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Theoretical calculations of the interaction between [Fe''(CN)g]*™ and a single-walled carbon nanotube
(SWNT) model

Focusing on the contact area between an MHCF NP and SWNT, we considered a surface modification regent
of [Fe"'(CN)s]* (Fig. Ala), aromatic carbon-ring belt (Fig. A1b) and their cluster (dimer). The carbon-ring belt
is designed to model an armchair SWNT (12,12) whose diameter is consistent with the average diameter (1.6
nm) of experimentally used SWNTs. In the model, designated as SWNT (12,12), three rings are arranged along
the tube direction, and all dangling bonds at the edges are compensated by H atoms (Fig. A1b). We considered
the closed-shell electronic configuration not only for SWNT (12,12) but for [Fe(CN)s]* and the cluster, in
which the Fe!' center was in a singlet spin state due to a strong ligand field of the C-bonded C=N. All geometries
were fully optimized using the Kohn—Sham density functional theory (DFT) along with B3LYP functional.!”
The LanL.2DZ effective core potential with associated basis set* and the 6-31G(d) basis set>’ were employed
for Fe and the other atoms, respectively. The effects of the dispersion interaction and hydration were
incorporated using Grimme’s D3 correction with Becke—Johnson (BJ) damping® and the conventional
polarizable continuum model (PCM),’ respectively. All calculations were performed with Gaussian 16.°

Fig. A1 shows equilibrium geometries of [Fe'(CN)s]*, SWNT (12,12) and the cluster. We obtained two
geometries for the cluster: a three-leg structure (Fig. Alc) and a one-leg structure (Fig. A1d). Three N atoms
of [Fe''(CN)s]* point toward the tube’s sidewall in the three-leg structure, whereas only one N atom points
toward the sidewall in the one-leg structure. Relative to a noninteracting reference system of [Fe''(CN)q]*” and
SWNT (12,12) at infinite separation (Fig. Ala,b), the three-leg structure is 4.7-kcal/mol lower in potential
energy; in other words, the binding energy is 4.7 kcal/mol. The average distance between an N atom that points
to the sidewall and its nearby C atom on the sidewall is 3.57 A. The long distance indicates that [Fe"(CN)q]*
and SWNT (12,12) noncovalently interact with each other in the three-leg structure. When fixing the optimized
geometries and disabling Grimme’s dispersion correction, we found that the interaction becomes repulsive;
that is, the potential energy of the three-leg structure is 3.7 kcal/mol higher than that of the noninteracting
reference system. This result highlights the importance of the dispersion interaction. Besides, it turns out that
n-electron polarization of SWNT (12,12) occurs (Fig. A2). The approach of [Fe''(CN)e]* to SWNT (12,12)
causes the electron density decrease on the exterior of the sidewall (i.e. a planar purple isosurface in Fig. A2a),
particularly near the electronegative N atoms (Fig. A2b). Meanwhile, the approach causes an electron density
increase around C atoms far from [Fe'(CN)s]* (i.e. orange isosurfaces in Fig. A2a). This electronic
polarization would induce an electric dipole moment along a transverse direction of the sidewall and, thus, an
electrostatic attraction between SWNT (12,12) and the nearby three N atoms. We note that, although purple
isosurfaces appear around the three N atoms (Fig. A2), the N atoms are electronegative regardless of the
distance between [Fe(CN)¢]*" and SWNT (12,12). Our theoretical results suggest that the dispersion
interaction and the induced electrostatic attraction weakly bind SWNTSs with the surface modification regents
of [Fe''(CN)s]* and/or the dangling C=N groups of MHCF NPs.

The potential energy of the one-leg structure (Fig. Ald) is 21.1 kcal/mol higher than that of the



noninteracting reference system. Unlike the three-leg structure (Fig. Alc), the one-leg structure forms a
covalent bond between an N atom of [Fe"'(CN)s]* and a C atom of SWNT (12,12) with a bond length of 1.49
A; indeed, out-of-plane structural distortion occurs at the C atom to form an sp’-type structure (Fig. A1d), and
the Wiberg’s bond order,!! defined in terms of the natural atomic orbital basis, is 0.83 for the relevant N-C
bond. The one-leg structure is nothing but a local-energy-minimum geometry. Nevertheless, the covalent
bonding between SWNTs and surface modification regents of [Fe(CN)s]*” may be formed if the hydration
effect is weakened by some possible factors we ignored. For example, the constituent atoms of an MHCF NP
can exclude water molecules from the vicinity of a surface [Fe''(CN)¢]* regent, thereby weakening the
hydration effect. Supposing an extreme case of no hydration effect, the binding energy for the one-leg structure,

including the contribution of the N-C covalent bond, is 233.5 kcal/mol.
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Fig. Al. DFT-optimized geometries of (a) [Fe"(CN)s]*", (b) SWNT (12,12), (c) three-leg structure, and (d)
one-leg structure of the cluster. The Fe, C, N and H atoms are indicated by orange, gray, blue and white balls,

respectively.



Side view Top view

Fig. A2. Differential electron density of the three-leg cluster of (a) side view and (b) top view. To visualize the
electron density change due to the approach of [Fe'(CN)s]* to SWNT (12,12), the electron density of the
noninteracting monomers was subtracted from that of the cluster. The density of the noninteracting monomers
was defined by the simple addition of the densities of [Fe'(CN)s]* and SWNT (12,12), which were isolated
from each other. The isosurface contour values are +107* e bohr™ (orange isosurfaces) and —107* e bohr™

(purple isosurfaces).
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Ragone plots

Representative high-performance non-aqueous and neutral aqueous ZnlIBs and Zn-KIBs'~ and non-aqueous
high-operating voltage K/NalBs using MHCFs ¢ are listed. To approach the orders of magnitude higher range
(undeveloped range) in Ragone plots (pathway 2 of Fig. 6b), the energy densities of supercapacitors have been

10-13

improved by combining redox reactions and/or by using activated porous carbon. The energy densities

considerably decrease at ultrahigh C rates. In contrast, the RSW cathodes suppress such energy-density loss to

occupy the undeveloped range. The energy- and power-density values were extracted from the data'->>!%"13 or
estimated from the charge/discharge profiles based on Fig. S9d,e.**¢*
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Table S1. Current densities of Zn—NalBs using RSW model cathodes depending on loading amounts of
ZnHCF NPs

Loading amounts Current densities (mA cm2)/C rates

#Electrolyte conditions

(mg cm™) Charge Discharge

0.25 >17/>1000 C! N.A.

0.50 >33 />1000 C @ N.A.
70-vol% PC with water dissolving

0.75 30-35/600-700 ™ N.A. 0.87-m Zn*" and 3.5-m Na*

1.0 20/200-300 CI! 132/2000 C4

3.0 10/50 CP! 198/1000 Cl¢! 50-vol% PC with water dissolving
0.90-m Zn*" and 4.5-m Na*

59/300 C!

The current densities in charge were estimated from the C rates of synchronous full-charge/discharge in Fig 4c [a], Fig 7a [b], and Fig 7b [c].
The current densities in discharge were estimated based on the charge/discharge mismatch, where the full-charged capacities at low rates of 10
and 300 C were full-discharged at high rates of 2000 and 1000 C in Fig 4b [d] and Fig 7c [e], respectively. In the case of [c], a glass filter was
inserted between the cathode and Zn-foil anode to improve the volume of the electrolyte solution. *For improving the cooperative performance
between the cathode and anode, it is necessary that the electrolyte conditions are adjusted depending on the loading amounts.



Table S2. Current densities and capacity retention to compare the power and C-rate capacities of previously

reported batteries using MHCFs

Active materials Loading amounts *Current densities *Capacity References
(theoretical values of active materials (mA cm™?) retention (%)
(mAh g™)) (mg cm?)
ZnHCF 0.25 0.165 (10C) 93 This work
(66) 1.65 (100C) 92

16.5 (1000C) 90

1.0 0.66 (10C) 100

6.6 (100C) 100

66 (1000C) 100

132 (2000 C) 98

3.0 198 (1000 C) 100

ZnHCF 0.5-1 0.050 100 1
(70) 10 89

50 67
ZnHCF 4-5 0.86 80 2
(86) 4.3 74

25.8 54
ZnHCF 1.5-2 0.10 58 3
(110) 0.60 51

1.6 32
NiHCF 2-2.5 0.5 59 4
(60) 25 45
FeHCF 2.5 0.040 75 5
(170) 2.11 57

10.6 40
MnHCF ~1.5 0.19 89 6
(125) 1.9 56

3.8 42
MnHCF ~1 0.03 91 7
(150) 0.1 74

0.5 49
MnFeNiHCF 1-2 1.5 74 8
(150) 6 71

*The current densities were calculated based on values of the loading amounts (mg cm™2) and discharge currents (A g™') as described in the
literature. For cases where the discharge currents were not explicitly mentioned, they were assumed based on the C rates and theoretical
capacities (mAh g!). *Similarly, the capacity retention values were based on the theoretical or low-rate capacities.
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Fig. S2. Calculating a surface-attached amount of [Fe''(CN)s]*". For an example of an ideal cubic ZnHCF NP,

the number of metals (Fe and Zn) is 339, aligned on a 169-nm edge length. H,O molecules weakly coordinate

the surface Zn?* ions before surface modification. When [Fe'(CN)s]* binds to the whole

by displacement of the H,O molecules to form Zn—[NC-Fe''(CN)s]*, the attached amount of [Fe''(CN)q]* is

equal to that of the surface Zn** (339 x 339 x 6 x 1/2); therefore, it is calculated as 0.88 mol% versus the total

metal amount (339 x 339 x 339).4
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Fig. S3. Top-view FE-SEM images of RSW model cathodes using surface-modified ZnHCF NPs. (a) SWNTs
between 0.1 and 10 wt%. (b) After the 150,000 cycles of Fig. 4d.
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Fig. S4. Cross-sectional FE-SEM images of RSW model cathodes in various loading amounts between 0.25
and 3.0 mg cm™? of surface-modified ZnHCF NPs. The thicknesses are linearly increased by the loading
amounts. The bulk densities of surface-modified ZnHCF NPs are ranged between 1.0 and 1.3 g cm™ without

large deviation.
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Fig. S5. (a) C-rate capability of a binder-used cathode prepared by long-term mixing surface-modified-free
ZnHCF NPs and SWNTs with a binder and solvent and (b) its top-view FE-SEM image. The C-rate capability

was measured in 70-vol% PC with water dissolving 0.87-m Zn>" and 3.5-m Na®.
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Fig. S6. (a) DLS particle-size distribution of an aqueous suspension of surface-modification-free ZnHCF NPs.

(b) Top-view FE-SEM image and (c) capacities depending on C rates of the cathode using the ZnHCF NPs
(1.0 mg cm™) and 1.5-wt% SWNTs.
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Fig. S7. Relationships between current densities and C rates. The linear relationships of different loading
amounts of ZnHCF NPs from 0.25 to 3.0 mg cm 2 are expressed based on the maximum current-density value
of 20 mA cm2 at 300 C for the synchronous charge/discharge in the standard loading amount of 1.0 mg cm ™
(Fig. 4a). The previously reported current-density values of Zn metals are shown by arrows, as summarized in
Fig. 3h of ref. 11. Even though the current densities of 20 mA cm 2 are maintained, it is difficult in increased
loading amounts over 3.0 mg c¢cm? to fabricate ultrahigh-rate batteries showing >100 C in charging.
Nevertheless, in 2022, a single-crystal Zn anode achieved an ultrahigh current density of 200 mA cm ™ by ideal
dendrite-free epitaxial growth to Zn (002) orientation.*’
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Fig. S8. Top-view FE-SEM images and XRD patterns of the pristine Zn-foil anode (a-1 and a-2) and after
150,000 charge/discharge cycles at 400 C (b-1 and b-2).
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Fig. S9. Operating voltages and capacities depending on C rates of Zn—Na/KIBs using RSW model cathodes
to update the Ragone plots (Fig. 6a) based on the charge/discharge profiles of (a) Fig. 4e for ZnHCF, (b) Fig.
5S¢ for CuHCF, (c) Fig. 5f for MnHCF. (d) To determine the energy densities for the Ragone plots (Fig. 6a),
the operating voltages of ZnHCF and CuHCF with one-step plateaus are estimated as half-capacity (C\)
voltages. (e) The operating voltages of MnHCF with two-step plateaus are estimated as averaged voltages of
half-capacity voltages of V| and V2. When the two-step plateaus are ambiguous, the operating voltages are

similarly estimated utilizing the same method as (d).
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Fig. S10. Cyclic voltammograms of the conventional binder-used cathode (Fig. 3f) in 70-vol% PC with water
dissolving 0.87-m Zn?>* and 3.5-m Na*. The loading amount of surface-modified-free ZnHCF NPs is 0.25 mg

cm?2.
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Fig. S11. FE-SEM images of surface-modified MHCF NPs and particle-size histograms and top-view FE-
SEM images of RSW model cathodes with surface-modified MHCF NPs of CuHCF (a) and MnHCF (b). In
the RSW model cathodes, the loading amount of MnHCF NPs is 0.50 mg cm™> and SWNTs are 3 wt%.
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Fig. S12. Changes in XRD patterns during the charge/discharge processes of Zn—Na/KIBs using RSW model
cathodes with surface-modified MHCF NPs of (a) ZnHCF, (b) CuHCF, and (¢) MnHCF. In the cases of
MnHCFs (¢), the XRD pattern of the middle state was measured at mid-voltages of the two-step plateaus based
on Fig. 5e,f.
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