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Section S1. Experimental Procedures

Synthesis of Co,-Zn;( metal-organic framework/graphene oxide (MOF/GO) structures

Graphene oxide (GO) was prepared from graphite flake (Alfa Aesar) using the improved
Hummers method as reported in the literature.! First, 20 mg of GO is dispersed in 40 ml
deionized (DI) water, and 23.28 mg (0.08 mmol) of Co(NOs),6H,0 and 214.19 mg (0.72
mmol) of Zn(NO;),6H,0 were dispersed in 40 ml DI water. They were mixed and stirred at
room temperature. Then, 1.313 g (16 mmol) of 2-methylimidzole in 80 ml of DI water was
added and vigorously stirred at room temperature for 24 h. The resulting suspension was
centrifuged to collect precipitants, then washed with DI water three times and freeze-dried for
3 days. The other Co,-Zn;ox MOF/GO samples were also synthesized in the same way besides
the proportion of Co(NOj3),-6H,0O with Zn(NOj3),-6H,0. Their total amount was fixed to 0.8
mmol, such as Zn-MOF/GO (0.8 mmol of Zn(NO;),-6H,0), Co,-Zng MOF/GO (0.16 mmol of
Co(NOs3),-6H,0, 0.64 mmol of Zn(NOs),:6H,0), Cos-Zn; MOF/GO (0.24 mmol of
Co(NOs3),'6H,0, 0.56 mmol of Zn(NO;),6H,0) and Co-MOF/GO (0.8 mmol of

C0m03)2‘6H20).

Synthesis of Coy-Zn;, nitrogen-doped hierarchical porous graphitic carbon (NHPGC)
cathode

The freeze-dried Coy-Znjox MOF/GO powder was placed in an alumina boat and then
transferred into the quartz tube in rapid thermal chemical vapor deposition (RTCVD) system
with Kantal type heater (Tera leader), then heated at 900 °C for 12 h under 200 sccm of Ar
flow with a heating rate of 5 °C min-!. After naturally cooling to room temperature, the obtained
black powder was dispersed in 1M nitric acid by ultrasonication for 30 min, heated at 80 °C

for 2 days, filtered and dried in a vacuum oven.



Synthesis of tin oxides-incorporated NHPGC (SnO,@NHPGC) anode

Co;-Zng NHPGC powder (5 mg) was dispersed in 40 ml of DI water by ultrasonication. Then,
15 mg of SnCl,-2H,0 was added to the suspension and the mixture was sonicated short time
and vigorously stirred at room temperature for 3 h. The resultant solution was filtered and dried
at 80 °C in a vacuum oven. The dried powder was put into the tube furnace and heated at 350
°C with a heating rate of 5 °C min! under Ar:H, = 9:1 atmosphere for 3 h. After cooling to

room temperature, SnO,@NHPGC was obtained without further treatment.

Structural characterizations

The crystal structure was analyzed by the X-ray diffractometer (Smartlab, RIGAKU) with Cu-
Ko radiation source at 1200 W (40 kV, 30 mA). Raman spectrometer (ARAMIS, Horiba Jobin
Yvon) equipped with 514 nm Ar-ion laser and spot size of 1 um was employed and acquisition
and basic treatment of spectra were performed with LabSpec 5 software. X-ray photoelectron
microscopy (XPS) spectra were obtained using K-alpha (Thermo VG Scientific) with Al-Ka
radiation at beam current of 3 mA and beam size of 0.4 mm. The morphology and structure
were observed using scanning electron microscope (SEM, JSM-7600F, JEOL) and double Cs-
corrected transmission electron microscopy (TEM)/scanning TEM (STEM, ARM-200F,
JEOL). The nitrogen adsorption-desorption isotherms and pore-size distributions were
obtained by Quadrasorp (Quantachrome). The pore size distribution was determined by the
non-local DFT (NLDFT) method and the Brunauer-Emmett-Teller (BET) surface area was
calculated by the BET equation. The atomic ratio and the weight fraction were analyzed by the
inductively coupled plasma optical emission spectroscopy (ICP-OES, Agilent) and the

thermogravimetric analysis (TGA, Netzsch, TG 209 F3), respectively.



Operando characterization

The coin cell with a slit was used for X-ray penetration. SnO,@NHPGC film on Cu foil and
Li metal were used as a working electrode and a counter electrode. The coin cell was assembled
with working and counter electrodes, minimal amounts of electrolyte, and punched separators
in a center. The slit was sealed by mylar film and epoxy adhesive. The coin cell was
galvanostatic cycled at a currend density of 50 mA g'! and operando X-ray diffraction (XRD)

patterns were obtained by D/MAX-2500 (Rigaku) every twenty minutes.

Fabrication and electrochemical characterizations of half cells

All the half cell tests were carried out using a 2032-type coin cell with a working electrode,
and lithium or sodium metal as a reference and counter electrode. To fabricate the working
electrode for a cathode, NHPGC, carbon black (Super-P) and polyvinylidene fluoride (PVDF)
were mixed with a mass ratio of 8:1:1 in N-methyl-2-pyrrolidinone (NMP). Then, the obtained
mixture was casted on carbon fiber paper and dried at 80 °C in a vacuum oven. For the anode
test, SnO,@NHPGC, Super-P, and PVDF were mixed in 7:2:1 in NMP and casted on copper
foil. The typical mass loading was 2.5 mg cm™ for the cathode and 1 mg cm for the anode.
The coin cell was assembled in argon-filled glove box with a polypropylene separator (Celgard
2400) and electrolyte of 1 M LiPFg in ethylene carbonate (EC) and diethyl carbonate (DEC)
(1:1 v/v). In case of sodium-ion half cell, a glass fiber separator (GF-D) and 1 M NaClOy in
EC/DEC (1:1 v/v) electrolyte were employed. Cyclic voltammetry (CV) and galvanostatic
charge/discharge (GCD) tests were measured on a battery cycler (Wonatech, WBCS-3000).
The galvanostatic intermittent titration technique (GITT) curves were obtained at the 2" cycle
with a pulse current of 100 mA g! for 10 min of a pulse time and 10 min of a relaxation time.

The diffusion coefficient of Li ion (Dy;) is calculated from the following equation of

D = 4/t x (mpVy/MpS)® * (AEg/AE,)? (S1)



where mp is the mass of active materials, V), is the molar volume, Mg is the molecular weight,
S is the electrode surface area, 1 is the pulse time, AE; is the voltage change between steady-

state, and AE, is the voltage change during constant current pulse subtracting iR drop.

Fabrication of electric double layer capacitors (EDLCs)

To further investigate the electrochemical behaviors of NHPGC as a capacitor-type cathode,
the EDLC in symmetric configuration was fabricated for the electrochemical impedance
spectroscopy (EIS) measurement. The working electrode was produced with the same
procedure to the cathode half-cell. Then, the symmetric EDLC coin cell was fabricated with
two working electrodes face-to-face and a glass fiber separator (GF-D) between them. 1 M
TEABF, in acetonitrile was employed as an electrolyte. The electrochemical impedance

spectroscopy (EIS) measurement was carried out using the potentiostat (VSP, Biologic).

Fabrication and electrochemical characterizations of hybrid energy storage (HES) cells

The HES cell was assembled using NHPGC as a cathode and SnO,@NHPGC as an anode.
Before fabrication of the full cell, SnO,@NHPGC anode was pre-lithiated (or pre-sodiated) to
0.05 V at a current density of 0.1 A g''. Then, the HES cell was assembled with the pre-lithiated
(or pre-sodiated) SnO,@NHPGC anode and NHPGC cathode in the Ar-filled glove box. The
mass ratio of cathode and anode was set to be 2.5:1 and 2:1 for Li-ion HES and Na-ion HES,
respectively, which were optimized to balance the total charge on each electrode. The
electrochemical measurements of the HES were conducted on the same method as the half cell
tests. Energy density (E, Wh kg'') and power density (P, W kg!) were calculated by the

following equations of
P=V xi/m (S2)
E =P x /3600 (S3)

V = (ViaxtVmin)/2 (S4)



where V, 1, and t are the voltage window, current, and discharge time of the HES, m is the total
mass of the active materials of cathode and anode, and V.« and V,;, are the maximum and

minimum voltage during the discharge.

Ultrafast charging module demonstration

An ultrafast charging module consists of the HES cell part, the photovoltaic solar cell part for
charging, and the mini-motor operating part with the windmill model. Three
NHPGC//SnO,@NHPGC Li-ion HES cells are connected and charged by the solar cell when
the light is irradiated. The solar cell leads to the 5 V maximum voltage leading to 65 mA current

under the 100 mW c¢cm2 AM 1.5 G and the mini-motor operates only when switched on.



Section S2. Supporting figures and tables
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Figure S1. TGA curves of Co{-Zng MOF/GO and Co@NPGC (Co;-Zng NHPGC. TGA
data of (a) Co;-Zng MOF/GO at N, atmosphere and (b) Co@NPGC (Co,-Zny NHPGC before

acid treatment) at air atmosphere.



Figure S2. Structural characterizations of Co;-Zny MOF/GO. (a) SEM and (b) TEM
images of Co;-Znyg MOF/GO.



Figure S3. Structural characterizations of Co@NPGC and Coy-Zny NHPGC. TEM images
of (a) Co@NPGC before acid treatment and (b) Co;-Zng NHPGC after Co removal by acid

treatment.
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Figure SS. Structural characterizations of Co,-Zn;o., NHPGC structures. TEM images of
(a) Zn-NHPGC, (b) Co,-Zng NHPGC, (c¢) Cos-Zn; NHPGC, and (d) Co-NHPGC.
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Figure S6. TEM and high-resolution TEM (HRTEM) images of Cos-Zn,ox NHPGC. (a)
TEM and (b) HRTEM images of Zn-NHPGC. TEM images of (c) Co,-Zng NHPGC, (d) Cos-
Zn; NHPGC, and (e) Co-NHPGC.
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Figure S7. XRD spectra of Co,-Zn,o, MOF/GO.



Figure S8. HRTEM image of Co-NHPGC. The lattice spacing of carbon layers is 0.34 nm,
corresponding to highly graphitic structure.
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Figure S9. TEM image and energy dispersive spectroscopy (EDS) spectra. (a) TEM image
and (b) EDS spectra of Co;-Zng@NHPGC.
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Figure S10. Area ratio depending on nitrogen doping types and total nitrogen contents of

Coy-Zn;ox NHPGC calculated from XPS N 1s spectra.
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Figure S11. N, adsorption isotherm. Those for (a) Co,-Zng and (b) Cos-Zn; NHPGCs
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Figure S12. Pore size and volume characteristics of Co,-Zn;o, NHPGCs. (a) Pore size

distribution and (b) cumulative pore volume of Cox-Zn;ox NHPGCs.
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Figure S13. CV curves of Coy-Zn;o., NHPGC structures. Those of (a) Zn-NHPGC, (b) Co,-
Zny NHPGC, (c) Co,-Zng NHPGC, (d) Co;-Zn; NHPGC, and (e) Co-NHPGC in LiPFg

electrolyte at various scan rates.



Potential (V vs. Li/Li*)

(9]

Potential (V vs. Li/Li")

2.0

4.5

Zn-NHPGC

0 20

40 60 80
Specific capacity (mAh g™

100

\ Co,-Zn, NHPGC

~
o

Potential (V vs. LilLi") T

Q

4.5

Potential (V vs. Li/Li%)

\ Co,-Zn, NHPGC

—0.1Ag"
—0.2AQ"
—0.5Ag"
—1Ag!
—2Ag"
—3Ag"
——5Ag!
—10Ag"

40 60 80 100 120

20
Specific capacity (mAh g'1)

140

Co,-Zn, NHPGC

—01Ag"
—0.2Ag"
—0.5Ag"
—1Ag!
—2Ag"
——3Ag"!
——5Ag"
—10Ag"’

40 60
Specific capacity (mAh g”)

80

—01Ag"
—0.2Ag"
—05Ag"
—1Ag"’
—2Ag"’
—3Ag"
—5Ag"’
—10Ag"

—01Ag"
—02Ag"
—05Ag"
—1Ag"!
—2Ag"
——3Ag"
—5Ag"
—10Ag"
40 60 80
Specific capacity (mAh g'1)
e 45

Co-NHPGC

_.—|_ 4.0 9\ \1h) \

=

o

> 3.5-

2

©

= 3.0

| =

7]

°

o 254

2.0
0 20

40 60

Specific capacity (mAh g'1)

Figure S14. GCD curves of Coy-Znyox NHPGC structures. Those of (a) Zn-NHPGC, (b)
Co,-Znyg NHPGC, (¢) Co,-Zng NHPGC, (d) Cos-Zn; NHPGC, and (¢) Co-NHPGC in LiPFg

electrolyte at different current densities.
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Figure S15. Nyquist plot of Zn-NHPGC, Co;-Zny NHPGC, and Co-NHPGC.
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Figure S16. TEM image and electrochemical performances of Co;-Zny MOF without GO
or graphene. TEM images of (a) Co;-Zny MOF without GO and (b) NHPGC without graphene
after carbonization. (c¢) Rate performances and (D) GCD curves of NHPGC and NHPGC
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Figure S17. TEM and high-angle annular dark-field scanning TEM (HAADF-STEM)
images. TEM images at (a) low and (b) high magnification, and (c) HAADF-STEM images
with EDS-mapping of SnO,@NHPGC.
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Figure S18. TGA of SnO,@NHPGC in air atmosphere.
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Figure S19. CV curves of the initial three cycles of SnO,@NHPGC anode at a scan rate
of 0.2 mV s\,
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Figure S20. GCD curves at different current densities of NHPGC anode.
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Figure S21. Capacitive contribution for NHPGC anode.
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Figure S22. GITT curves of SnO,@NHPGC and NHPGC anodes in LiPF.
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Figure S23. Cycling performance and structural characteristics after cycling. (a)
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Figure S24. Electrochemical performances of SnO,@NHPGC. (a) GCD curves, (b) rate

performances, (c) capacitive contributions, and (d) cycling performance of SnO,@NHPGC in

1 M NaClOy electrolyte for sodium storage.
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Table S1. Ratios of Co to Zn in Coy-Zn;ox MOF/GO measured by the ICP-OES analysis.

Sample Zn-MOF COl-an COQ-Zl’lg CO3-ZD7 Co-MOF
P /GO MOF/GO MOF/GO MOF/GO /GO
Co/Zn - 0.101 0.216 0.377 -

Table S2. Pore characteristics of Co,-Zn;o., NHPGC.

Sample SgET Viore Vicro Vineso micro’ ¥ meso
(m?g)  (em’gh) (cm?® g (cm’® g (%)
Zn-NHPGC 553 0.484 0.181 0.303 59.7
Co-Zny NHPGC 554 0.641 0.161 0.480 33.5
Co,-Zng NHPGC 394 0.643 0.055 0.588 9.4
Cos-Zn; NHPGC 278 0.459 0.037 0.422 8.8
Co-NHPGC 274 0.772 0.027 0.745 3.6

Table S3. Equivalent resistance (R;) and electrolyte resistance (R;) of Co,-Znox NHPGC

in Nyquist plot.
Sample Zn-NHPGC Coy-Zng NHPGC Co-NHPGC
R, 1.908 Q 1.227 Q 1.160 Q

R, 3.202 Q 4.113 Q 5.335Q




Table S4. Electrochemical performances of previously reported cathode materials and

one by this work.

Surf: -
Voltage  BET surface urace area

Specifi lized
Cathode materials c:;:;i‘z; window area n(;:;ljclif; Ref.
\Y% m? g’
™) (m7g) (LAh mggp™2)
3D hierarchical
62 mAh g!
porous N-doped @r(;l ) Ag 1 3.0-4.5 992 62.50 2
carbon (HNC) 08
B and N dual-doped 113 mAh g
carbon @0.1 A g 2.0-4.5 1076 105.02 3
Nanofibers (BNC) LaE
Electrospun N-Doped
hierarchical porous 80 mAh g-!
2.0-4. 21 4
carbon nanofiber (a- @0.1 Ag'! 0-4.5 > 37.09
PANF)
3D porous activated
nitrogen-doped 104 mAh g'!
2.0-4.5 1083 5
graphene sheet (A-N- @0.1 Ag! 96.03
GS)
nitrogen-doped
2.7 mAh g'!
carbon nanosheets 6 @7 Orr; A g_l 3.0-4.5 1324 47.36 6
(NCN) “hE
2D B/N co-doped 90.5 mAh g
carbon nanosheet @0.1Ag! 2.0-4.5 601 150.58 7
(BCN) Hag
Heteroatom-doped
.6 mAh g!
microporous carbon 59@6 Omz A g_l 2.5-4.5 2675 22.28 8
(MPC) “hE
123.4 mAh g'! Thi
NHPGC MRS 045 553 223.15 '

@0.1Ag! Work




Table S5. Electrochemical performances of Li-ion HES full cells by previous works and

this work.
Maximum Maximum Voltage
Cathode//Anode Energy density power density window Ref.
(Power density) (Energy density) V)
-1 -1
Li,N/AC//SC 74.7 Wh ke 12900Wkg = 50.40 9
(751 Wkg ) (21.5Whkg )
-1 -1
AC//Zr-MOF 122.5 Whkg 12500 Wkg 10-40 10
(250 W kg ) (34.4 Whkg )
-1 -1
AC//3S-NbO-HoMss 3-8 Whkg 22500Wke .35
(1125 Wkg ) (19.6 Whkg )
-1 -1
G/AC//G/SC 151 Whkg 18900 W kg 20-40 12
(241 Wkg ) (83 Whkg )
Spiral graphene -1 -1
//Hierarchically porous 109 Wh kg 478 W kg_] 2.0-40 13
carbon (1830 Wkg ) (91 Whkg )
-1 -1
131.03 Wh k 12000 W k 0.08 -
CoSe,/SnSe//AC & g 14
2 (100 W kg ) (38.33 Whkg') 4.08
LiMn, O -1 -1
274 -
//Nitrogen-rich biomass 50 Wh kg_1 6900 W kg_] (aO ucezc;%ls) 15
carbon (571 Wkg ) (17 Whkg ) q
NiCoP/NiCo-OH30 34 Wh kg 11600 W kg’ 0-1.6 16
//Porous C (775 Wke ) (20 Whkg) (aqueous)
1 -1 .
NHPGC//SnO,@NHPGC ~ 244.5 Whikg 2500 Wke | = g_y5  This
(225 Wkg ) (87.1 Whkg ) wor




Table S6. Electrochemical performances of Na-ion HES full cells by previous works and

this work.
Maximum Maximum Voltage
Cathode//Anode Energy density power density window Ref.
(Power density) (Energy density) V)
-1 -1
NCN//Fe,_S 88 Whkg 26Whke' 930 17
(150 Wkg ) (11500 W kg ™)
-1 -1
STC-16/HAT-CNF-850 95 Whkg 13000 W kg 05-40 18
(190 Wkg ) (18 Whkg')
AC//GCNF 55.58 W kg'll 4520 W kg_ll 10-35 19
(133 Whkg')  (18.19 Whkg')
-1 -1
ACI/FeS,/TiO, 73.7 Whkg 10000Wke =g 40 20
(100 Wkg ) (20.6 Whkg ™)
AC//graphite 60.5 Wh kg’ TRIWke' 0 ag
(1422Wkg')  (21.8Whkg)) '
-1 -1
AC//Fe,S/fGO-NPC 110 Whke 209P3Wke g5 35 2
(95 Wkg') (74 Wh kg™
Nickel Hexacyanoferrate 39.4 Wh kg'1 3333 W kg-1 0-2.0 23
//Graphene (333 W kg'l) (24.1 Wh kg'l) (aqueous)
VC/ALO./C 30.8 Wh ke 8064 W kg’ 0-2.0 4
273 (2016 Wkg') (21 Whkg')  (aqueous)
1 -1 .
NHPGC//SnO,@NHPGC 1461 Whkg 21500 Wkg 43y  This
(215 Wkg ") (35.1 Whkg) work
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