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ABSTRACT: We elucidate the catalytic graphitization mechanism
using in situ analytical approaches. Catalytic graphitization is
achieved through a Ni—P electroless plating process at a relatively
low temperature of 1600 °C, which allows for a high crystallinity of
coke. We also employ an ultrasonic treatment during the Ni—P
electroless plating stage to effectively form metal layers on the
surface. The impact of the ultrasonic treatment on the Ni—P
electroless plating is confirmed by field emission scanning electron
microscopy images of the cross-section and an elemental
composition analysis using energy dispersive X-ray spectroscopy
mapping. Structural analysis of the graphitized cokes via X-ray
diffraction (XRD) and Raman spectroscopy shows that Ni—P
electroless plating significantly accelerates the graphitization
process. Furthermore, we illuminate the graphitization behavior through in situ transmission electron microscopy and XRD
analysis. Nickel layers on the coke surface facilitate graphite formation by encouraging the dissolution and precipitation of
amorphous carbons, thus resulting in efficient graphitization at a relatively low temperature.
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1. INTRODUCTION 2000

Carbon materials are being extensively researched for their @
potential as electrode materials in next-generation storage 15004

devices due to their unique physical and chemical proper-

ties.' ~* These electrode materials are required to have sp?-sp? + diamond
exceptional electrical conductivity and thermal/chemical
stability. Among the various electrode materials, graphite
notably offers high electrical conductivity and thermal
stability.”® However, the manufacture of artificial graphite Glassy
presents challenges due to the extremely high temperatures carbon
exceeding 2500 °C and lengthy processing times it 0-
necessitates, thereby escalating costs and compromising
productivity.”” Moreover, achieving perfectly graphitized
structures in amorphous carbon materials can prove arduous Pressure (GPa)
owing to inadequate heat transfer in the carbon network
during high-temperature thermal treatment.'” To overcome
these problems, several techniques have been proposed to
accelerate graphitization, such as external pressure or internal
stress on the carbon materials.''™"® Under high external
pressure, the chemical potential of glassy carbon increases,
rendering the transformation to graphite thermodynamically
more favorable. Additionally, a phase diagram serves as an
intuitive visual tool to delineate the stability domains of both
glassy carbon and graphite across a spectrum of temperature
and pressure conditions (Figure 1)."*™' Contrastingly, stress
graphitization relies on mechanical stress, such as compression,
shear, or bending. The stress induces the carbon atoms to
reorganize into a more ordered structure, thus facilitating the
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Figure 1. Phase diagram for glassy and graphitic carbons, depicting
the pressure—temperature regions.

creation of a graphite structure.'”'® However, the impact of
pressure is limited by the distance from the surface of the
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carbon precursors, so stress graphitization mainly occurs at the
interface of the carbon precursors.

Catalytic graphitization is a transformative procedure that
involves physical and chemical changes using transition metals
as catalysts.”””*> Metal catalysts such as nickel (Ni), cobalt
(Co), and iron (Fe) decrease the activation energy required to
transform amorphous carbon into a high-crystalline structure,
leading to graphitization reactions at lower temperatures.
Generally, two primary mechanisms have been suggested for
catalytic graphitization methods:**~>* (1) the dissolution of
carbon into catalysts followed by its excretion as graphite
material; and (2) the formation and subsequent decomposition
of carbide intermediates. However, these inferred mechanisms
of catalytic graphitization have been limited by the constraints
of analysis, thereby necessitating further comprehensive studies
employing more precise analytical methods. Notably, Ni and/
or Ni-based alloys are recognized as one of the most effective
catalysts for the graphitization of amorphous carbon
materials.”* " The application of Ni particles onto the surface
of carbon precursors was meticulously executed via an
electroless plating technique. Contrary to electroplating,
electroless plating is a method of metal plating that involves
a selective reduction reaction of metal ions on the surface.
Since the electroless plating method is free from electric force,
it can be used to achieve uniform plating even on comzplex
shapes and can also be used to plate insulators.””’
Phosphorus concentration in nickel electroless plating can
have an important effect on solderability, coating uniformity,
and smoothness. Controlling the deposition rate by
phosphorus introduction allows for a more even and consistent
distribution of the nickel layer across complex geometries and
surfaces.”"*” Ni—P alloys have an amorphous or microcrystal-
line structure, especially when the phosphorus content is high.
The amorphous nature contributes to a more uniform and
homogeneous coating, which is less likely to have defects like
pores or cracks that can initiate corrosion.” In addition, the
electroless plating process allows for a controlled and uniform
deposition of the Ni—P alloy, ensuring consistent coverage and
thickness.”*** This uniformity is essential for providing
consistent corrosion resistance across the entire coated surface.

In this study, catalytic graphitization was carried out by
using Ni—P electroless plating to ensure stability and corrosion
resistance during in situ analysis. Coke samples were initially
coated with Ni—P through an ultrasonic-assisted electroless
plating method and then thermally treated at 1600 °C. The
surface morphology and cross-section of the samples were
investigated by scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS). We evaluated the
changes in crystallinity before and after graphitization by X-ray
diffraction (XRD) and Raman spectroscopy. Finally, we delved
into the impact of Ni—P electroless plating on the
graphitization process by deploying in situ transmission
electron microscopy (TEM) and XRD techniques.

2. EXPERIMENTAL SECTION

2.1. Materials. The Ni—P electroless plating solution
(ENF, Young-In Plachem Co., Korea) used in the experiment
was based on nickel sulfate (Table 1). An electroless plating
bath was composed of phosphorus (8%) and nickel (6 g/L). A
commercial product was purchased and used for reproduci-
bility. Petroleum-based coke (Anshan Iron and Steel Group
Corporation, China) was sieved to make the size uniform
between 200 and 250 ym. Tin chloride (SnCl,), hydrochloric
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Table 1. Bath Condition of Electroless Ni—P Plating

electroless Ni—P plating bath values
phosphorus (P) 8%
concentration (Ni) 6 g/L
precipitation rate 15—20 um/h

pH 4.6

acid (HCI), nitric acid (HNO;), and palladium chloride
(PdCl,) were obtained from DEAJUNG Chem., Korea.

2.2. Catalytic Graphitization via Electroless Ni—P
Plating. Figure 2 shows a schematic of the electroless plating
process. To remove impurities on the surface of coke, 10 g of
coke was added to 100 mL of S M HNO; aqueous solution
and stirred for 30 min. After stirring, the samples were
neutralized by washing several times with distilled water. The
purified samples were placed in a 0.0014 M PdCl, aqueous
solution, and the mixture was stirred for 30 min. The coke
samples were washed with distilled water and dried in a
vacuum oven at 80 °C for 1 h. After a catalytic impregnation,
the coke samples of 2 g were added into the plating solution of
300 mL at an optimum plating temperature of 90 °C. The
ultrasonic treatment was additionally introduced to improve
the plating layer uniformity and accelerate the plating speed.
The Ni—P electroless-plated cokes were thermally treated at
1600 °C for graphitization. A tube-type heating furnace was
used with a heating rate of 1 °C/min under Ar gas flow at 200
cm®/min. The coke samples were plated with Ni—P solution
using only an immersing treatment and an ultrasonic treatment
after the immersing process. Four plating samples were
synthesized: a sample with 15 min of immersing treatment
(Ni—I15) and three samples with S min of immersing
treatment followed by 3 min. (Ni—I15—S3), S min. (Ni—IS—
S5), and 10 min (Ni—I5—S10) of ultrasonic treatment.
Moreover, thermally treated Ni—P electroless plated coke
samples at 1600 °C were assigned as H16—Ni—I15, H16—Ni—
I5—S3, H16—Ni—I15-S5, and H16—Ni—I5-S10.

2.3. Characterizations. After the Ni—P electroless plating,
the surface of the coke samples was analyzed using SEM
(AIS2000C, Seron Tech Inc., Korea). To analyze the structure
and thickness of the plating layer, the cross-section of cokes
was verified using field emission scanning electron microscopy
(FE-SEM, JSM-7100F, Jeol Ltd., Japan) and energy-dispersive
X-ray spectroscopy (EDS, X-act, Ultim Max Oxford Instru-
ments Plc,, United Kingdom). XRD (MiniFlex, Rigaku co.,
Japan) was used with Cu Ka radiation (4 = 1.5406 A), and the
measurement range was 3 to 80° at a rate of 4°/min. In order
to defect of accelerate graphitized cokes, Raman spectroscopy
(RAMANforce, Nanophoton, Japan) was done with a
spectrometer equipped with a CCD detector. The laser
wavelength used to excite the samples was 532 nm. The in
situ TEM (Cs-Corrected STEM, ARM-200F, Jeol Ltd., Japan)
analysis is conducted in the temperature range of 25 to 900 °C
at a heating rate of 1 °C/s. The in situ XRD (Malvern
Panalytical Ltd., United Kingdom) analysis was performed to
confirm the coke change in crystallinity heat-treated at a
temperature up to 1200 °C. During the in situ XRD analysis,
an argon gas was flowed to maintain an inert atmosphere in the
range of 10—80°. It was measured over 30 min, and each time,
the temperature rose by 100 °C in the range of 600 to 1200
°C. After reaching 1200 °C, we carried out the thermal
treatment at 1200 °C for 4 h.
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Figure 2. Schematic diagram of electroless plating for the introduction of metal catalysts into coke. Sensitization, activation (introduction of
palladium catalyst), and plating proceed in order, and ultrasonic treatment was added to ensure plating uniformity.

Figure 3. FE-SEM images of surface for (a) Ni—I15 and (d) Ni—I5—S10 and cross-section for (b) Ni—I15 and (e) Ni—IS—S10 and elemental
composition analysis of (c) Ni—I15 and (f) Ni—IS—S10 using energy dispersive X-ray spectroscopy (EDS) mapping (color code of the map:
carbon in blue, oxygen in yellow, chloride in pink, and nickel in green).
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Figure 4. (a) XRD patterns and (c) Raman spectra of thermally treated Ni—P-plated cokes at 1600 °C, (b) crystalline size and the degree of
graphitization from XRD data, and (d) R value and the position of the G band from the Raman spectra of the various coke samples.

3. RESULTS AND DISCUSSION Ni—P electroless plating process, having a significant influence
on the quality and uniformity of the coating (Figure S1).
Figure 3 shows the effect of ultrasonication pretreatment
during Ni—P electroless plating by drawing a comparison
between samples treated with and without ultrasonication. In

The Ni—P electroless plating process was carried out in a
uniform manner, including several stages such as sensitization
and catalytic impregnation (Figure 2). The Ni—P electroless
plating process employs the utilization of tin (Sn) and

palladium (Pd), with each element playing distinct and specific order to address the problem of exfoliation arising during the
roles. In the pretreatment phase of plating, it is typical to electroless plating process, an immersion step is introduced
employ two elements, mainly Sn and Pd. Specifically, Sn serves before the ultrasonication treatment. Consequently, we
the purpose of activating and stabilizing the coatlng layer, while established two electroless plating conditions: immersion
Pd functions as a catalytic activation layer.**™** Accordingly, only (Ni—I1S5) and immersing-ultrasonication (Ni—I5S—S10).

both tin (Sn) and palladium (Pd) play essential roles in the FE-SEM images in Figures 3 and S2 depict the surface and
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cross-sectional morphology of the cokes, both treated and
untreated with ultrasonication. The surface of the coke without
ultrasonication (Ni—I1S) presents relatively large metal
particles, whereas the coke with ultrasonication (Ni—IS—
S10) exhibits a dense arrangement of smaller metal particles
(refer to Table S1 and Figure 3a,d). We can infer that spherical
Ni—P islands form near the plating nucleus and cluster
together to form a single layer during the plating process.
Additionally, the cross-sectional analysis of the ultrasonicated
sample (Ni—I5—S10) reveals a plated layer approximately 2
pum thick, nearly twice the thickness of the untreated coke
(Ni—I15) (Figure 3b,e). EDS mapping images of the cross-
section also indicate a prominent and thick nickel source at the
surface of the ultrasonicated coke sample (Figure 3cf). A
successful Ni—P plating was further confirmed through XPS
and N, adsorption/desorption analysis (Figures S3 and S4),
with their respective results summarized in Table S2. As the
Ni—P plating progressed, the contents of both Ni and P
increased. The presence of Ni’" species and reduced
phosphorus in the Ni 2p and P 2p spectra confirms the
formation of a Ni—P alloy compound.””** While the overall
pore structure remains nonporous, it is noted that the
formation of the Ni—P layer led to a reduction in both surface
area and pore volume. These findings suggest that ultrasonic
treatment can enhance not only the homogeneity but also the
formation rate of the plating layer.

Figure 4 presents the XRD patterns and Raman spectra of
pristine and Ni—P electroless plating cokes after thermal
treatment at 1600 °C. After heat treatment, the amount of
metal remaining on the surface significantly decreased, with
93.73% C, 0.55% P, and 5.72% Ni detected. The XRD patterns
of the coke samples reveal a peak near 26°, corresponding to
the (002) graphite peak (Figure 4a). The structural changes
after various post-treatments were investigated based on the
values of interlayer spacing (dy,), crystallite size (L), and
degree of graphitization (G) presented in Table 2. It is clear

Table 2. Crystallographic Parameters Derived from XRD
and Raman Spectroscopy for the Ni—P-Plated Coke
Samples

dona Iy R-value G-band

@ @ G I/ (em™)
As" 3.508 15.6 —75.6 1.368 1602.0
H16—As 3.445 45.0 —5.81 1.063 1599.0
H16—-Ni—-I15 3.395 195 52.3 0.731 1593.4
H16—Ni—I15-S83 3.381 197 68.6 0.246 1596.4
H16—Ni—I15-S$§ 3.362 266 90.7 0.267 1593.5
H16—Ni—I5-S10 3.362 271 90.7 0.069 1589.6

“dyg, indicates interlayer spacing from the XRD patters. bL. indicates
crystallite size from XRD. “G is the graphitization degree calculated
from XRD. “R-value (Ip/I;;) is the integrated intensity of the D band
divided by the integrated intensity of the G band in Raman spectra.
“G-band is the position of the highest peak in the G band, and. TAs is

as-prepared pristine coke sample.

that the 002 peak became upshifted and sharper when Ni—P
electroless plating was applied prior to graphitization. For
instance, the coke subjected to only thermal treatment exhibits
a crystallite size of 15.6 A (H16—As). In contrast, the Ni—P
electroless plated cokes, prepared by immersing or immersing-
ultrasonication, display larger crystallite sizes of 195 A (H16—
Ni—I15) and 271 A (H16—Ni—I5—S10), respectively. These
findings suggest that the incorporation of Ni—P electroless
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plating significantly enhances the crystallinity of the resulting
cokes during the graphitization process. Additionally, the
degree of graphitization was calculated using the following
formula: G = (3.440 — dy,)/(3.440 — 3.354) X 100. In this
equation, G represents the degree of graphitization (%), and
the values 3.440 and 3.354 denote the interlayer spacing (A) of
turbostratic carbon and ideal graphite crystallite, respec-
tively.""** The coke thermally treated at 1600 °C has a low
G value of —5.81%, which is even lower than that of
turbostratic carbons due to the insufficient temperature for
graphitization. However, the G value increases significantly, up
to 90.7%, when Ni—P electroless plating is combined with the
ultrasonication process (Table 2). In the context of the Ni—P
electroless plating process, the coke treated by immersion
(H16—Ni—I15) has a G value of 52.3%, which is considerably
lower than the 90.7% value observed for the coke treated by
immersion and ultrasonication (H16—Ni—I15—S10). Figure 4
illustrates the crystallite size and the degree of graphitization
for graphitized coke samples under various conditions. It is
noteworthy that the crystallinity parameters derived from the
XRD data were improved with Ni—P electroless plating and
ultrasonic treatment. Note that the homogeneous Ni—P
electroless plating layer accelerates graphitization, resulting in
an increase in the crystalline size and the degree of
graphitization.

To further investigate the structural development induced by
catalytic graphitization, we conducted Raman spectroscopy
measurements of the coke samples. Carbon materials typically
exhibit three main Raman peaks centered at 1350, 1580, and
2700 cm™!, corresponding to the D, G, and 2D bands. The D
and G bands are associated with sp>-bonded carbon atoms and
defect-induced carbon structures, respectively."”** Therefore,
the R value (Ip/Ig, the integrated area of the D band divided
by that of the G band) serves as a critical parameter for
characterizing the crystallinity of the coke samples. The R value
of coke samples heat-treated at 1600 °C decreased from 1.063
to 0.731 upon the introduction of Ni—P electroless plating via
the immersing process and further declined to 0.069 when
ultrasonic treatment was incorporated during the Ni—P
electroless plating process (Figure 4c and Table 2). This
considerable reduction in the R value demonstrates the
significant impact of ultrasonication on enhancing the
crystallinity and overall quality of the resulting graphitized
coke. The 2D band, originating from overtone scattering of the
D band, becomes more intense as stacking structures are
enhanced through accelerated graphitization. Furthermore, a
down-shift in the G band is observed, from 1602 cm™ (as-
prepared coke) to 1590 cm™' (H16—Ni—I5—S10), indicating
the transformation of imperfect hexagonal lattices into highly
crystalline structures (Table 2).** Following graphitization at
1600 °C, all Ni—P-plated coke samples exhibit superior
crystallinity compared to the untreated coke sample (Figure
4d). The combined results from Raman spectroscopy and
XRD analysis clearly demonstrate that catalytic graphitization
facilitated by Ni—P electroless plating effectively accelerates
the graphitization process, thereby significantly enhancing the
crystallinity of the resulting coke (Figure 4b,d).

To elucidate the mechanism of catalytic graphitization, we
conducted in situ TEM analysis on Ni—P electroless plating
cokes during thermal treatment up to 900 °C (Figure S). We
obtained a series of video images capturing the boundary
between the coke’s surface and Ni—P layers at 100 °C
intervals. At the initial stage of 25 °C, amorphous carbon
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Figure S. In situ TEM images of Ni—P-plated coke during thermal treatment up to 900 °C.
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Figure 6. (a,b) In situ XRD patterns of Ni—P-plated coke in the range of 22—29°

temperatures.

(a) and 35—45° (b,C) graphitization ratio at different

structures with nongraphitized networks are observed. Minimal
changes are detected from 25 to 400 °C, but at 500 and 600
°C, some indistinct metal particles originating from the
decomposition of metal precursors become apparent. At 700
°C, nickel particles disperse and migrate into the amorphous
carbon, which subsequently dissolves randomly into nickel at
800 and 900 °C. The interaction between nickel and carbon is
facilitated by the dissolution of amorphous carbon, leading to
the release of carbon in the form of graphitic carbon structures
in the vicinity of the nickel particles. Consequently, the
emergence of graphite structures is observed starting at 900
°C. These findings provide valuable insights into the intricate
interplay between nickel and carbon during catalytic
graphitization, highlighting the crucial role of Ni—P electroless
plating in facilitating the formation of highly crystalline
graphitized coke structures.

To further understand the catalytic graphitization mecha-
nism observed in the in situ TEM images, we carried out in situ
XRD analysis. Two main peaks were identified at approx-
imately 25.5 and 26° corresponding to the amorphous
component (A-component) and graphitic component (G-
component), respectively (Figure 6a).47 The graphitization
ratio was calculated by dividing the area of the G component
by the total area of the peaks (Figure 6¢c). At room
temperature, the Ni—P electroless-plated coke exhibits a
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broad peak for the A-component at 25.5° indicative of a
predominantly amorphous carbon structure. During thermal
treatment, the graphitization ratio increased progressively as
the treatment temperature rose. The graphitization process can
be divided into three distinct stages based on specific
temperature ranges: (1) 25—800 °C, a slight increase in the
graphitization ratio; (2) 800—1000 °C, a dramatic increase in
the graphitization ratio; and (3) above 1000 °C, the formation
of graphitized structures. The graphitization ratio exhibited a
more pronounced increase with extended holding time during
thermal treatment at 1200 °C. Consequently, the Ni—P-plated
coke thermally treated at 1200 °C for 4 h achieved a
graphitization ratio of 83.44%. Throughout thermal treatment
up to 1200 °C, the Ni—P-plated coke samples display a
negligible broad peak near 44.5°, corresponding to the (100)
plane of the aromatic structure. However, sharp and strong
peaks at 44.5 and S51° emerged within the temperature range of
600—800 °C (Figure 6b). This observation can be attributed
to the decomposition of the nickel plating layer, which releases
nickel nanoparticles and results in sharp peaks at 44.5 and 51°,
corresponding to the (111) and (002) planes of nickel,
respectively."”*’ As the thermal treatment temperature rose
beyond 800 °C, these nickel peaks diminished due to the
infiltration of nickel nanoparticles into the interior of the
amorphous carbon. In addition, the detailed XRD patterns for
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Electroless Metal Graphi-te Calrb?n
plating penetration formation emission
25" 800°C 800 ™ 1000 °C above 1000 °C

Figure 7. Schematic illustration of the catalytic graphitization mechanism using electroless plating.

Ni—P-plated coke and thermally treated Ni—P-plated coke at based on specific temperature ranges: (1) 25—800 °C,
600 °C were obtained to verify the Ni,P, nanostructures, as characterized by a slight increase in the graphitization ratio

shown in Figure SS. Based on the JCPDS card file data, it can . . . o
be observeclg that the Ni—P—platec{ coke sample under)goes a with a relatively flat gradient; (2) 800-1000 °C, marked by a
transformation from nickel nanoparticles to hexagonal Ni,P dramatic increase in the graphitization ratio; and (3) above

phase at a thermal treatment temperature in the range of 600— 1000 °C, in which graphitized structures begin to stabilize.
800 °C.°”°" Further increasing the thermal treatment temper- Therefore, nickel nanoparticles facilitated the formation of
ature to above 900 °C promotes graphitization, leading to the
disappearance of the NiP, nanostructures. These behaviors
highlight the vital role played by nickel nanoparticles in

graphite structures by expediting the dissolution and
precipitation of amorphous carbons, thereby achieving efficient

enhancing the crystallinity of carbon structures through their graphitization at a relatively low temperature of 1600 °C.
interaction with amorphous carbon during thermal treatment.
The in situ XRD results demonstrate a temperature- B ASSOCIATED CONTENT

responsive graphitization mechanism that aligns with the
observations gleaned from the in situ TEM studies. This is
indicative of a carbon dissolution—precipitation mechanism, The Supporting Information is available free of charge at
which is accelerated by Ni—P electroless plating, thus https://pubs.acs.org/doi/10.1021/acsomega.3c07692.

facilitating catalytic graphitization. A well-documented under-
standing in the field posits that nickel, unlike certain other
metals, does not form a carbide phase.””>” Building on these
analytical observations, the graphical representation in Figure 7
depicts the catalytic graphitization process that incorporates
Ni—P electroless plating. Originating from the electroless
plating, the nickel layer undergoes a decomposition process,
leading to the formation of nickel nanoparticles. With a rising
temperature, these nickel nanoparticles disperse and permeate
the amorphous coke matrix. Once embedded within the coke,
the nickel nanoparticles act as a catalyst in the creation of
graphite structures, and the dissolved carbon precipitates out,
morphing into graphite with a highly advanced crystalline
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