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Graphite has sparked extensive quantum physical discoveries and
demonstrated numerous cutting-edge applications. However, existing
graphite typically contains considerable impurities, and effective purification
is still lacking. Here, a solid refining purification method is reported for
obtaining ultrapure graphite. Through this design, impurities are filtered by
the atomic lattice of a solid-state nickel (Ni). Suitable absorption, diffusion,
and precipitation energy barriers are utilized in this method, allowing only
carbon (C) atoms to effectively migrate through the Ni lattice to form
high-quality graphite. The obtained ultrapure graphite shows the lowest
elemental impurity density (<10 parts per million (ppm), which is one order of
magnitude lower than that of the best available graphite), the highest
structural purity (<0.2 parts per billion (ppb) of in-plane structural defect
density and >99% Bernal stacking), and the highest doping purity (carrier
doping density <2.0 x 10'® cm~2). Such superior purity of graphite facilitates
the all-integer visible Landau levels and the ultralow quantum transition
magpnetic field in the fabricated graphene device. This solid refinement
technique should inspire the purification of various layered crystals, leading to
the discovery of new phenomena and the development of advanced
applications.

1. Introduction

High-purity materials have been pursued
in materials science for centuries, ranging
from salt production in the Agricultural Age
to silicon (Si) purification in the Informa-
tion Age. For most solid crystals, crystal-
lization has shown its direct advancement
in purification by precipitating pure crys-
tals from a solution, melt, or vapor under
controlled temperature or pressure gradi-
ent conditions.l!) Traditional salts and or-
ganic molecules with low melting points
can easily crystallize by cooling or evapo-
rating the solvent with the desired solute
compounds near room temperature (e.g.,
sodium acetate from aqueous solution and
menthol from peppermint oil). For met-
als and semiconductors with relatively high
melting points (e.g., germanium (Ge): 938
°C, copper (Cu): #1084 °C, and Si: ~1410
°C), the Czochralskil?l and Bridgman-
Stockbarger*#! techniques are proven to
be successful, involving the utilization of
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small single-crystal seeds to slowly crystallize the melting sources
into pure single crystals close to their melting points. For metal
oxides with a higher melting point (e.g., sapphire: %2050 °C),
crystallization can also be achieved in a tungsten crucible by the
Kyropoulos method with a high process temperature.S! However,
for most van der Waals (vdW) layered materials with extremely
high sublimation points (e.g., #3500 °C for graphite and 3000
°C for boron nitride), melting-based crystallization methods can
hardly be utilized to fabricate them with ultrahigh purity. Cur-
rently, ultrapure vdW materials are eagerly desired due to their
great potential for groundbreaking scientific discoveries!®'!l and
cutting-edge applications.!'>1] However, their synthesis remains
a significant challenge.

For typical vdW layered materials of graphite, due to their weak
interlayer interactions, high density of silica, alumina, and iron
compounds!'®7] accumulate between layers as extrinsic impuri-
ties, leading to the formation of intrinsic defects within layers.
Till now, purified graphite still contains large amounts of im-
purities (e.g., ~#200 parts per million (ppm) for highly oriented
pyrolytic graphite (HOPG), which is considered the best avail-
able graphite and is widely used in surface science researchl'®)).
This characteristic greatly differs from the ultrahigh purities
achieved in common metals using the melting-based purifica-
tion method! (e.g., <10 ppm for Cu). Due to the inapplica-
bility of melting-based crystallization for graphite purification,
chemical leaching methods for removing the heteroatoms via
acid reactions are generally employed. However, new chemical
residue impurities are often inevitably introduced into graphite
with the application of strong acids. To eliminate these residues,
high-temperature treatment is subsequently applied, while also
leaving the high melting point impurities and additional lattice
defects (stacking faults and grain misorientations) under such
extreme environments. An effective method for obtaining ultra-
pure graphite by simultaneously eliminating heteroatoms and
preserving lattice configurations is in great demand but has yet
to be discovered.

Here, we develop a nontrivial solid refining method for ob-
taining ultrapure graphite by repeatedly dissolving, diffusing,
and precipitating carbon (C) atoms within single-crystal nickel
(Ni) foil,?% which enables the purification of graphite at a tem-
perature (1200-1300 °C) of only about one-third of its sublima-
tion point. Due to the high selectivity of the Ni lattice, all other
heteroatoms are blocked, and only C atoms can effectively mi-
grate through Ni to form high-quality graphite. Avoiding tradi-
tional aggressive treatment, the obtained ultrapure graphite not
only exhibits the highest elemental, structural, and doping puri-
ties but also maintains large-scale single crystallinity under this
low-temperature refining process (Table S1, Supporting Informa-
tion). Furthermore, high-quality monolayer graphene could be
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exfoliated from ultrapure graphite and was utilized to fabricate
quantum Hall devices, enabling the explicit observation of ex-
traordinary quantum transport phenomena.

2. Results

In the solid refining process to obtain ultrapure graphite, we de-
signed a filtration-like mechanism by utilizing the atomic lattice
of Ni as the filter, where low-purity carbon sources were placed
on one side of the Ni foil to be filtered (Figure 1a). The atoms
in the carbon sources could diffuse through Ni to the opposite
surface by overcoming the barriers of absorption (I to III), dif-
fusion (IV to VI), and precipitation (VII to IX) in the Ni lattice
(Figure 1b). This process can be performed to produce a highly
purified graphite sample only when (i) heteroatoms display high
values in any of the absorption, diffusion, and precipitation barri-
ers, and (ii) C atoms exhibit low values in all of these three energy
barriers simultaneously.

By comparing the energy profiles of common elements in car-
bon sources via theoretical density functional theory (DFT) cal-
culations, we find that most of the elements exhibit high ener-
gies (>2 eV atom™!) in bulk Ni, suggesting a low probability of
diffusion through the Ni lattice (Figure 1c). Notably, there are
three elements exhibit low energy levels (<2 eV atom™') in Ni
bulk, i.e., Si, boron (B), and C. Detailed energy barrier calcula-
tions demonstrate that i) Si atoms exhibit a high energy barrier
of 3.32 eV atom™! from I to II (Figure 1d, top panel), indicating
their low absorption probability from Ni surface into bulk; and ii)
B atoms exhibit a negative formation energy of —0.47 eV atom™!
in IV with the tendency to form a Ni-B alloy!?!! (Figure 1d, bot-
tom panel), showing their great difficulty in precipitation from Ni
bulk to surface. In contrast, C atoms have low absorption barriers
(0.42 eV atom™!) from Ni surface into bulk and positive formation
energies (0.37 eV atom™) in bulk Ni (Figure 1d, bottom panel).
Besides, C atoms also possess moderate diffusion energy barriers
(1.68 eV atom™!) through the Ni lattice and precipitation barrier
(1.04 eV atom™) from the Ni bulk to the opposite Ni surface, fa-
cilitating the purification of graphite at the growth temperature.
These results confirm that the atomic lattice of Ni is an optimal
platform for the solid refining process to selectively pass the C
atoms and block the heteroatoms, finally producing the ultrapure
graphite.

For the first solid refining cycle, the single-crystal Ni foil
was pressed onto graphite paper and heated to 1200-1300 °C
(Figure 1le, other low-purity carbon sources can also be used,
shown in Figure S1, Supporting Information). A few impurity
atoms could migrate through the Ni lattice due to their excessive
quantities in graphite paper. Then, another single-crystal Ni was
utilized to prevent the diffusion of these remaining impurities.
This second refining cycle removed nearly all the residue impuri-
ties, significantly decreasing the number of extrinsic impurities,
as characterized by inductively coupled plasma-mass spectrom-
etry (ICP-MS) (Figure 1f). By repeating the solid refining pro-
cess once more, ultrapure graphite was obtained with the lowest
extrinsic impurity density (<10 ppm, approaching the detection
limit of the mass spectrometry we used) among all kinds of high-
quality graphite (Figure S2, Supporting Information). This im-
purity density was one order of magnitude lower than that of the
current purest graphite, namely, HOPG.

© 2025 Wiley-VCH GmbH
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Figure 1. Solid refining purification and elemental purity characterization. a) The diagram of the solid refining process to obtain ultrapure graphite
(ultrapure G). b) The atom transport process through the Ni lattice. In the absorption process (left panel), the atom transports from the Ni bottom
surface (I-11) into Ni bulk (I11). In the diffusion process (middle panel), the atom transports from one Ni lattice cell (1V), through the Ni cell boundary(V),
and into another Ni cell (VI). In the precipitation process (right panel), the atom transports from Ni bulk (VI1), through the Ni top surface (VIII), and
precipitates out on the top surface (IX). c) The energy of different atoms dissolved into Ni bulk. d) Energy profiles of Si, C, and B atoms diffusing through
the Ni lattice. €) Photograph of graphite paper and samples after one (pure G-1), two (pure G-2), and three (ultrapure G) refining cycles. f) The extrinsic

impurity density measured by ICP-MS of different samples in (e).

Besides, the in-plane structural defects, including point and
line defects, usually exist in graphite due to heteroatom dop-
ing and chaotic domain alignments. Through the solid refin-
ing process, the elemental purity in ultrapure graphite was suffi-
ciently improved and thus could, in principle, lead to a distinct
purification in the in-plane structural defect density. As these
atomic defects are thermodynamically unstable, hydrogen (H,)
plasma was introduced to etch these defect sites into hexago-
nal pitsl??) (Figure S3a, Supporting Information). After hours of
etching, these pits or ravines will be large enough and could
be readily visualized through atomic force microscopy (AFM)
measurements (Figure S3b—d, Supporting Information). An ob-
vious decrease in intrinsic point defects was observed in puri-
fied graphite during the refining process (Figure 2a,—a;). The
obtained ultrapure graphite exhibited an ultra-flat surface with-
out visible pits or steps (Figure 2a,), demonstrating that its in-
trinsic defect density was extremely low (<0.01 um~2, Figure
S4a, Supporting Information, corresponding to <0.2 parts per
billion (ppb) in bulk graphite), approaching the AFM detection
limit. In contrast, large amounts of pits and ravines were ob-
served on the surfaces of the kish graphite, HOPG, and natural
graphite under the same etching conditions (Figure 2b,-b;), indi-
cating that their intrinsic defect densities were about two orders
of magnitude higher than those of ultrapure graphite (Figure 2c,
the defect densities was calculated based on a 5 x 5 ym? AFM
measurement).

Adv. Mater. 2025, 37, 2500461
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In the further larger-scale AFM experiments, we observed that
all the hexagonal pits of ultrapure graphite under H, etching
were parallel to each other (Figure S4b, Supporting Information),
distinctly contrasting with the relatively poor alignments (limited
in tens of micrometers) in HOPG (Figure S4c, Supporting In-
formation). Such parallel configurations demonstrated the large-
scale single crystallinity of ultrapure graphite, which was fur-
ther confirmed by the centimeter-scale uniform color in electron
back-scattered diffraction (EBSD) experiments (Figure 2d;-d,;
other graphite samples typically display domains of ~ 100 um).

In addition to the in-plane lattice structure, the out-of-plane
lattice stacking configuration of our ultrapure graphite was con-
firmed to be Bernal (2H) stacking (with an interlayer spacing of
0.335 nm) through atomically resolved cross-sectional scanning
transmission electron microscopy (STEM) measurements at the
nanoscale (Figure 2e). The identical interlayer distance was also
confirmed by high-resolution X-ray diffraction (HR-XRD) mea-
surements (Figure S5, Supporting Information). Owing to the in-
plane hexagonal lattice structure and out-of-plane weak vdW in-
terlayer couplings of graphite, another phase, the rhombohedral
(3R) stacking order, also frequently emerges (Figure 3a). Conse-
quently, stacking faults would arise when the sequential order
of graphene layers within the crystal lattice is disrupted. For the
comprehensive macroscale detection of the stacking sequences,
we conducted low-frequency Raman spectroscopy experiments
(Figure 3D,c). The shear mode (E,;) peak corresponds to the

© 2025 Wiley-VCH GmbH
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Figure 2. In-plane structural purity characterization. a;-a;), The AFM images of graphite after different refining cycles under H, plasma etching. b;—
b;), The AFM images of commercial graphite after H, plasma etching (kish graphite (b;), HOPG (b,), and natural graphite (b;)). Typical point defect
vacancy and line defect are marked in (a;) and (b,), respectively. c), The calculated intrinsic defect density of different graphite samples. d—d,), The

EBSD maps along the X direction of the inverse pole figure of kish graphite (d,), HOPG (d,), natural graphite (ds), and ultrapure graphite (d,). €), The

cross-sectional atomically resolved STEM image of ultrapure graphite.

coupled oscillations in the interlayer phonon mode, and both
the 3R stacking configuration and stacking faults will weaken
the E,, peak intensity.”>** In our Raman experiments, ultrapure
graphite demonstrated the highest E,, intensity among all the
graphite samples (Figure 3d and see Experimental Section for
more details), suggesting its purest 2H stacking phase and the
fewest stacking faults.

The out-of-plane structural purity could be quantitatively
confirmed by in-plane electrical measurements as well, where
the measured resistivity could be regarded as a combination
of the parallel resistances of domains with different stack-
ing sequences (R, for 2H stacking and R;; for 3R stack-
ing) and the interfacial residual resistance between domains
(R;7r) (Figure 3e). The room-temperature resistivity of ultrapure
graphite was found to be the lowest among all the samples
(Figure 3f; Figures S6 and S7a, Supporting Information), prelim-
inarily demonstrating its ultrahigh purity with less electron scat-
tering. Temperature-dependent resistivity measurements were
subsequently conducted (Figure 3g). The resistivities of ultra-
pure graphite and natural graphite presented a metallic behav-
ior with a decreasing tendency when the temperature was re-
duced, while those of kish graphite and HOPG exhibited a combi-
nation of metallic and semiconducting behaviors with saturated
resistivities at low temperatures. The normalized temperature-
dependent resistivities (Figure S7b, Supporting Information)
with the R,;, Rj;, and R,y were analyzed (Table S2, Sup-
porting Information, see Experimental Section for more de-
tails). We found that both the normalized interfacial residual

Adv. Mater. 2025, 37, 2500461

2500461 (4 of 8)

resistance (R,) and the 3R phase weight ratio of the ultra-
pure graphite reached the minimum (Figure 3h). This reveals
the purest 2H phase (1,5 >99%, see Experimental Section for
more details) and the fewest stacking faults in our ultrapure
graphite.

Carrier doping is considered another critical factor that needs
to be carefully assessed for an ultrapure material because residue
doping would severely affect electronic properties by chaotic scat-
tering and mobility reduction.!®) We first evaluated the doping
purity of our ultrapure graphite by performing Raman spec-
troscopy on its exfoliated monolayer encapsulated with hexago-
nal boron nitride (hBN) flakes. A small full width at half maxi-
mum (FWHM) (~15.7 cm™) of the Raman 2D peak (Figure 4a)
was obtained, lower than the typical value (16-18 cm™) of the
exfoliated graphene samples reported in the literature.?6-28] The
intensity ratio between the 2D peak and the G peak (I,,/I;) also
reached an ultrahigh value of 12 compared to previous results
(Ip/I is typically ~ 6-10).126-28] This smallest FWHM and high-
est I,p/I; are attributed to the uniform strain distribution and
the ultralow carrier doping of our graphene samples.?’] To clar-
ify the doping level, we further fabricated a standard Hall device
using monolayer graphene exfoliated from the ultrapure graphite
sample (Figure 4b). The low temperature (1.7 K) transfer curves
show that the neutral point doping density of ultrapure graphite
is the closest to zero (Figure 4c), with the initial carrier dop-
ing density calculated to be smaller than 2.0 x 10 cm~2. This
value is better than those in typical works of graphene transport
measurements.[?3]

© 2025 Wiley-VCH GmbH
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Figure 3. Out-of-plane structural purity characterization. a), The diagram of shear mode in Bernal stacked graphite and rhombohedral stacked graphite.
b,c), The low-frequency Raman measurements of graphite samples (b) and their fitting curves of the E,; peaks (c). d), The shear mode intensity of
graphite samples extracted from the fitting parameters in (c). e), The diagram of the in-plane resistance, consisting of R,, R3g, and R;¢. f), The room-

temperature |-V curves of graphite samples, insert: the optical image of the

ultrapure graphite device. g), The in-plane resistivity of graphite samples as

a function of temperature. h), The normalized interfacial residual resistance (Ry) and the ratio of Bernal phase (17,) of different graphite samples.

Based on the ultrahigh elemental, structural, and doping
purities, the ultrapure graphite has great application potential
of utilizing graphene devices to explore its intrinsic quantum
physics.*!l By applying magnetic field on the standard Hall de-
vice, we obtained a well-resolved Landau fan diagram, which
clearly indicated the evolution of the quantum Hall effect (QHE)
with a magnetic field up to 9 T at the temperature of 1.7 K
(Figure 4d). Considering the Dirac Hamiltonian with a fourfold
symmetry of spin and valley, symmetry breaking at half filling
(filling factor v = 0) and quarter filling (v = 1) were both clearly
visible at fields of B, > 4 T (Figure 4e). Other high integer filling
states were also visible at fields of B, 2 7 T (Figure 4e; Figure
S8a, Supporting Information). Moreover, the quantization of the
v = 2 gap emerges at a very low magnetic field of only 0.3 T
(Figure 4d and 4f). These fully developed symmetry breakings of
spin and valley and ultralow quantum transition magnetic field
in the graphene device are comparable with the best results from
the previously reported QHE graphene devices,[*”) demonstrat-
ing the extremely low defect density in our ultrapure graphite.

Further detailed Hall resistance (R,,) and magnetoresistance
(R,,) at Landau levels of v = 1, 2, and 6 were detected, which is
consistent with the theoretical quantum resistivity platforms in
graphene devices!®}] (Figure 4f). The mobility of our fabricated
graphene device can also be calculated and reach a high value
of %215 000 cm?* V~! s7! (Figure S8b, Supporting Information),
which is on par with the best results for exfoliated graphene with

Adv. Mater. 2025, 37, 2500461 2500461

ultralow lattice disorders.[** These distinct integer Landau levels
and this high mobility demonstrate the superior potential of our
as-grown graphite to observe abundant quantum physics.

3. Discussion

In conclusion, we propose a solid refining method with excep-
tional purification efficacy for eliminating extrinsic heteroatoms
and reducing intrinsic defects in graphite. The obtained ultra-
pure graphite demonstrates ultrahigh elemental, structural, and
doping purities, presenting extraordinary performance in quan-
tum transport measurements. With a suitable metal choice, this
successful solid refining process should be applicable to the pu-
rification of other layered vdW materials and even nonlayered
conventional crystals and thus will allow for cutting-edge appli-
cations of ultrapure materials in the future.

4. Experimental Section

Solid Refining Process: ~ Single-crystal Ni foils (99.994%, Zhongke Crys-
tal Materials (Dongguan)) were placed on the surface of solid carbon
sources (graphite paper, JL-AQC-5C, 99.9%, Beijing Jinglong Special Car-
bon Technology; activated carbon, R019801, Rhawn), and then were
loaded together into a CVD furnace (Tianjin Kaiheng Co. Ltd., custom-
designed). Then the furnace was heated to 1200-1300 °C for 2 h and the
temperature was maintained for 10-30 h to grow graphite for one solid

(5 of 8) © 2025 Wiley-VCH GmbH
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Figure 4. The doping purity characterization and quantum transport measurement. a), The Raman spectrum of the hBN/graphene/hBN heterostructure,
insert: the optical image of the heterostructure. b), The diagram (top panel) and the optical image (bottom panel) of the QHE device. c), R,, curve as
a function of carrier density (n). d), The Landau fan diagram of R,, of monolayer graphene as a function of both carrier density (n) and perpendicular
magnetic field (B, ). All integer filling states are marked on the image. e), The Hall conductivity (c,,) curve as a function of n at v = 0 with different B, .
Symmetry breaking at half filling (filling factor v = 0) and quarter filling (v = 1) were both clearly visible at fields of B; > 4 T. Other high integer filling

states were also visible at fields of B, 2 7 T.f), R, and R,, curves of graphene as a function of B, atn= 1.4 x 10" cm

refining cycle. Throughout the growth experiments, 800 standard cubic
centimeters per minute (sccm) Ar and 50 sccm H, flow through the tube
furnace. H, was introduced to protect the Ni foil from oxidization. After
that, another Ni foil was placed on the surface of the graphite for the next
refining process.

Graphite Digestion Process for the ICP-MS Measurement: The sample
was directly weighed in the quartz vessel, and a mixture of 0.75 mL of
14.4 mol L= HNO; and 0.25 mL of 12 mol L=! HCl solvent was added. The
vessel was placed in the micro-digester and heated at 260 °C for 1 h. After
cooling, the resultant clear solution was transferred into the measuring
flask (25 mL) and diluted to volume with water. Then the impurity elements
were measured by ICP-MS.

Computational Details: The computational results presented in this
work were carried out using the density functional theory as implemented
in the Vienna Ab-initio Simulation Package.l3>3¢] The generalized gradient
approximation (GGA) with the Perdew—Burke—Ernzerhof (PBE) exchange-
correlation function was used with the plane-wave cut-off energy set at
400 eV for all calculations. The dispersion-corrected DFT-D; method was
used because of its good description of long-range vdW interactions for
2D materials. The wave functions were expanded on plane-wave basis sets
with the kinetic energy cutoff of 400 eV for all the systems studied. The ge-
ometries of the structures were relaxed until the force on each atom was
less than 0.02 eV A~ and the energy convergence criterion of 1x 10™* eV
was met. A vacuum layer with a thickness of greater than 15 A was used
to avoid the interactions between two neighboring images.
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To investigate the solid refining process of low-purity carbon sources,
the structural properties and energetics for 13 kinds of common elements
adsorbed in Ni bulk with a periodic stacking length of L = 10 were calcu-
lated. As for the Brillouin zone sampling, the Monkhorst-Pack grids of 3 x
3 X 1 was adopted. For comparing the diffusion barrier energy of Si/C/B
atoms in Ni films, a model was constructed with a single Si/C/B atom ad-
sorbed on six-layer Ni substrates with the bottom layer fixed, and 2 x 2 x
1 k-point meshes were adopted for these DFT calculations. The climbing-
image nudged elastic band (NEB) method!3”] was exploited to locate the
diffusion energy barrier for the migration of extrinsic atoms in Ni.

Anisotropic H, Plasma Etching Process: The graphite samples were
placed in the center of a quartz-tube furnace, and the radio frequency
(13.56 MHz) coil was fixed at the entrance of the tube. After heating the
sample to 500 °C with 40 sccm H, at a 50 Pa environment, a remote
plasma with the power of 50 W was generated for 2 h to activate the H,
into protons, etching the surface of the graphite sample. The H, etching
was conducted exclusively for the AFM measurement to detect structural
defects, and all other characterizations were carried out without plasma
etching to accurately characterize the intrinsic properties of the graphite
samples.

Shear Mode Measurement of Graphite: Low-frequency Raman spectra
were measured at room temperature using a Jobin-Yvon HR800 micro-
Raman system equipped with a charge-coupled detector (CCD) and a X100
objective lens (numerical aperture = 0.9). The excitation wavelength was
633 nm from a He-Ne laser. A grating with 2400 lines per mm was used to

© 2025 Wiley-VCH GmbH
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enable each CCD pixel to cover 0.19 cm~ at 633 nm. Laser plasma lines
were removed via a BragGrate bandpass filter (OptiGrate Corp.), and mea-
surements down to 5 cm™! were achieved using three BragGrate notch
filters (OptiGrate Corp.). The laser power was kept below 1 mW to avoid
sample heating.

A Breit-Wagner-Fano line shape was introduced to fit the interlayer E,
modes of graphite (Figure 3c), which can be described as

[1+ 2 (@ — p)/(qD))?

| (@) =1
“m ['I+4(a)—a)o)2/FZ]

M

where Iy, wy, I, and 1/|g| are the intensity, uncoupled mode frequency,
broadening parameter and coupling coefficient, respectively.

Exfoliation of Graphite and Graphene Samples:  White tape (3 M Scotch)
was used to exfoliate the synthesized graphite bulk as the mother tape.
After several times of folding with another white tape, the graphite on tapes
can be reduced into a very thin film. Then these tapes were pressed onto
the SiO,/Si substrate with enough contact and pulled slowly to leave few-
layers and monolayer graphene samples on the substrate.

Device Fabrication and Van Der Pauw Electrical Measurement: The
100 nm thick graphite sample was exfoliated onto the SiO, /Si substrate. A
four-terminal mask was defined on the graphite surface by electron-beam
lithography of a polymethyl methacrylate (PMMA) resist. Then metal leads
were made (5 nm Cr/120 nm Au) by electron beam evaporation to ensure
the contact.

The electrical resistance of the graphite sample can be divided into hori-
zontal resistance (R)|) and vertical resistance (R, ), which can be described
as

1% V. 4 V. V, v
Ri=1 (24+22)=L gl (mila) Xt 2
2 N\l In I 2\l I !

where V| and V, represent the measured horizontal and vertical voltage.
The electrical current I3, Iy, 114, and I3, were set to be the same value (/).
Then the in-plane resistivity can be described as

p=24 L)yozd AZ e ®
n2 2 R,) " in2 20 A

where frepresents the van der Pauw correction factor.

Considering the resistivity of two stacking types (R,4(T) and R3g(T))
and the interfacial resistance (R;7¢(T)) (Figure 3e), the total resistance
(R(T)) of graphite can be described as

R(T)™" =Ry (1) + Rap(T) ™" + Ry (T) ™ (4)

Lo 3 fe
— 3 p2kgT — 3 »2kgT
Rop (T)=agy TZe?8T, Ryp (T) =a3p T2e8T,

Eq
Rire (T) = Ry + Ry T + Rye 2T (5)

where the coefficients Ry, Ry, R;, and the activation energy E, in Equa-
tion (5) are free parameters. The temperature-independent term R, rep-
resents the residual resistance caused by the interfacial coupling. The pa-
rameters a,y, a3g, Egy, and Ey, are weight ratio parameters and semicon-
ducting energy gap for 2H and 3R phases, respectively. The weight ratio of
2H phase can be described as 5, = —2H—.

AHTa3R

Applying Equation (4) to fit the temperature-dependent normalized re-
sistivity, all these parameters can be extracted (Figure S7b; Table S2, Sup-
porting Information).

Quantum Hall Device Fabrication and Transport Measurement: A mod-
ified dry transfer technique is carried out to fabricate the devices.[*®] The
polypropylene carbonate (PPC) film was used to pick up the hBN flake
(exfoliated from hBN bulk crystals, from Shanghai Onway Technology),
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graphene (exfoliated from ultrapure graphite), and the hBN flake at 40 °C
in sequence. Afterward, the sample was released on ultrapure graphite
with SiO,/Si substrate at 130 °C. Then a Hall-bar-shaped mask was de-
fined on the top hBN surface by electron-beam lithography of a PMMA re-
sist, and the top BN outside of the mask was etched by reactive ion etching
(CHF;:0, = 30:3) to expose the graphene edge. Finally, metal leads were
deposited (5 nm Cr/80 nm Au) by electron beam evaporation to make
electrical contact. After that, four-terminal transport measurements were
performed using a lock-in amplifier at 17.777 Hz with a 10 nA current exci-
tation in a 9T superconducting magnet system at a temperature of 1.7 K.

Characterizations: Optical images were obtained using an Olympus
BX51 microscope. AFM images were acquired using an Asylum Research
Cypher system. ICP-MS was measured using a NexION 350X system.
EBSD characterizations were carried out using a PHI 710 scanning Auger
nanoprobe instrument. Raman spectra were measured at room tempera-
ture using a Jobin-Yvon HR800 micro-Raman system equipped with a CCD
and a X100 objective lens (numerical aperture = 0.9). The excitation wave-
length is 532 nm from a diode-pumped solid-state laser. A grating with
2400 lines per mm was used to enable each CCD pixel to cover 0.29 cm™!
at 532 nm. The laser power was kept below 1 mW to avoid sample heating.
STEM experiments were performed in FEI Titan Themis G2 300 operated
at 300 kV. HR-XRD 26 scan measurements were conducted using a Bruker
D8 Discover system with a Cu Ka; X-ray source.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Figure S1 | Graphite purified from different carbon sources. a-b), The optical images (a) and
Raman spectra (b) of activated carbon (bottom panel) and the purified graphite from activated
carbon (top panel). c-d), The optical images (c) and Raman spectra (d) of graphite paper (bottom
panel) and the purified graphite from graphite paper (top panel).
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Figure S2 | Elemental purity characterization of different graphite samples.
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Figure S3 | Characterization of point and line defects of graphite. a), The diagram of H> plasma
etching process on the defects of graphite. The Hz plasma will etch the atomic scale defect sites
into hexagonal pits with zigzag edges. b), The AFM image of HOPG before the H2 etching process.
c-d), The AFM images of point defect (c) and line defect (d) on HOPG after being etched by H-

plasma.
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Figure S4 | Crystallinity characterization of different graphite samples. a-c), The AFM images
of ultrapure graphite (a), pure G-1 (b), and HOPG (c) after the H> plasma etching process. The
orientations of the hexagonal pits in pure G-1 are highly aligned, while those in distinct HOPG

domains are different and the boundaries between domains are clearly observed.
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Figure S5 | HR-XRD 26#-scan results of ultrapure graphite (top panel) and HOPG (bottom
panel). The (0002) peak of ultrapure graphite sample is observed at a 26 angle of 26.58°,
corresponding to a calculated interlayer spacing of ~0.335 nm (top panel). The (0002) peak of
HOPG appears at a slightly lower 26 angle of 26.51°, corresponding to a larger interlayer spacing
of ~0.336 nm (bottom panel).
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Figure S6 | The in-plane electrical conductivity measurements of different graphite samples

at room temperature.
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Figure S7 | The in-plane electrical conductivity measurements. a), The in-plane electrical
resistivity of different graphite samples at room temperature. b), The normalized temperature-

dependent in-plane electrical resistivity of different graphite samples.
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Figure S8 | Electronic transport measurements of the Hall device. a),The R, and R., curves as
a function of v when B.L = 9 T. All integer Landau levels are visible. b), The mobility (u) as a

function of n.
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Table S1 | Purity comparison of different kinds of graphite.

Purity Kish graphite HOPG Natural graphite Ultrapure graphite
Elemental defect density 1480 ppm 200 ppm 480 ppm 10 ppm
In-plane structural defect density 38.9 ppb 17.1 ppb 11.8 ppb 0.2 ppb
Out-of-plane stacking purity 94.8% 93.2% 97.9% 99.7%
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Table S2 | The resistance fitting parameters of different graphite samples.

Resistance fitting parameter Kish graphite HOPG Natural graphite Ultrapure graphite
Ry 0.86 0.89 0.26 0.25
Ry 6.50 x 10+ 1.33 X 10 4.89 x 10° 4.11 x 10°
R, 0.31 0.16 0.01 0.10
Eq (mev) 15 12 4 5
Oy 2.54 X 10° 1.27 X 103 3.40 X 10° 3.11 % 102
U3p 1.40 x 10+ 9.25 X 10° 7.42 X 10° 7.94 X 10°
Egy (meV) 40 50 47 43
Egz (meV) 101 112 97 99
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