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Fig. S1 Top and side view of the optimized (a) pure carbon, (b) N-doped carbon, (c)
Se-doped carbon and (d) Se/N co-doped carbon
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Fig. S2 Top and side view of the simulations for one K ion adsorbed on the (a) pure
carbon, (b) N-doped carbon, (c) Se-doped carbon and (d) Se/N co-doped carbon as
well as corresponding AEa

S1/527


https://link.springer.com/journal/40820/volumes-and-issues/13-1
mailto:huxiang@fjirsm.ac.cn
mailto:wen@fjirsm.ac.cn

Nano-Micro Letters

a b

——SelN
N — Se :,:

PDOS (a.u.)
PDOS (a.u.)

0 0
E-EF (eV) E-EF (eV)

Fig. S3 (a) the p orbital partial density of states (PDOS) of the nitrogen atom in the
Se/N co-doped carbon and N doped carbon. (b) the p orbital PDOS of the selenium
atom in the Se/N co-doped carbon and Se doped carbon
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Fig. S4 (a-c) FESEM images and (d-f) corresponding elemental mapping images, (g)
EDS spectra and (h) XRD pattern of the Se@C-precursor at 200 °C
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Fig. S6 (a, b) FESEM images, (c, d) TEM images, (¢) HRTEM image and (f-i)
HAADF-STEM image and elemental mappings of the Se-3DMpC
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Fig. S7 Nitrogen adsorption-desorption isothermal curves of (a) Se/N-3DMpC and
(b) Se-3DMpC. Pore size distribution of (c) Se/N-3DMpC and (d) Se-3DMpC

Figure S7 shows the nitrogen absorption-desorption isothermal curve for the Se/N-
3DMpC and Se-3DMpC, which combined type-I and type-1V isotherms with an H4
hysteresis loop desorption. The Se/N-3DMpC displays a high SSA of 711.86 m? g%,
which is higher than that of Se-3DMpC (652.50 m? g%). The corresponding porosity
distribution curve is shown in Figure S7c-d, indicating the Se/N-3DMpC and Se-
3DMpC have hierarchical micro-meso-macro porous structure, which are well in
accordance with the TEM and SEM results.

C

Fig. S8 (a, b) FESEM images, (c, d) TEM images, (¢) HRTEM image and (f-h)
FESEM image and corresponding elemental mappings of the N-pC
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Fig. S9 (a-c) FESEM images, (d-f) corresponding elemental mappings and (g) EDS
spectra of the starch-based Se-doped 3DMpC
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Fig. S10 (a-c) FESEM images, (d-f) corresponding elemental mappings and (g) EDS
spectra of the glucose-based Se-doped 3DMpC.
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Fig. S11 (a-c) FESEM images, (d-f) corresponding elemental mappings and (g) EDS
spectra of the PVVP-based Se-doped 3DMpC

S7/527


https://link.springer.com/journal/40820/volumes-and-issues/13-1

Nano-Micro Letters

Element Weight % Atomic %

8.12

3.78

4.21
62.80
21.09
100.00

1.55
4.08
3.98
79.04
11.35
100.00

S Element Weight % Atomic %

Fig. S12 A series of Se/N co-doped 3DMpC can be obtained from urea and different
carbon sources. (a) FESEM image and (b) EDS spectra of the starch-based Se/N co-
doped 3DMpC. (c) FESEM image and (d) EDS spectra of the glucose-based Se/N co-

doped 3DMpC. (e) FESEM image and (f) EDS spectra of the PVVP-based Se/N co-

doped 3DMpC
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Fig. S13 Raman spectra of the Se/N-3DMpC, Se-3DMpC and N-pC
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Fig. S14 XPS spectra of Se/N-3DMpC, Se-3DMpC, N-pC and pure-C
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Fig. S15 High-resolution Se 3d XPS spectra of (a) Se/N-3DMpC and (b) Se-3DMpC.
(c) High-resolution C 1s and (d) N 1s XPS spectra of the Se/N-3DMpC
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Fig. S16 The CV curves at a sweep rate of 0.1 mV s of (a) Se-3DMpC and (b) N-
pC. CV curves of the Se/N-3DMpC, Se-3DMpC and N-pC electrodes at a scan rate
0.1 mV s for the (c) 1st cycle and (d) 2nd cycle
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Fig. S17 The galvanostatic charge-discharge curves of (a) Se/N-3DMpC, (b) Se-
3DMpC and (c) N-pC electrodes at a current density of 0.2 A g. (d) The third
charge-discharge curves of Se/N-3DMpC, Se-3DMpC and N-pC
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The low ICE of 54.3% for the Se/N-3DMpC electrode might be due to the electrolyte
decomposition and subsequent formation of SEI. Choosing a suitable electrolyte and
binder (such as ether-based electrolyte and carboxymethyl cellulose) are good ways to
improve the ICE value in carbon-based material in our future research.
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Fig. S18 Coulombic efficiency of the Se/N-3DMpC, Se-3DMpC and N-pC electrodes
for P1Bs at current density of 0.2 A g for 200 cycles
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Fig. S19 (a) The average capacities and (b) capacity retention rate of the Se/N-
3DMpC, Se-3DMpC and N-pC at different current densities for PIBs corresponding
to Fig. 3c
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Fig. S20 Charge-discharge curves of (a) Se-3DMpC and (b) N-pC electrodes at
various current densities
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Fig. S21 (a) CV profiles at various sweep rates from 0.2 to 1.2 mV s, (b) b value
determination of the Se/N-3DMpC electrode

As shown in Fig. S21a, the shape of the CV profiles is commendably retention with
increasing the sweep rate. The potassium storage Kinetics of all electrodes can be
evaluated according to equation : i=a®, where the measured current (i) obeys a
power-law relationship with the sweep rate (v), a and b are adjustable parameters, and
the value of b can be calculated from the slope by plotting log (i) against log (v).
Generally, when the value of b is 0.5 or 1, the charge storage process is dominated by
the diffusion-controlled or surface-controlled, respectively. As displayed in Fig. S21b,
the calculated b values are above 0.84 and 0.97 for anodic and cathodic peaks,
suggesting a prompt kinetics dominated by the capacitive behavior of surface-
controlled on account of the abundant Se and N dopants. On the contrary, because there
are fewer functional groups that can conducive to increase the pseudocapacitance of the
materials, all the b values of N-pC and Se-3DMpC are inferior than those of Se/N-
3DMpC (Figs. S21a-b, S22a-b and S23a-b), suggesting that Se/N-3DMpC electrode
has a faster reaction kinetics. According to the equation i(V)=k,v+k,v"?, the
contribution of surface-controlled (kiv) and diffusion-controlled (k2v?) at various
sweep rates can be further quantitatively separated.
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Fig. S22 (a) CV profiles at various sweep rates from 0.2 to 1.2 mV s, (b) b value
determination, (c) contribution of the surface process and (d) capacitive contribution
at 0.8 mV s of the Se-3DMpC
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Fig. S23 (a) CV profiles at various sweep rates from 0.2 to 1.2 mV s, (b) b value
determination, (c) contribution of the surface process and (d) capacitive contribution
at 0.8 mV st of the N-pC
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Fig. S24 Long-term cycling performance of the Se-3DMpC and N-pC at a current
density of 2.0 A g?
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Fig. S26 (a) Electrochemical impedance spectra of the Se/N-3DMpC, Se-3DMpC and
N-pC electrodes and (b) linear fits of the Z* versus o2 (o =2xf) in the low-frequency
region. (c) the equivalent circuit simulation. (d) The EIS fitting data of Se/N-3DMpC,
Se-3DMpC and N-pC electrodes
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Fitting the corresponding equivalent circuit shows an ohmic contact resistance (Rs)
from the electrolyte and electrode, the resistance (Rs) of the potassium ions through SEI
film and charge-transfer resistance (Rct). Zw represents the Warburg impedance of K*
diffusion in the electrode material related to the slope of the straight line in the low-
frequency region. CPE-1 and CPE-2 correspond to surface capacitance and double layer
capacitance respectively.

Fig. S27 (a) FESEM images, (b-e) corresponding elemental mappings and (f) EDS
spectra of the Se/N-3DMpC at the first potassiation state
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Fig. S28 The ex-situ high-resolution XPS spectra of (a) Se 3d and (b) N 1s for the Se/N-
3DMpC electrode at different discharge/charge stages. (c) schematic illustration of
reversible potassiation/depotassiation of the Se/N-3DMpC electrode
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Fig. S29 The Dk value can be calculated by the simplified Fick’s second law with the
following equation:

e 4 (mBVM)2 (AES>2
nt \ MgA AE,
where Mg and Vv is the molar mass and molar volume of electrode material, mg is the

mass of electrode active material, t is the pulse duration and A is the active surface area.
AE+ and AEs are gained from GITT curves.
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Fig. S30 K™ diffusion energy barriers of the Se/N-3DMpC, Se-3DMpC, N-pC and
pure-C

516/527


https://link.springer.com/journal/40820/volumes-and-issues/13-1

Nano-Micro Letters

diffusion path from on hollow position to the nearest
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Fig. S32 Illustration of the K*
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Fig. S33 Illustration of the K* diffusion path from on hollow position to the nearest

hollow position in Se-3DMpC
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Fig. S34 lllustration of the K* diffusion path from on hollow position to the nearest
hollow position in Se/N-3DMpC

Fig. S35 (a, b) FESEM images, (c-e) TEM images and (f-i) HAADF-STEM and
corresponding element mapping of the A-Se/N-3DMpC
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Fig. S36 (a) XPS survey spectra, (b) high-resolution Se 3d, (c) N 1s and (d) nitrogen
adsorption-desorption isotherm curves (inset: pore size distribution) of the A-Se/N-
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Fig. S37 Top and side view of the PF¢ adsorbed on (a) pure carbon and (b) A-Se/N-
3DMpC and the corresponding AEa. Top and side view of the calculated charge density
difference of PFe™ adsorbed on (c) pure carbon and (d) A-Se/N-3DMpC. More electron
transfer is observed in Se/N co-doped carbon, indicating stronger adsorption between

the substrate and PFg’

519/527


https://link.springer.com/journal/40820/volumes-and-issues/13-1

Nano-Micro Letters

a b c,

—2mVs 140

—smvs' —tomvs' | o120

0.1

% 02 g1
0.5 4 B
St 2§ | 49
N,

Current (mA)
P b ol end

Voltage (V)

Unit=Ag"

24 28 32 36 40 44 10 20 30 40 50 60 70 80 80 20 40 60 80 0
d Potential (V vs. KIK") Cycle Number Capacity mAh g

A“" 100 &
<120 =
-: 80 g
g100 g
€ 80 1Ag"! 60 &
z g
g o 3
g 40 £
]
o 20 3
20 o
0 0o ©

0 500 1000 1500 2500 3000 3500 4000

2000
Cycle Number

Fig. S38 (a) CV profiles at various sweep rates, (b) rate property, (c) charge/discharge
curves at diversity current density and (d) long-term cycle performance at 1 A g of
the A-Se/N-3DMpC
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Fig. S41 Ragone plots of the A-Se/N-3DMpC//Se/N-3DMpC PIHCs device as
compared with commercial devices for energy storage

Table S1 Comparison of the ICE value between Se/N-3DMpC electrode and previously
reported carbon-based materials for PIBs

Current Initial
Materials density coulombic Refs.
(Ag? efficiency
Se/N-3DMpC 0.2 54.3% This work
SIN@C 0.05 24.6% [S1]
NOHC-1000 0.1 40.8% [S2]
p-HNCs 0.1 37.9% [S3]
HCNT 0.1 15% [S4]
N/O Dual-Doped Hard Carbon 0.05 25% [S5]
Sulfur-grafted hollow carbon spheres 0.025 51.4% [S6]
Nitrogen-doped bamboo-like carbon 0.5 23.3% [S7]
NHC>-NHs/Ar 0.1 15.8% [S8]
N-doped hierarchical porous carbon 0.028 37.1% [S9]
N-doped carbon fibers-650 0.025 49% [S10]
3D nitrogen-doped framework carbon 0.1 24.3% [S11]
carbon nanocage 0.279 40% [S12]
nitrogen-doped carbon nanosheets 0.05 20% [S13]
nitrogen-doped porous carbon 0.1 43.1% [S14]

S21/527


https://link.springer.com/journal/40820/volumes-and-issues/13-1

Nano-Micro Letters

Table S2 Comparison of the cycling performance between Se-N-HPC electrode and
previously reported carbon-based materials for PIBs

Current Specific
. Voltage . Cycle .
Materials density capacity Refs.
range(V) number
(mAg*) (mAhg)
200 200 335
Se-N-HPC 0.01-3.0 This work
2000 5000 214
SIN@C 0.01-2.0 2000 900 65 [S1]
N/O dual-doped hard
0.01-3.0 1000 5000 189.5 [S2]
carbon
Carbon quantum dot
micelles tailored 0.01-3.0 1000 800 160 [S3]
hollow carbon
Hierarchical carbon
0.01-2.5 100 500 210 [S4]
nanotube
N/O-codoped
hierarchical porous 0.01-3.0 50 100 230.6 [S5]
hard carbon
N-doped bamboo-like
0.01-3.0 500 1000 204 [S7]
carbon nanotubes
ultra-high
pyrrolic/pyridinic-N-
) 0.01-2.6 1000 1600 161.3 [S8]
doped necklace-like
hollow carbon film
N-doped carbon
i 0.01-3.0 2000 4000 146 [S10]
nanofibers
Graphitic carbon
0.01-2.5 56 100 195 [S12]
nanocage
Nitrogen doped
0.01-3.0 1000 1000 151 [S13]
carbon nanosheets
CFM-S30NG 0.01-25 1000 2000 188.8 [S15]
N/O co-doped
mesoporous carbon 0.01-3.0 1000 1300 100 [S16]
octahedrons
Carbon nanofiber
0.01-2.8 1000 2000 158 [S17]
foam
S/O-codoped porous
hard carbon 0.01-2.5 1000 2000 108.4 [S18]

microspheres
Hollow interconnected
neuron-like carbon 0.01-2.0 280 500 150 [S19]
architecture

S22/527


https://link.springer.com/journal/40820/volumes-and-issues/13-1

Nano-Micro Letters

Defect-rich graphitic

0.01-2.0 200 200 189 [S20]
nanocarbons
Amorphous ordered
0.01-2.6 1000 1000 146.5 [S21]
mesoporous carbon
N/O codoped carbon
hollow multihole 0.01-25 1000 1000 133 [S22]
bowls
Pyridinic N-doped
porous carbon 0.01-3.0 1000 3000 152 [S23]
monolith
Graphdiyne-800 0.01-3.0 1000 2000 165 [S24]

Table S3 Comparison of the cycling stability of the state-of-the-art PIHCs with our
work

Number of Capacity

PIHCs . Refs.
cycles retention
A-Se/N-3DMpC//Se/N-3DMpC 5000 83.2% This work

NHCS//ANHCS 5000 80.4% [S9]
CNS//FCDAC 5000 80% [S25]
AC/ICapsTiz(PO4):@C 4000 75.9% [S26]
AC//U-Co.P@rGO-14 1000 68% [S27]
RuCo204//AC 2500 82% [S28]
SHNPC//AC 3750 75.4% [S29]
K2TieO13//NGC 5000 75.5% [S30]
OLCI//IAC 6000 83% [S31]
N-MoSe2/G//AC 3000 75.2% [S32]
PNC-MeNT//AC 3000 85.8% [S33]
PNTCDA@900//AC 800 71.2% [S34]
NCP//AC 5000 80.4% [S35]
CBC@GI//ACBC 5000 81.5% [S36]
S-KTO@CI/IAC 3000 80.3% [S37]
ALD KTO//AC 4000 70% [S38]
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