- Taylor & Francis
swrnal of Ervironmontal Scenca and Healh, Part A Taylor & Francis Group

logeiizadons —  Journal of Environmental Science and Health, Part A

E tal . . . .
é‘ﬁgi%‘é‘é‘r?ﬁg Toxic/Hazardous Substances and Environmental Engineering

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/lesa20

A milliseconds flash joule heating method for the
regeneration of spent cathode carbon

Pengfei Huang, Rongtao Zhu, Xinxi Zhang & Wenjun Zhang

To cite this article: Pengfei Huang, Rongtao Zhu, Xinxi Zhang & Wenjun Zhang (2022): A
milliseconds flash joule heating method for the regeneration of spent cathode carbon, Journal of
Environmental Science and Health, Part A, DOI: 10.1080/10934529.2021.2022422

To link to this article: https://doi.org/10.1080/10934529.2021.2022422

@ Published online: 04 Jan 2022.

N
CJ/ Submit your article to this journal

||I| Article views: 40

A
& View related articles &'

@ View Crossmark data (&'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journallnformation?journalCode=lesa20


https://www.tandfonline.com/action/journalInformation?journalCode=lesa20
https://www.tandfonline.com/loi/lesa20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/10934529.2021.2022422
https://doi.org/10.1080/10934529.2021.2022422
https://www.tandfonline.com/action/authorSubmission?journalCode=lesa20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=lesa20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/10934529.2021.2022422
https://www.tandfonline.com/doi/mlt/10.1080/10934529.2021.2022422
http://crossmark.crossref.org/dialog/?doi=10.1080/10934529.2021.2022422&domain=pdf&date_stamp=2022-01-04
http://crossmark.crossref.org/dialog/?doi=10.1080/10934529.2021.2022422&domain=pdf&date_stamp=2022-01-04

JOURNAL OF ENVIRONMENTAL SCIENCE AND HEALTH, PART A
https://doi.org/10.1080/10934529.2021.2022422

Taylor & Francis
Taylor &Francis Group

‘ W) Check for updates‘

A milliseconds flash joule heating method for the regeneration of spent

cathode carbon

Pengfei Huang® @, Rongtao Zhu®®

, Xinxi Zhang®®, and Wenjun Zhang®

®Key Laboratory of Coal Processing and Efficient Utilization of Ministry of Education, China University of Mining and Technology, Xuzhou,
Jiangsu, China; School of Chemical Engineering and Technology, China University of Mining and Technology, Xuzhou, Jiangsu, China

ABSTRACT

Spent cathode carbon (SCC) blocks of aluminum electrolytic cell were hazardous waste produced
in the production of electrolytic aluminum. In this present work, a facile, rapid, and economical
strategy was proposed to remove fluoride and other toxic substances in the SCC block by the
flash joule heating method. SCC after flash joule heating (F-SCC) were prepared in different flash
voltages and number of passes; the chemical composition, microscopic morphology and carbon
configuration of the SCC and F-SCC were described in detail. The results show that the purification
efficiency depends upon the flash voltages and pass number. In terms of flash voltage, 150V
(5.62kJ/g) is the optimal voltage to maintain the micro-expansion characteristics of the cathode
carbon. Multiple flash joule heating can not only maintain its high-graphitization carbon, but also
improve its micro-expansion characteristics. In addition, the electrochemical performance of F-SCC
was characterized, and F-SCC displayed excellence capacitance performance. The low-cost, rapid
-regeneration method based on the flash joule heating provides an effective method for the clean

ARTICLE HISTORY
Received 14 September 2021
Accepted 12 December 2021

KEYWORDS

Spent cathode carbon; flash
joule heating; purification;
capacitance performance

recycling and high-value utilization of carbonized solid waste.

Introduction

Spent cathode carbon (SCC), as a solid waste produced in
the aluminum electrolysis industry, is fast growing due to
the increasing demand for aluminum in the world.!"
Cathode carbon is inevitably corroded by high-temperature
electrolytes, molten aluminum, metallic sodium, and other
substances during the working process.>* Therefore, SCC
is composed of fluorinated carbon, alumina, cryolite, alu-
minosilicate, trace cyanide (0.2-1wt%), and other substances
in the waste pot lining (SPL)."”” The carbon of high-graph-
itization and micro-expansion endows SCC with a high-
quality recycling value. Meanwhile, the cyanide and fluoride,
if left untreated, would seriously damage the environment
and ecology.!®*!

Over the last few years, much has been done in the field
of SCC recovery for its toxicity and recyclability in the
world."%*) And generally, there are three conventional
methods of SCC recovery: leaching process,!'"'*'®! roasting
method""%'?>3! and vacuum distillation process.[17’18] First,
the leaching process is mainly to extract soluble fluoride
from SCC in a solution environment of water, caustic, and
acid. However, this method may easily cause severe corro-
sion of SCC processing equipment because corrosive solu-
tions (such as NaOH and HCI) or the generated harmful
gases (such as HF) are used in the process. Besides, the pro-
cess may last several hours and requires complicated post-
processing procedures (such as drying and waste liquid

treatment).!'>?"!  Secondly, the traditional  roasting

method™! is to burn carbide at high temperatures. In this
process, high-graphitization carbon is used as fuel, which
not only wastes carbon resources but also produces useless
spent residue. And thirdly, the vacuum distillation method
can separate the carbon in SCC while removing its impur-
ities, but it is featured by high energy consumption and a
long process cycle.”!! In short, all the above-mentioned sep-
aration and utilization methods are not satisfactory due to
the existing shortcomings, such as high energy consumption,
long process time, low added value, and environmen-
tal pollution.

At present, the potential application of high-graphitiza-
tion and micro-expansion carbon materials in the purifica-
tion SCC in the electrode material of supercapacitors has
not attracted widespread attention. The high-graphitization
of SCC leads to its high conductivity as an electrode of
supercapacitor, and the micro-expansion graphite layered
crystal domains in the iso-oriented allow reversible intercal-
ation of both cations and anions.”*?) Meanwhile, metals such
as Al and Fe in SCC show that the energy storage level of
redox pseudocapacitors can be increased.**!

To overcome the shortcomings of the existing SCC puri-
fication process, this study proposed a method based on
flash joule heating to quickly remove the impurities in SCC
and retain the high-graphitization and micro-expansion
characteristics of the original SCC. The removal efficiency of
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impurities in SCC was explored under different flash joule
heating voltages and processing passes. At the same time,
the electrochemical characteristics of purified SCC were
evaluated as a supercapacitor electrode material. This
method could provide an effective way for the clean recy-
cling and high-value utilization of carbonized solid waste.
More importantly, SCC recycling and processing technology
support the resource recycling and sustainable development
of the aluminum reduction industry.

The innovative high-temperature thermal shock (HTS)
technology was based on electric Joule heating, and the
entire HTS process lasts only a few milliseconds.!***"!
Compared with traditional thermal radiation heating, it is
more environmentally friendly and energy-saving. More
importantly, it can fully retain and improve the structural
advantages of SCC carbon materials (such as high-graphit-
ization and micro-expansion), thus maximizing the value
of SCC.

Experimental approaches
Materials and methods

The circuit diagram of the flash joule heating system is
shown in Figure Al in the supporting information. The sys-
tem is composed of a control module, a charging module, a
discharging module, a workpiece module, an energy storage
module, a measurement module, and a sample stage. The
raw materials were processed in the following procedures.
Before the treatment of flash joule heating, SCC (Henan
Province, China) was ground into powder by a crusher. The
powder smaller than 200-mesh (0.074 mm) was screened out
for the next flash joule heating, as shown in Figure 2b. Then
120 mg of crushed SCC (200 mesh) was accurately weighed
with an analytical balance and placed into a glass tube
(length 50 mm, inner diameter 6 mm, wall thickness 2 mm),
and the two end surfaces were sealed with graphite blocks.
Since the gap between the graphite block and the glass tube
renders a poor sealing performance, a layer of conductive
copper tape was attached to the graphite block to prevent
the broken SCC powder from escaping, as shown in Figure
lc. Finally, SCC was regenerated with a flash joule heating
system under different voltages (100V, 150V, 200V) and
number of processing passes (1,3,5), and named SCC, SCC-
100, SCC-150, SCC-200, SCC-150-3 and SCC-150-5, respect-
ively. The SCC after flash joule heating was denoted as
F-SCC. The flash joule heating device used in this experi-
ment has a capacitor bank with a capacitance of 60 mF and
a voltage of 0-450V, and the discharge time is set to 500 ms
so that the electricity in the capacitor can be completely dis-
charged. In such a short time, the reaction temperature can
reach an ultra-high level (>3000K) immediately, and the
heating/cooling rate is 10° K s~ '.*¢!

Material characterization

The morphology and microstructure of SCC and F-SCC
were studied by SEM (MAIA3 LMH, USA) and the energy

Flash Joule Heating

Capacitor

Current+

Figure 1. (a) Schematic diagram of flashing Joule heating device (b) Flash pro-
cess (c) sample of SCC before and (d) after flash joule heating.

Figure 2. (a) Topography of SCC in aluminum reduction cell, (b) Topography of
SCC after crushing, SEM micrograph of initial SCC (a) element distribution map
of F(b), Na(c), Al(d).

dispersive X-ray analysis (EDX, MAIA3 LMH, USA) was
applied for the detection of elemental dispersion on the SCC
surface. X-ray powder diffraction (XRD) was conducted at
room temperature by using a Bruker D-8 Advance diffract-
ometer (USA) with nickel-filtered Cu Ko (1=1.54178 A)
radiation and the data were collected from 5° to 80° with a
scan rate of 2° min~' to obtain the phase structure of SCC
and Flash-SCC. Raman measurements were done for the
composite by a Raman spectrometer (Senterra, Bruker,
Germany) equipped with a 532nm laser line to determine
the chemical composition and structure of SCC. XRF (X-
Ray Fluorite Spectroscopy S8 Tiger, Bruker, Germany) was
used for the analysis and detection of its detailed chem-
ical elements.

Molecular dynamics simulation

All molecular dynamics simulations used in this study were
performed by the Materials Studio simulation package
(accelrys software). From Table 1, it can be known that
more than 90% of the elements in the waste cathode carbon
are composed of C, F, and Na. Among them, the C element
is mainly composed of aromatic compounds in the graphite
phase; F and Na are mainly composed of NaF. The system
was set to graphite layer and NaF layer to simulate the dif-
fusion of NaF in the graphite layer. The initial configuration
was CsggF1osNajsg, consisting of six layers of graphite flakes



Table 1. Analysis of the content of chemical elements in SCC.

Elements C F Na Ca Al others
Contents/wt % 65.19 13.97 11.99 2.68 3.96 2.21
and four layers of NaF (a=18.00A, b=18.004A,

¢=29.00 A), and periodic boundary conditions were applied
in all directions. Based on the constructed system, the com-
pass potential field and the atomic group-based “Group-
based” system were selected to calculate the interaction
force. “Atom-Based” module and “Ewald” module were
chosen to calculate van der Waals force and electrostatic
force between particles.

After constructing the lattice structure, the established
lattice structure was optimized by these two functions:
“Geometry Optimization” and “Anneal”. On this basis, a sta-
ble lattice was obtained to solve the trajectory of molecular
motion. According to the “Dynamic” function of the soft-
ware, a 20 ps NVT (number of atoms, volume, and tempera-
ture) dynamic simulation was performed on the constructed
lattice system, and the result of the balanced lattice model
structure system and the movement trajectory of various
particles could be obtained.

The calculation Equation of the diffusion coefficient is as
follows:

D=L S (e w7} @)

where N represents the number of diffused atoms in the sys-
tem, and t denotes the movement time of the particles. For
a particle that walks randomly in Brownian motion, the
average of the square of its moving distance is proportional
to the moving time. Since the mean square displacement
(MSD) value in Materials studio is defined, and the diffuse
atom N has been averaged, it can be obtained: D=a/6,
where a denotes the slope of the MSD curve.

Electrochemical measurement

The electrochemical performance was evaluated by using
electrochemical workstation (Wuhan Corrtest Instruments
Corp., Ltd, China, CS660). To prepare the working elec-
trode, the weight ratio of SCC and Polyvinylidene Fluoride
(PVDF, 98%, Sigma-Aldrich) was set to be 90:10, and they
were mixed with a mortar and pestle in N-Methyl-2-
Pyrrolidone (NMP, >99%, Sinopharm Chemical Reagent
Co., Ltd., China). Then, the resulting uniform slurry was
coated on pure copper foil (99.9%) and dried in a vacuum
oven at 80°C for 10hours. The typical mass load of the
electrode obtained was 1.0-1.5mg cm . The electrolyte was
a 2M KOH solution; Ag/AgCl and a platinum sheet were
used as the reference electrode and the counter electrode,
respectively. Subsequently, the charge and discharge meas-
urement of the electrode was a constant current test in the
range of 0.001-1V vs. Ag/AgCl at room temperature, and
the cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) measurements were performed on an
electrochemical workstation. CV was performed at a scan
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rate of 0.01-0.1mV s~ " and EIS was collected by applying a
sine wave with an amplitude of 10.0mV in the frequency
range of 100kHz to 10~ >Hz.

Results and discussion
Structure and morphology of SCC

The SCC sample was obtained from an abandoned alumi-
num electrolytic cell that was removed from an aluminum
smelter. The electrolytic cell has been running for 5years
and then damaged, and its morphological characteristics
were shown in Figure 2a. Its chemical elements were ana-
lyzed and detected by XRF, whose results were listed in
Table 1 below. As can be seen from the table, the chemical
elements such as C, F, Na, Ca, and Al were the main con-
stituent elements of SCC; and the content of F reached up
to about 13.97wt%. In addition, the C content was
65.19wt% in SCC, which was consistent with the C content
measured in EDX (in Figure A2) and thermal analysis (see
Figure A3 in Appendix A).l'%1%17]

The microscopic morphology and chemical composition
were analyzed by scanning electron microscope (SEM) and
energy dispersive spectrometer (EDS). First, the result of
Figure 2c shows that the surface of SCC is covered by many
dispersed white substances. Combined with the XRD data in
Figure 3, it can be proved that these scattered white substan-
ces are different from carbon, and their main ingredients
are sodium fluoride (NaF) and calcium fluoride (CaPz),m]
aluminum oxide (A1203)[28] and fluorinated aluminum sili-
cate. Besides, although these impurities are subject to phys-
ical adhesion (Van der Waals force), due to their
combination on a micro-scale, they firmly adhere to the car-
bon particles. In this case, these impurities cannot be
removed from carbon materials effectively by simple phys-
ical processes. Furthermore, the EDS analysis in Figures
2d-f shows that the distribution of impurities measured at
different positions is not uniform. To be specific, fluoride
mainly exists in the crystalline phases of NaF (boiling point
1966 K), CaF, (boiling point 2806 K), and Na3;AlFs (melting
point 1282K, boiling point: decomposes).”?” When heated
to above 1273 K, NazAlFs decomposes into NaF and AlF;,
and AIF; sublimates and escapes at 1273 K.

Na;AlFs 53 3NaF + AlFs(7) )

Therefore, SCC sublimates impurities through the high
temperature (3000K) generated by the flash Joule heating
device and further strengthens its highly graphitized structure.
At the same time, the rapid heating and annealing ratio can
retain its high-graphitization and micro-expansion structure.”

Electrical signal analysis

The instantaneous power P(t) during the Joule thermal
shock and the Joule heat Q(t) during the discharge process
are of great significance for understanding the cathode
carbon purification process. The calculation equation is as
follows:
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(3)
(4)

where: P(t) denotes the instantaneous power, W; U(t) refers
to the instantaneous voltage, V; I(t) represents the instantan-
eous current, A; Q(¢) is the deposited energy, J; t denotes
the time, s.

The energy conversion efficiency refers to the percentage
of the maximum energy deposited by the cathode carbon in
the energy storage capacitor during the Joule thermal shock.
The maximum energy deposited in the cathode carbon can
be calculated by Eq. (5), and the energy in the energy stor-
age capacitor can be calculated according to Eq. (6).
Accordingly, the energy conversion rate can be obtained by

Eq. (7).
Tmax
Qs = J U(O)I()de 5)
0
e C A ALO; = NaF o CaF,
O aluminosilicate

SCC-150-5 N

SCC-150-3 ){
-~
=
&
> [scc200 »
&
R7)
= l
Q
k= SCC-150

SCC-100 J\ .I A . A

A A 1
L]
-
Nee o Ao (‘)J oo A o .
1 T 1 = T T T
10 20 30 40 50 60 70 80
20 (degree)

Figure 3. X-ray diffraction patterns of SCC with different flashing voltages and
flashing times.

1
W == CU? (6)

2
Prax = QV“;‘;* x 100% (7

where Qpax is the maximum deposited energy in the SCC, J;
W denotes the energy stored in the energy storage capacitor,
J; C refers to the capacitance, 60mF; U is the voltage,
100-200 V; @, stands for the maximum energy conversion
rate, %.

The voltage, current, and temperature waveforms were
tested during the Joule thermal shock to study their change
laws in this process, and the results are shown in Figure 4.
Before the discharge switch is turned on, the voltage and
current waveforms are both at 0; the instantaneous voltage
rises rapidly from OV to the peak value as the discharge
switch is turned on. Ringback stage: The overshoot voltage
decays rapidly in an oscillating wave close to the preset cap-
acitor voltage (here 150V) and remains stable for a period
of time. In this stage, the current waveform fluctuates
around 0 A. Thermal shock stage: When a discharge channel
is formed inside the sample, electrical energy is injected into
the sample instantaneously. Consequently, the voltage across
the sample starts to drop from the preset value, and the cur-
rent waveform also starts to rise at the same time, indicating
that a discharge channel has been formed inside the sample.
When the current waveform rises to the peak value, it starts
to drop until reaching zero, which is caused by diode filter-
ing. Residual voltage stage: The circuit does not conduct due
to the increase of the thermal expansion resistance of the
sample. At this time, the voltage is not zero and the cur-
rent is.

Figure 4b shows the curve of power, Joule heat and tem-
perature change with time during the Joule thermal shock.
At the moment the discharge switch is turned on, the dis-
charge power rapidly rises from 0 to the peak value which
can reach up to the level of tens of kilowatts. In the ring-
back process, the Joule heating power is comparatively low
and rises slowly. This is because in the ringback stage, no

T T T T T 200
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Figure 4. Electrical signal analysis (a) Typical Joule thermal shock process current, voltage and temperature change with time (SCC-150V), (b) Changes in power,

Joule heat energy and temperature over time.
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Figure 5. (a) Raman spectra of flash SCC under different flashing voltages and times (b) Ip/lg and I,p/Ig line graphs of SCC under different flashing voltages (c) Ip/lg

and l,p/lg line chart of SCC under different flashing times.

discharge channel has ever been formed for the cathode car-
bon, and accordingly no cathode carbon current. During the
thermal shock stage, the voltage begins to drop as the cur-
rent rises; and due to the conductivity inside the cathode
carbon, the electric power rises from 0 again, and then
begins to fall after reaching the peak value, which is called
the second peak power. The Joule heating power reaches up
to 14kW. When the time reaches 250ms, the released
energy accounts for 81% of the total energy of the capacitor.
In addition, due to the strong thermal expansion, the
internal resistance of the cathode carbon increases, and the
circuit is further disconnected. At this time, there is still
some energy stored in the capacitor. Finally, the residual
energy undergoes a third Joule thermal shock. It is calcu-
lated that during the entire high-temperature thermal shock
process, the Joule heat received by the sample accounts for
97% of the energy in the capacitor. The energy conversion
rate in the energy storage capacitor during the Joule thermal
shock process is much greater than that of the tube furnace.
The literature shows that the thermal efficiency in the tube
furnace is only about 88-92%, while the energy received by
the sample is less than 50%, and the overall efficiency is
generally less than 20%.

Effect of flashing voltages on purification

The X-ray diffraction was performed on SCC at different
flash voltages (100 V, 150V, and 200 V) to identify the phase
structure. As is shown in Figure 3, the broadness of the dif-
fraction centering at 25.4° can be ascribed to the overlap of
diffraction from graphite carbon (JCPDS no. 41-1487).31
Obviously, the high-graphitization characteristics of SCC are
not affected by the addition of voltage, which can be further
demonstrated in the Raman results later (Fig. 5). Through
comparing SCC, SCC-100, SCC-150, and SCC-200, it can be
observed that there are many impurities in SCC, such as
Al O3, NaF, CaF,, and aluminosilicate. More specifically, the
diffraction peak is significantly weakened after flash joule

Table 2. Raman spectra of initial SCC and flashing SCC under differ-
ent parameters.

Sample ID IG IZD lD/IG IZD/IG
SCC 921.8 3046 1366 0.3026 0.4486
SCC-100 551.2 2790 1023 0.1975 0.3667
SCC-150 2454 2785 1007 0.0881 0.3615
SCC-200 7016 2587 1227 0.2711 04741
SCC-150-3 687.7 3385 1809 0.2032 0.5345
SCC-150-5 506.1 2677 1842 0.1891 0.6882

heating, and its weakening trend slows down as the flashing
voltage increases. Hence, the unconditional increase in flash
voltage can improve the purification effect to a limited
extent. This XRD result shows that the flash joule heating
method can effectively remove impurities without affecting
the high-graphitization characteristics of SCC. Therefore, to
achieve effective purification of SCC, 150V and 200V flash-
ing voltage may be the optimal choices.

To find the best process parameters from more aspects,
the ordered and disordered graphite crystal structures of
SCC under different flash voltages were further evaluated.
As is shown in Figure 5a, among the peaks appearing in the
Raman spectrum of SCC, 870cm ™' is the Al-OH flexural
vibration band,*?! and 725cm™! is the Al-OH antisymmet-
ric flexural vibration band, 635cm ™" is the Al-OH stretching
vibration band, and 528 cm ™" is the Al-O-Al vibration band.
There are no obvious Raman peaks appearing in the SCC
after flashing treatment of below 1000 cm ™', which indicates
that the impurities in the SCC have been significantly
reduced after flashing treatment. This finding is consistent
with the conclusion obtained by XRD. At the same time, the
sample shows three typical characteristic peaks of carbon:
the D peak (1350cm™'), G peak (1582cm™'), and 2D peak
(2700 cm™').%31 The crystallinity of the sample was reflected
by the Ip/Ig values obtained at different flashing voltages by
Raman spectroscopy. Table 2 shows the Ip/Ig values of SCC,
SCC-100, SCC-150, and SCC-200. Clearly, the values are
0.3026, 0.1975, 0.0881, and 0.2711 respectively, indicating
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Figure 6. SEM micrograph of SCC before flashing (a); under different flashing voltages, SCC-100(b), SCC-150(c), SCC-200(d).

that the crystallinity of the sample has changed after flash
evaporation. As can be seen in Figure 5b, the Ip/Ig values of
all the SCC after flashing treatment are lower compared
with those of the initial SCC, indicating that the flashing
process increased the crystallinity of disordered carbon in
SCC. Furthermore, the Ip/I; values decrease first and then
display a rising trend. The disordered structure of SCC
increases due to too much input energy when the flash volt-
age reaches 200 V. All the results indicate that high voltage
(200 V) may generate internal defects; the graphitization of
the carbon material increases in the SCC as the flashing
voltage rises gradually (<150 V). Therefore, considering the
preservation of the graphitization structure in the initial
SCC, SCC treated with 150V (SCC-150) was selected for the
follow-up experiment.

To better understand the carbon microstructure in the F-
SCC, Figure 6 displays the surface morphology of the SCC
in the initial state and under different flashing voltages. The
number of pores in SCC-100, SCC-150, and SCC-200 has
increased. As is shown in Figure 6b, the micropores in the
surface of SCC-100 are caused by the impurity which
escapes due to the high-temperature sublimation. Then,
Figure 5c presents a visibly layered structure of SCC-150,
indicating that the graphitized structure is enhanced when
the flash voltage is 150 V. Finally, Figure 6d shows the sur-
face topography of SCC-200. As can be seen from the figure,
the large grooves may be caused by the impurity which
escapes too fast due to the excessive flash voltage. Compared
with the initial SCC in Figure 6a, after the high-temperature
treatment of flashing (3000 K),1?*! the dispersed white sub-
stances have disappeared, and the rich layered structure is
exposed in Figure 6b-d. These results are consistent with
the XRD conclusion that impurity fluorides have been
removed and graphitized structure enhanced.

Effect of flashing passes on purification

The effect of flash passes on the efficiency of purification
was also investigated. It can be seen from the X-ray dif-
fraction diagram that, as shown above in Figure 3, the
impurity elements in SCC gradually decrease as the num-
ber of flashing passes increases. When the number of
flashing passes increases to 5, the impurity elements in
SCC are almost removed completely. Figure 5a and 5c¢
displays the analytical results of the Raman data with dif-
ferent flashing passes. As is shown, although the disor-
dered carbon of SCC increases as the number of passes
increases, it is still lower than that of the initial SCC. At
the same time, the Raman spectrum can indicate the
number of graphite layers by another index: I,p/Ig. The
larger the value is, the fewer the graphite layers are. It can
be seen from Figure 5c that the layered structure of the
initial SCC would be further enhanced while its high-
graphitization structure remains unchanged, and that the
Lp/Ig value gradually increases as the number of flashing
passes increases. This result proves that increasing the
number of flashing times is an excellent choice.

The micromorphology of the F-SCC with different passes
was further analyzed through SEM. As is shown in Figure
7a and ¢, the graphite layered structure has been enhanced
as the flash joule heating passes increase. At the same time,
the micromorphology was also analyzed by EDX, the results
of which are displayed in Figure 7b and d. As can be seen,
the carbon content of the SCC-150-3 reaches 92.57%, while
that of the SCC-150-5 reaches 98.11%, far greater than the
carbon content before the flash joule heating. All these
results further prove that increasing the number of flash
joule heating can improve the effect of purification and
enhance the graphite structure.



Figure 7. Under different flashing times, SCC-150-3(e) and SCC-150-5(f).

Purification mechanism

In order to study the diffusion mechanism of F, Na and C
elements at different temperatures, molecular dynamics sim-
ulations were carried out. Figure 8 shows the mean square
displacement curve of Na and F in the graphite layer when
the temperature is between 300and 5000K. According to the
above diffusion coefficient formula, the diffusion coefficients
of C, Na, and F can be obtained. It can be seen from the
figure that when the temperature is below 3000 K, the diffu-
sion coefficients of C, F and Na are all less than 0.1A2/ps.
When the temperature is over 3000 K, the diffusion coeffi-
cients of F and Na begin to increase rapidly. The diffusion
coefficients of F and Na are more than 10 times that of C
which is always lower than 0.1A2/ps. It can be seen that
under high temperature conditions (3000 K), when NaF dif-
fuses between graphite layers, the diffusion coefficients of
Na and F elements are much greater than that of C atoms.
This also verifies the reduction of F and Na elements in the
XRD and SEM energy spectra observed in the above.

By means of a typical capacitor bank with a capacitance
of 60 mF, 120mg SCC was discharged from 150 to 0V.
The discharge energy can be calculated by the following
equation (8):

(VZ-v2)xC

E=—r ®)

where E denotes Energy per gram, V; and V, stand for
Voltage before and after flashing, respectively, C refers to
Capacitance, M is Mass per batch.
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When the current discharged from the capacitor passes
through the SCC, the heat Q (called Joule heat Q=TI°Rt)
generated in the conductor is proportional to the square of
the current (I), the resistance of the conductor (R), and the
energization time (t). Due to the non-uniformity of the
material properties of the SCC itself, a large amount of heat
is generated in a short time by the impurity elements with
poor conductivity. Accordingly, the position where the
impurity elements and the carbon matrix are in contact
would be rapidly heated. The reaction process can be div-
ided into the three stages, namely, Evaporation, Shock, and
Collapse. As is shown in Figure 9c, the temperature of the
SCC sample subjected to Joule heat rises to 3000 K within
50 ms. Since the temperature of 3000K greatly exceeds the
boiling point of the impurities, the solid impurity elements
in the SCC have no time to melt into the liquid state, but
directly sublimate into the gaseous state from the solid-state.
The high-pressure gas generated at the local position where
the impurity contacts the carbon matrix produces strain and
stress; when the impurity bubbles diffuse and move, the sur-
rounding solids begin to burst due to their higher pressure,
and accumulate inherent characteristics during the inward
movement. When the impurity gas finally collapses, the
two-way internal inertia of the surrounding solid carbon
causes its stress and temperature to increase sharply, and
finally the void created by the escape of the impurity elem-
ent collapses to a small part of its original size. The tem-
perature of the vapor in the bubble may be several thousand
Kelvin and the pressure may be several hundred
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Figure 8. Mean square displacement curves of F(a), Na(b), and C(c) when the temperature is 300 K-5000K, (d) the diffusion coefficient of diffusive elements at dif-

ferent temperatures, (e) molecular dynamics configuration.

atmospheres when the bubble is completely ruptured. In this
process, the gas generated by internal impurity elements dis-
sipates into the surrounding solid through a rather violent
mechanism, which releases a large amount of energy in the
form of sound waves and visible light. Its final pressure is
not higher than its vapor pressure, which is called flash joule
heating.

Capacitance performance of the F-SCC

F-SCC was used as the electrode material in order to verify
the flash joule heating effect. The CV curves of SCC and
SCC-150-5 at different scan rates are shown in Figure 10a
and b. A pair of obvious redox peaks can be observed, indi-
cating that it has pseudo-capacitance properties. Compared
with the case of a high scan rate, the redox peak of the sam-
ple is more obvious at a low scan rate. This is because the
electrode is more conducive to the adsorption of electrolyte
ions at a low scan rate so that the ions in the electrolyte can

participate in the reaction more effectively. Compared with
the CV curve based on SCC, the CV curve based on SCC-
150-5 shows sharper peaks, higher peak intensity, and larger
enclosed area, indicating that the electrochemical kinetics of
K+ intercalation/deintercalation is enhanced. The charge/
discharge curves of SCC and SCC-150-5 are shown in
Figure 10c and d. On the one hand, the F-SCC improves
the electronic conductivity by changing the carbon graphit-
ization structure during the flash joule heating; on the other
hand, it also provides adsorption sites to improve the
K + intercalation/deintercalation kinetics since a large num-
ber of micropores are generated during the escape of impur-
ity elements.

The characteristics of SCC and SCC-150-5 were further
analyzed. EIS was performed in the frequency range of
0.01 Hz-100 kHz, with an amplitude of 10 mV. As is shown
in Figure 11, the radius of the high-frequency region corre-
sponds to the charge transfer resistance, and the straight
line in the low-frequency region represents the diffusion of
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Figure 9. Schematic diagram of the reaction mechanism.
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Figure 10. (a-b) CV curves of SCC and SCC-150-5 at different scan rates; (c) Charge and discharge curves of SCC and SCC-150-5 at different scan rates.

K+ from the surface into the SCC and SCC-150-5
(Warburg impedance). The smaller radius of the SCC-150-5
indicates that the charge transfer resistance is smaller. The
EIS data were fitted by an equivalent circuit, as shown in
Figure 11. Rs refers to the uncompensated resistance, includ-
ing the contact resistance between particles, the electrolyte
resistance, and the resistance between the electrode and the

current collector. Rct represents the charge transfer resist-
ance, and W represents the Warburg impedance. According
to the equivalent circuit, the charge transfer resistance of
SCC-150-5 is set to 0.64 Q, which is much lower than that
of SCC (2.36Q). The small charge transfer resistance of F-
SCC can be attributed to the improved conductivity of the
conductive network of the sample by flash evaporation.!**!
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Figure 11. Nyquist plots of SCC and SCC-150-5 in the frequency range of
0.01 Hz-100 kHz.

The micro-expansion graphitization carbon offers an abun-
dant interface and reactive sites, thus enhancing the transfer
rate of K+ ions.

Conclusion

In conclusion, a facile, rapid, and economical approach
based on flash joule heating was proposed to regenerate
SCC. The flashing voltage and the removal efficiency of the
impurity (F, Na, Al) in the waste cathode carbon were dis-
cussed, and the crystal structure and element composition
were obtained through characterization of SCC before and
after flash joule heating. The results indicate that the
removal effect of impurity elements after high-temperature
flash joule heating depends on the flash voltage. However, if
the voltage is too high, structural defects would arise signifi-
cantly. Performing multiple flash joule heating at an appro-
priate voltage of 150V (5.62k]—1) can maintain and
improve the high graphitization and micro-expansion struc-
ture of SCC while effectively increasing the removal of
impurity elements. In addition, this paper also studied the
application of SCC as an electrode material in supercapaci-
tors before and after flash evaporation. The results show
that flash joule heating can improve the capacitance per-
formance of carbon material significantly, because the flash
joule heating process (3000 K, 500 ms) improves its graphit-
ization and micro-expansion structure. In this case, the con-
ductivity could be enhanced and abundant interface and
reactive sites are available for ions.
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Appendix A

The sample stage is shown in Figure Al, the quartz tube (1) contains
the sample (2) waste cathode carbon powder; the two ends of the
quartz tube (1) are sealed with graphite blocks (3), and the electrode
rods are installed symmetrically (10); The electrode rods (10) are cop-
per electrodes, which are respectively installed in sliding fit with the
rubber plate (7) of the sample stage; the electrode rods (10) are located
on both sides of the rubber plate (7) through the limit nuts (9). A gas-
ket (5) is fixedly installed, and a spring (6) structure is arranged

+ _ .

< 60 mF <

Figure A1. Schematic diagram of sample stage (1. Quartz tube 2. Sample 3.
Graphite block 4. Fixing nut 5. Gasket 6. Spring 7. Rubber sheet 8. Gasket 9.
Limit nut 10. Electrode 11. capacitance).
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between the gasket on the side of the quartz tube 1 and the rubber
plate (7); the electrode rod (10) is connected to the capacitor (11)
Connection; when the high temperature and high thermal shock sys-
tem thermally impacts the waste cathode carbon powder in the quartz
tube (1), the generated high-temperature gas impacts the graphite block
(3), and the electrode rod (10) slides to both sides along the rubber
plate (7), Allowing the gas to escape during the high temperature ther-
mal shock, and changing the pre-tightening force by compressing the
spring (6) to increase the conductivity of the sample (2).

The circuit diagram of the device is shown in Figure A2, C1-C10 is
a capacitor combination consisting of 10 aluminum electrolytic capaci-
tors with a capacitance of 6 mF 450 V; R1-R10 are 10 200 k2 resistors;
R1-R10 are 10 resistors with a resistance value of 200k); R13 is a 5
kQ Resistance; R14 is 100 kQ resistance; S1-S10 is 400V, 6 A discharge
and charge switch circuit breaker; S11 is 5V, 1 A relay switch; S12-S13
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Figure A2. Device circuit diagram.

is 277V, 10 A capacitor switch circuit breaker; DC425V is 425V DC
power supply; DC24V. It is a 24V DC power supply; D1-D2: 1200V,
560 A diode; L1 is a 24 mH inductor; Ry is a 900V, 500 A mechanical
relay; PLC is Siemens $7200-CPU 226.

The Joule heating device includes a control module, a charging
module, a discharging module, a working module, an energy storage
module, and a measurement module. The control module includes a
controller PLC and an actuator relay; the charging module includes a
charging power supply, a capacitor, a charging resistor, and a charging
switch. The charging resistor is to prevent the charging current from
being too large and is connected in series in the charging circuit; the
discharging module includes a discharging resistor, a discharging
switch, and a capacitor, and when it stops working, the energy in the
capacitor is discharged through the resistor to ensure safety; The
energy storage module is mainly composed of a capacitor; the working
module includes a sample stage, a reaction kettle, an inductor, a diode,
and a resistance; the measurement module includes a voltage, resist-
ance, and temperature and pressure measuring meter.

The PLC controls the opening and closing of the switch S12, and
uses 425V dynamic current to charge the capacitor C1-C10 of the
charging module; after the C1-C10 capacitor combination is charged to
the specified voltage, the switch S12 and the PLC control switch S11
pass, The cathode carbon powder (2) is subjected to Joule thermal
shock from both ends of the quartz tube (1) through the electrode rod
(10) connected to the circuit; During the thermal process, the gas is
allowed to escape during the high-temperature shock thermal shock,
and the compression elastic device (6) is used to pre-tighten the sample
to increase the conductivity of the sample; PLC performs 1-5 Joule
thermal shocks according to the set number of impacts; After the Joule
thermal shock is completed, PLC controls the thermal radiation of the
discharge module and prepares to enter the Joule thermal shock pro-
gram. In the above process, S1-S13 and Ry are correspondingly opened
or closed to realize charging and discharging operations. The induct-
ance L2 reduces the peak current in the circuit and reduces the
requirements of the circuit. Combined with the function of the diode
D2, it can effectively eliminate the oscillation characteristics of the cir-
cuit. The diodes D2 and R11 can release the residual electricity in L2
after the thermal expansion resistance of the sample increases.

The self-made signal test system includes three parts: signal acquisi-
tion, AD conversion and digital signal processing. Signal acquisition:
including temperature sensor (Shanghai Electric, IRTD-3200) Hall cur-
rent sensor (Senshe, CHB500SG) Hall voltage sensor (Senshe, CHV-
25P). Voltage, current and temperature signals ware converted into
electrical signals through corresponding sensors; AD conversion: the
electrical signal was converted into a digital signal through the Pcie-
6321 data acquisition card; Digital signal processing: recorded and dis-
played by the labview program.
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Figure A3. Signal test system.
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