrate the good
intercalative properties of HPCM-NP that is related to the ion radius (e.g., Li* and Na*) and intercalative
properties of cathodes. Thus, it is high promising to optimize the ion intercalative capability of HPCM-

NP electrode in a full cell.
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