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* Introduction of Supercapacitor and Its Application
 DOE Technical Assessment on Supercapacitors

« How to Make a Better Supercapacitors

* High Mass Loading Supercapacitors

« 3D Graphene From Coal Tar Pitch Feedstock and Its Application as
Supercapacitor Electrode Materials

 Recycling Chemical Activator Toward Sustainable Production

 Summary
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i « Supercapacitors, also called ultracapacitor or electrochemical
; capacitors, consist of two electrodes separated by an ion-
l o permeable membrane (separator), and an electrolyte ionically

connecting both electrodes

Positive electrode

Negative electrode

. . « Porous carbons are dominated electrode materials
Schematic illustration of the porous carbon-based

supercapacitor (Materials 2020, 13(18). 4215). « Supercapacitors vs. batteries = high power density vs. high energy

density
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Supercapacitors vs. other Supercapacitor applications
elecirochemical storage devices
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(Carbon Energy, 2020, 2, 521-539.)
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earthshots Storage- .
DEPARTMENT OF ENERGY . « Current state-of-the-art (SOTA): activated carbon,

offshore supply chains

 Materials: ~71% of device cost, with carbbon as most
significant component

TeCh nOIOgy «  Graphene improves performance by >72%, but is
expensive, industrial-scale sources do not exist
Strategy « Graphene electrodes identified as a key innovation for
improving performance and levelized cost of storage
Assessment o0

Findings from Storage Innovations 2030
Supercapacitors
July 2023

(https://www.energy.qov/sites/default/files/2023-
07 /Technology%20Strateqy%20Assessment%20-%20Supercapacitors 0.pdf)
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Material needs: ——Pp  Property needs: —» Improve device performances:

High density

Improve electrode
mass loading

N

High porosity
(high surface area &
pore volume)

N

High electrical
conductivity

High capacitance

Good electrolyte ion
diffusion

Good electron
transfer

Energy density: how much energy can be stored

Power density: how fast energy can be delivered

« High-rate capability: large amount of energy can
be delivered fast
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Most supercapacitor elecirode materials are high surface area
carbons:
Activated Carbon Reducing the inactive
Practical devices
urfoc2e ared 1.000-3.000 100-1,300 200-2,600 Improving the
(m / g) volumetric performance
EIec’rnqu Low Med.lum e Medium to high o:fE'eC‘mde b
conductivity high . -
Increasing the . Active materials
Density Low to medium Low Low Slectiode s foading uckage <l
' Curren r
Potential Commercial High potential - REEE
. : Research only Electrolyte
application pracftice research stage : " ﬂ Separator
Carbon materials e

Supercapacitors

Commercial device requirements for electrode materials:

« Electrode mass loading: 210 mg/cm? An overview of the design of carbon

. Electrode thickness: 200 um materials for practical application, and a
, ) scheme of full supercapacitors (J. Mater.
« Areal capacitance: 22 F/cm Chem. A, 2020, 8, 21930).

« Active material is about 30% mass of supercapacitor cell
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High Areal Mass-Loading Supercapacitors N=|NaronAL
| ' TL | RSoRoR

Separator

base collector collector pase

T Materlals . Materials it

,’.V P 105

: A Carbon material
D (10 mg/cm?)

Device with 1 mg

L L L1l

Maximum

= 1 of carbon per cm?
___________________________________________________________________ == PE reported
Meen™ mME,E?!Lé'§'+‘T_S_e_E?'_'Z!t_‘?':-_’-_T_Q‘?'_'?S:S_O!:m@?!'}?ﬁ?t Melectrolyte ! '§ - Device with 10 mg values
— of carbon per cm?
z
& 1044 Carbon
Schematic illustration of the construction of the coin cell. S o] —
. . t =
(Energy Environ. Sci., 2021, 14, 576601) = & : Carbon
=~ -
o
= TR

Divided
10000 | T - by =, : Collector
g 7500 . Divided Carbon
3 5000 | by ~12. _—
= 2500 | 3 Collector
-§_ 0 10 1 |} LI A B 59 | | I 9 0 08
5 o 0.2 10 100
é 150 1 (nearormorethan 10 mg cm?) Energy denSity (Wh/kg)
S 100
= 50 }
0 o Ragone plot of supercapacitor cells with different areal mass loading.

q%z eooa % i eo\’e o\’
er eooy f’oo& f‘oo e% S \’s eob Yo
Year
Number of publications about ‘‘supercapacitors’

and “high mass-loading supercapacitors.”

(Science, 2011, 334, 917-918)
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Challenges associated with high mass loading supercapacitors:
a AEI'ectronvte b
_ oncentration C
X=0 2" Normalized
4 2 _ZII w
Low mass loading High mass loading sz + Clw) = Wfo)')z
: om [ e g=-a5°
U ' 2
lx:t 4 ) - Low mass loading
R, R l R+ R, l Rt R é’ 0 High mass loading

: f
- Conductive collector R+ Ry-20%Cy R+ Ry-20°C

Concentration distributions of electrolyte The Nyquist curves. The frequency response curves.
ions for electrodes with different thicknesses.

Electrode materials for high mass-loading supercapacitors:
« High surface area - improving specific capacitance

« Hierarchical macro-, meso-, and micropores distribution 2 improving electrolyte ion diffusion
« High electrical conductivity = improving electron transfer
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3D graphene assembling based on graphene oxide (GO)
» Self-assembling of GO
* Reduction of 3D GO assembly g Cumpled Micromscale o
« Concurrent reduction and 3D construction Honeycomb-like. @@l _ Millspheres
QQ\)‘“ 4 | . W
% N
e\ W
3D graphene construction from hydrocarbons ="
» Chemical vapor deposition (CVD) 9
« On-site polymerization (OSP) of nongaseous g el
hydrocarbons ?’a . ’ Sponges
ol o Verti%

==

Strutted
Irregular films

3D graphene building with inorganic carbon

lnteglrallygi Randomly

Compounds template templated
« Alkali metal oxide and CO
« Alkali metal and CO/COQ General diagram about the types of 3D graphene

materials (Chem. Rev. 2020, 120, 10336—10453).
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CTP:KC or PP:KC

ratio of 1:10 (wt/wt) S Carbonization

coal tar pitch (CTP) or petroleum pitch (PP) At 600 °C. 2h. N
] H 2

¢ Potassium carbonate (KC)

v

Graphenization
at 900 — 1050 °C,
0.5-2.0h, N,

Washing
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Photograph of ~3.0 g of 3DG-900 in
100 mL petri dish.

3D graphene

« Low cost and scalable method to produce high-quality 3D graphene
« Recycling 95% KC for at least 10 times without compromising the quality of 3D graphene
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SEM and TEM images of 3DG-900.
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Characteristics of 3D Graphene
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3DGs vs. literature.
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Raman I/l 0of 0.15 - 0.7 and /I of
0.60 — 0.67 - highly crystalline

Prominent XPS C1s and minor Ols -
C/O atomic ratio of 44.6 — 61.5 > very
low defect = high electrical
conductivity of 1,300 — 2,700 S/m

N, isotherms = type I(b) + type IV(Q)
characteristics 2 a hierarchical pore
structure consisting of macro-, meso-,
and micro-pores. BET SSA of 1,500 —
2,100 m?/g

BET SSA and Raman I/l of 3DGs
approaching ideal graphene - high
quality

Small Methods 2024, 2301426
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3D Graphene as Electrode Material for Supercapacitors with Ulira-High Areal Capacitance

Current density (A g'1)
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4 1.2 4
3 10 « The microscopic 3D structure with
; % o] hierarchical pore size distribution
o] S o/ g e (which do not collapse during
N 8 0.4 10 ma cm electrode fabrication) + high surface
) 0.2- —— 30 mg cm? area + high electrical conductivity -
A 00— S 0 ultra-high mass loading, up to 30
Cell voltage (V) Time (s) mg/C m2
Cyclic voltammetry curves at 25 mV/s. Charge-discharge curves at 1.0 A/g.
30 — 240 « High C/O ratio (44.6) > chemically
251y ——10mg em? L 00 inert surface > extending working
——20 mg cm™? 2 . .
20 ., ——30mgcm? £ 160 voltage of supercapacitors using
15 4] § 120 agueous 6M KOH electrolyte from 1.0
104 b1 % s0] ——smgom? to 1.2V = 44% improving energy
s;g £ 0] lomgome density
*%0 1.2 1.6 -g ——30mg cm™
0 ' — v . . = 0 . . . . .
0 5 10 15 20 25 30 5] 0 2 4 6 8 10
Z' (ohm) Current density (A g™)
Nyquist plots. Gravimetric specific capacitance.

Small Methods 2024, 2301426.
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~ 8 & 7 1
NE g 6. E: @ MWCNTIGO
5 o1 &5 * « High specific capacitance + ultra-high
: 248 oo mass loading = ultra-high areall
5 Sof g o capacitance, up to 6.4 F/cm?2, more
R § 2] - -4, - - commematient than 3 times commercial requirement
N e T R ol » High specific capacitance +
Electrode mass loading (mg cm?) Mass loading (mg cm"") .
Areal specific capacitance. 3D graphene vs. literature. extended working voI’r'oge of 1.2V >
excellent energy density of 2 10
<12 200
S~ - e
= 104 160
£° N « Excellent cycling stability with ~80%
2" , o e tmgem: capacitance retention after 20,000
.E

Gravimetric specific capacitance (Fg™')

| 40- . 2
21— 30mgem? omaem voltage
0 .

102 10? 10* % 4000 8000 12000 16000 20000

Gravimetric power density (W kg™) Cycle number
Ragone plots. Cycling stability at 4.0 A/g.

Small Methods 2024, 2301426.
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Comparison of 3DG-900 with commercial SOTA Kuraray YP-50F for high mass loading supercapacitors

using 6M KOH electrolyte

Mass Current
Loading Density
voltage | (mg/em?) | (a/g)

Working

Elecirode Material | Electrolyte

3DG-900 é6M KOH 1.2V 30 1.0A/g

Commercial SOTA
(Kuraray YP-50F) 6M KOH 1.2V 30 1.0A/g

NETL 3DG-900 graphene improves performance over SOTA:

« Specific Capacitance by ~47%
« Areal Capacitance by ~53%
« Gravimetric Energy Density by ~46%

% U.S. DEPARTMENT OF

Specific Gravimetric
Capacitance | Capacitance | Energy Density
(F/9) (Wh/kg)

182 5.48 10.1
124 3.58 6.9
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Comparison of 3DG-900 with representative carbon electrode materials for high mass
loading supercapacitors, testing in two-electrode configuration in recent literature

Maximum
Gravimetric
Energy Density

BET SSA Current Gravimetric
(m2/g) Electrolyte Density (A/g) | Capacitance | Capacitance
- (mg/cm?) | or (mA/cm?2) (F/g)

3DG-900 2,113 6MKOH 30 1.0A/g 182 5.48 10.1

Reference

Electrode Material

Commercial SOTA NETL
G IS 1,700 6M KOH 30 1.0A/g 124 3.58 6.9
Holey graphene 830 &M KOH 10 1.0A/g 250 2.5 9.2 1
framework
MWCNT/rGO ten- ) 20 mA/cm?
e 166 5MLICI 23.7 o 262 6.20 5.8 2
s 1323 6M KOH 20.0 1.0A/g 215 4.30 6.5 3

porous carbon

References: 1.Nat. Commun., 2014. 5, 4554.
2. Adv. Mater, 2017. 29, 1606679.
3. Carbon, 2020. 161, 89-96.
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During thermal treatment process:

« A small quantity of K,CO,is consumed during the acftivation redox reaction with CTP at
above 600 °C :

K,CO5; +2C - 2K+ 3CO (1)
 Partial decomposition of K,CO, also occurs above 800 °C

K,CO5; =2 K,O + CO, (2)
During washing process:

2K + 2H,0 - 2KOH + H, (3)

K,O + H,O = 2KOH (4)

During recycling process:
KOH + KHCO; 2 K,CO; + H,O ()

It is possible to recycle K,CO; up to 95% for at least 10 cycles.

. U.S. DEPARTMENT OF
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—o— 3GD-900-RE1
—o—3DG-900-RE3
—o—3DG-900-RE5
—>—3DG-900-RE10

1000 1500 2000 2500 3000 0.0 0.2 0.4 0.6 0.8 1.0
Raman shift (cm™) Relative pressure (P/Po)
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Electrochemical Capacitive Properties of 3D Graphene Using Recycled K,CO,

Gravimetric Capacitance Energy Density Capacitance Retention

H p
ARSI e B E] BET SSA (m*/g) at 1.0 A/g (F/q) (Wh/kg) After 10,000 Cycles (%)

3DG-900 2,113 198 9.52 86.2

3DG-900-RE1 2,058 182 8.78 85.9

3DG-900-RE3 2,002 185 8.89 88.2

3DG-900-RE5 2,005 179 8.64 89.7

3DG-900-RE10 2,043 180 8.71 85.6

Commercial SOTA YP-50F 1,746 126 6.08 93.4
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This study developed a low-cost and scalable method to convert coal tar pitch into
high-quality 3D graphene with high surface areaq, hierarchical pore size distribution, and
high electrical conductivity which allows the supercapacitor electrode to be

fabricated with ultra-high mass loading (30 mg/cm?), leading to ultra-high areal
capacitance.

The NETL 3DG-900 graphene improves electrochemical capacitive performance over
the SOTA Kuraray YP-50F by ~50%.

Recycling K,CO, for at least 10 times led to potentially low-cost and sustainable
production of 3D graphene.
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