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Multilayer van der Waals (vdW) film materials have attracted extensive
interest from the perspective of both fundamental research' > and
technology*”. However, the synthesis of large, thick, single-crystal vdW
materials remains a great challenge because the lack of out-of-plane chemical
bonds weakens the epitaxial relationship between neighbouring layers®>'.
Here we report the continuous epitaxial growth of single-crystal graphite
films with thickness up to 100,000 layers on high-index, single-crystal nickel
(Ni) foils. Our epitaxial graphite films demonstrate high single crystallinity,
including an ultra-flat surface, centimetre-size single-crystal domains and
aperfect AB-stacking structure. The exfoliated graphene shows excellent
physical properties, such as a high thermal conductivity of 2,880 W m™ K™,
intrinsic Young’s modulus of -1.0 TPa and low doping density of

~2.2x10" cm™. The growth of each single-crystal graphene layer is realized
by step edge-guided epitaxy on a high-index Ni surface, and continuous
growthis enabled by the isothermal dissolution-diffusion-precipitation

of carbon atoms driven by achemical potential gradient between the two
Nisurfaces. The isothermal growth enables the layers to grow at optimal
conditions, without stacking disorders or stress gradients in the final
graphite. Our findings provide a facile and scalable avenue for the synthesis
of high-quality, thick vdW films for various applications.

Incontrast to the great challenge of synthesizing single-crystal graph-
ite, the monolayer form of graphene has been successfully produced on
various substrates®® ', with sizes up to the submetre scale. Naturally,
one can suppose that high-quality, single-crystal graphite films can
be obtained finally if the high-quality graphene can be continuously
grown in a layer-by-layer manner, either by adding a new layer above

the preformed layers (top growth) or by growing a new layer between
the preformed layers and the substrate (bottom growth). However,
‘top growth’ of a new graphene layer cannot be assisted by the typi-
cal substrates used, as their catalytic ability is mostly over the short
range. The ‘bottom growth’ route has no such catalytic limitation, but
requires a continuous supply of carbon atomsto the interface between
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Fig.1| Continuous growth of the large epitaxial graphite film. a, Schematic
illustration for the continuous growth of epitaxial graphite. Carbon atoms from
the solid carbon source first dissolve into the single-crystal Ni foil (left), then
diffuse to the other surface of the Ni foil to form graphene layer by layer (middle)
and, finally, alarge epitaxial graphite film is obtained (right). b, Photograph of
an epitaxial graphite film with a size of 2 x 3 cm? ¢, SEM image of the epitaxial
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graphite film. Three sets of parallel wrinkles with a relative angle of 60° or

120° are observed. d, Thickness characterization of the epitaxial graphite film
transferred onto a SiO,/Si substrate. Left: 3D confocal micrograph of the graphite
film on the substrate. Right: the height profile along the orange dashed linein

the left panel. e, Optical image of the wrinkle-free graphite film after chlorination
treatment at high temperature.

theas-growngraphite filmand the substrate. Currently, thereisstillno
effective way to realize the continuous growth of graphene layersinto
ahigh-quality, single-crystal graphite.

Here we propose a continuous epitaxial method to realize the
growth of high-quality, single-crystal graphite following the ‘bottom
growth’route, inwhich asolid carbon sourceis placed on one surface
of ametal foil to enable the continuous supply of carbon atoms via
isothermal dissolution-diffusion-precipitation at high tempera-
ture (Fig. 1a). In this design, carbon atoms from the solid carbon
source will isothermally dissolve into, and then diffuse through,
the metal foil, finally precipitating on the opposite surface of the
metal foil to form graphene layers continuously. In the traditional
dissolution—-precipitation approach, a cooling process is required
todrive the graphite growth and thus the top and bottom graphene
layers of the graphite must be grown at different temperatures. The
variation of the temperature during growth does not allow each
graphene layer to be grown at the same optimal temperature and
resultsin contraction of the substrate. Both variation of the growth
temperature from the optimal one and contraction of the substrate
may lead to inevitable disorders and stress gradients in the final
graphite. Onthe other hand, the proposed isothermal dissolution-
diffusion-precipitation method used in our experiment ensures that
the growth of every graphene layer is at the optimal temperature and
under well-optimized conditions, finally leading to high-quality,
single-crystal graphite films.

After carefulinvestigation, we chose Nirather than other metals as
the substrate, for the following reasons: (1) Ni has a high carbon solu-
bility (-2.2 x 10%' carbon atoms per cm*at 1,300 °C) and alarge carbon
diffusivity (the diffusion length can be ~100 um at 1,300 °C) (ref. %),
both of which are critical to guarantee the adequate and continuous
supply of carbon atoms (Supplementary Fig.1a); (2) centimetre-scale,
single-crystal Ni foils with different surface indices can be produced
from commercial foil products using our recently developed seeded
growth technique®?, which will benefit the homogeneous growth of
large-scale, high-quality graphite films (Supplementary Fig. 1b); and
(3) the step edges of the high-index, single-crystal Nifoils can robustly
facilitate the quick nucleation and fast epitaxial growth of graphene
attheinterface between the preformed graphite and the substrate in
practice (Supplementary Figs.1c-e and 2).

Inour experiment, the single-crystal Ni foil (with typical thickness
of100 pm) was pressed against the solid carbon source (such asgraph-
ite paper) to achieve an intimate contact. The growth was performed
at1,300 °C, followed by an ultra-slow cooling process (Supplementary
Fig. 3). As aresult, a homogeneous epitaxial graphite film with a size
of 2 x 3 cm? was successfully synthesized (Fig. 1b,c). The thickness of
this filmwas measured by confocal microscopy and found to be about
10 pm (Fig. 1d) after being transferred onto a SiO,/Si substrate, whichis
hundreds of times thicker than has been reported in the recent litera-
ture’*”. Wrinkles with heights of 0.1-2 pm formed during the cooling
process after the growth, as Niwill contract by 2.3% more than graphite
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Fig.2|Structural characterization of the epitaxial graphite film. a, AFM
roughness (standard deviation of the height, ) images of epitaxial graphite (G)
and HOPG. The measured roughness is 25 pm and 600 pm for epitaxial graphite
and HOPG, respectively. b, EBSD IPF-y maps of epitaxial graphite, kish graphite,
natural graphite and HOPG. For kish graphite, natural graphite and HOPG, the
IPF-yimages show spotted and even colourful patterns, indicating the typical
small domain size of ~100 umin these graphitic materials. ¢, X-ray diffraction
260scan spectra of the four kinds of graphite samples, where alarger 20 value
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indicates asmaller interlayer distance. d,e, Atomically resolved STEM image

of the epitaxial graphite film (d) and its corresponding SAED pattern (e). The
white and red hexagons correspond to the odd and even graphene layers, and
the yellow circles (solid circles, overlapped carbon atoms with brighter contrast;
dashed circles, suspended carbon atoms with darker contrast) demonstrate the
AB-stacking structure of the graphite film. The orange line in e is the intensity
profile along the dashed box. f,g, Cross-sectional, atomically resolved STEM
image (f) of the epitaxial graphite film and its corresponding SAED pattern (g).

when the temperature drops from 1,300 °C to 20 °C (ref. **). Regions
away from the wrinkles are extremely flat, with aroughness of <30 pm
and even atomic steps are not observed in all the measured samples.
In contrast, highly oriented pyrolytic graphite (HOPG), widely used
as a standard calibration sample in surface science, has a roughness
of ~600 pm with distinguishable grain tilts and steps (Fig. 2a and Sup-
plementary Fig.4).

Systematic characterizations reveal that the as-grown epitaxial
graphite film has the highest single-crystalline quality amongst all
the well-known graphitic materials, including natural graphite, kish
graphite and HOPG (Supplementary Table 1). The large-scale single
crystallinity can be directly deduced from the wrinkle characteristics
first. Due to the intrinsic C;, lattice symmetry, graphite film shrinks
and tends to formwrinkles along three main armchair directions®. In
a single-crystal graphite film, these wrinkles should have three sets
of parallel directions, with arelative angle of 60° or 120°, as observed
in the scanning electron microscopy (SEM) image of our epitaxial
graphite film (Fig. 1c). The atom-resolved atomic force microscopy
(AFM)images (Supplementary Fig. 5) confirm that the obtained graph-
ite holds the same hexagonal lattice when crossing a wrinkle and
remains a single crystal. These wrinkles could be eliminated by etch-
ing the Ni foil away at high temperatures. Similarly to the industrial
purification procedure of graphite and recent work on eliminating
wrinkles'***, we used chlorine gas (Cl,) to remove the Ni substrate
after the graphite growth and finally obtained millimetre-scale,
wrinkle-free, single-crystal graphite samples (Fig. 1e). The uniform
colourintheydirection of theinverse pole figure (IPF y) inthe electron
back-scattered diffraction (EBSD) mappings further confirmed that
our graphite filmisindeed asingle crystal with a size up to centimetre
scale (Fig. 2b and Supplementary Fig. 6).

Theinterlayer crystal structure of the epitaxial graphite film was
evaluated by high-resolution X-ray diffraction. Quite strikingly, our
as-grown graphite filmshows the largest (0002) peak at a26 of -26.58°
(Fig. 2c), which corresponds to an interlayer distance of 0.3353 nm,
approaching the theoretical value closely. X-ray diffraction ¢ scan
was further performed, and the perfect six-fold pattern was obtained
(SupplementaryFig.7), indicating the intrinsic symmetry of the large
single-crystal graphite. Further atomically resolved scanning trans-
mission electron microscopy (STEM) and selected area electron dif-
fraction (SAED) results reveal that the adjacent layers are in a perfect
AB-stacking structure (Fig. 2d,e), where three atoms with brighter
contrast are observed in the STEM image and the outer and inner dif-
fraction spots in the SAED patterns have an intensity ratio of more
than 2. The stacking structure was also visualized and confirmed by
the cross-sectional STEM image and corresponding SAED pattern
with the a-axis and c-axis lattice constants measured as 0.246 nm and
0.670 nm, respectively (Fig. 2f,g).

To further evaluate the crystal quality of the epitaxial graphite
film, we exfoliated it into monolayer or few-layer graphene and inves-
tigated the thermal, mechanical and electronic properties (Fig. 3a
and Supplementary Fig. 8). The Raman optothermal measurements
on exfoliated films show that our graphite film has a thermal conduc-
tivity 0f 2,880 + 90 W m K™ (Supplementary Fig. 9a—d). This value is
the highest amongst all the graphite films measured in this work and
others reported in previous works®*° (Fig. 3b and Supplementary
Table 2). The two-dimensional (2D) Young’s modulus of monolayer
graphene obtained by 15 nano-indentation tests was 346 + 20N m™,
corresponding to the three-dimensional (3D) Young’s modulus of
1.03 £ 0.06 TPa(Fig. 3c and Supplementary Fig. 9e), which is consistent
with the theoretical limit*>%,
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Fig.3|Thermal, mechanical and electronic properties of the exfoliated
graphene monolayer and few layers. a, Optical image of the exfoliated
monolayer and few-layer graphene from the epitaxial graphite film.

b, Comparison of the thermal conductivity of different kinds of graphite.

The first two values are from the literature, and the last four data values were
measured in our experiments using the Raman optothermal technique. Thermal
conductivity of the epitaxial graphite film was calculated as 2,880 + 90 Wm™ K™,

Error barsindicate * s.d. ¢, Two-dimensional and 3D Young’s modulus of the
exfoliated graphene films with different layer numbers. Error bars indicate +
s.d.d, Raman spectrum of the hBN/graphene/hBN heterostructure, with a very
narrow 2D FWHM observed. e, Resistance (R,,) as a function of applied back-gate
voltage (V) at T=1.5Kand B=0T.f, Landau fan diagram of R, of graphene
asafunction of both V, and perpendicular magnetic field B, with Branging
uptol6T.

The quality of the epitaxial graphite film was further evaluated
for its monolayer encapsulated with hexagonal boron nitride (hBN)
flakes®. A very small full-width at half-maximum (FWHM, ~16 cm™) of
the Raman 2D peak (Fig. 3d) was obtained. Such alow valueis attributed
to the uniformstraindistribution, low carrier doping and high purity of
thegraphene samples*°. Transport measurement on a graphite-gated
hBN/graphene/hBN heterostructure at1.5 K (Supplementary Fig.10a,b)
shows intrinsic electronic properties of the monolayer graphene sam-
ple, including a low initial doping level of 2.2 x 10" cm™ (Fig. 3e), an
extremely narrow resistivity peak witha FWHM of about 2.9 x 10 cm™
(Supplementary Fig. 10c), a well-resolved Landau fan diagram with a
seriesof broken-symmetry states at thelowest two Landau levels (Fig. 3f)
and a high mobility of ~150,000 cm?V's™ at a carrier density of
2.2x10" cm™(Supplementary Fig.10d). Allthese observations indicate
that the quality of our device is on par with the highest quality reported
inthe literature and that the device performance is mainly limited by
the fabrication process rather than the intrinsic quality of the crystal.

Using the proposed growth method, we can obtain high-quality,
single-crystal graphite films with an ultra-high growthrate, estimated
as up to 0.3 layers per second, which is orders of magnitude quicker
than that of graphene grown by the typical chemical vapour deposition
(CVD) method. Thus, anew graphene layer must be formed by the seam-
less stitching of alarge number of graphene islands. And the graphite
growthis surely not driven by the prevailing dissolution-precipitation
mechanism, otherwise the graphite thickness would not exceed 1 pm
due to the limited solubility of carbon in Ni with thickness of 100 pm
(ref.?). Here, asillustrated in Fig. 4a, the continuous growth mechanism

canbeunderstood by athree-step process (thatis, anisothermal disso-
lution-diffusion—precipitation process): (1) carbon atoms of the solid
carbonsources have arelatively high chemical potential to dissolve into
the Nifoil after overcoming a dissolution barrier (step I, the barrier is
estimated at about 1.5-2 eV according to our calculations; Methods
and Supplementary Fig. 11); (2) the dissolved carbon atoms diffuse
through the Ni foil (step II); and (3) the dissolved carbon atoms pre-
cipitate out, grow into multiple grapheneislands and these graphene
islands merge into a new graphene layer at the interface between the
preformed graphite and the Ni foil (step Ill, the barrier of graphene
growthis about 2-3 eV (ref. )).

Quantitatively, the growth rate R of the epitaxial graphite film
canbeestimated as

R =./VO’ (1)

where / is the flux of carbon atoms through the Ni foil and
U, =8.79 x107° m3is the volume of a carbon atomin graphite. Accord-
ing to Fick’s first law, the flux/is

PL—Pr

J=-DVp= —D—d = -Dp, (2)

X
7

where D= 6.9 x10™° m?s*is the diffusion coefficient of acarbon atom
inNiat1,300 °C, Vpis the carbon concentration gradient, p, and pg
are the carbon concentration on the left and right sides, respectively,
po=2.2x10" m2istheaverage concentrationof carbonatomsin Niat
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Fig. 4 | Mechanism for the continuous epitaxial growth of the graphite film.
a, Schematic diagram of the chemical potential gradient from the carbon source
side to the epitaxial graphite side. The black and blue balls represent the carbon
and Niatoms, respectively, and the single-crystal Niis noted as SC Ni.b, Raman
spectra of epitaxial graphite and different kinds of carbon sources (carbon black,
activated carbon, graphite powder, carbon nanotube film and graphite paper).
All these carbon sources are successfully used for the growth of graphite film.

¢, Thickness evolution of the epitaxial graphite films with growth time (100-pm-
thick Ni foil as the substrate and graphite paper as the carbon source).

Thelight-blue region demonstrates the graphite thickness limitation (-1 pm)
inthe traditional dissolution-precipitation process. Error barsindicate + s.d.

d, Cross-sectional atomically resolved STEM image of the interface between
epitaxial graphite film and the Ni surface. e, Schematic diagram of the epitaxial
process of graphite growth on the Ni surface, where carbon atoms nucleate near
step edges of the Nisurface, form graphene islands, merge into a large single-
crystal monolayer seamlessly, push up the preformed graphene layers and form
AB stacking between adjacent graphene layers.

1,300 °C, d =100 pm is the thickness of the Ni foil and x < 1is a factor
denoting the relative carbon concentration difference on both sides
of the Ni foil. From the experimental growth rate, R=10"*pums™, we
found that the chemical potential difference (Au = kTIn(1 +x)) on two
sides of the Nifoil is of the order of magnitude of 0.1 meV (see Methods
for more details), which can be easily realized by most solid carbon
sources. Indeed, we have found that various carbon materials, such
ascarbonblack, activated carbon, graphite powder, carbon nanotube
filmand graphite paper, can be used as carbon sources to grow graphite
films (Fig. 4b and Supplementary Fig.12), demonstrating that this new
approach of graphite synthesis can tolerate the variation of carbon
sources and the impurities in them. And, the continuous growth of
graphene monolayers could finally lead to a high-quality, single-crystal
graphite film with thickness up to 35 pum (more than100,000 graphene
monolayers) in 5 days (Fig. 4¢).

Once the carbon atoms precipitated out driven by the chemi-
cal potential gradient, the subsequent growth of high-quality,
single-crystal graphite films follows the epitaxial growth mechanism
(Fig.4d,e), anditistemplated by boththe step edges of the high-index
Ni surface and the preformed graphite. Numerous unidirectionally
aligned graphene islands nucleate at the parallel atomic step edges
of the Ni surface and then merge into a large single-crystal graphene
monolayer seamlessly. Then, the newly grown graphene layer forms AB
stacking withthe preformed graphite, as the AB-stacking configuration
is the energy minimum state**.

We found that our graphite was also of high purity, as the atomic
carbontransportthrough the Nifoil and the recrystallization of carbon
atomson the other surface of the Nifoil will naturally blockimpurities
in the carbon sources (similar to solvent refining for the purification

of metal in the field of metallurgy). The obtained high-quality, epi-
taxial graphite films will potentially find applications in many areas,
for example, in solid super lubricants as super-flat isolating layers,
in circuit thermal engineering as high thermal conducting films, in
acoustic devices as mechanical resonators and in advanced electrodes
as electrochemical capacitors.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of
author contributions and competing interests; and statements of
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Methods

Growth of the epitaxial graphite film

Single-crystal Nifoils with different facets (99.994%, Zhongke Crystal
Materials) were placed on the surface of asolid carbon source (graphite
paper,JL-AQC-5C, 99.9%, Beijing Jinglong Special Carbon Technology;
carbon nanotube film, A60693, 3AChem; graphite powder, 10130,
75-82%, Alfa Aesar; activated carbon, R019801, Rhawn; and carbon
black, R0O51937, Rhawn) on an alumina substrate and loaded into a
CVD furnace (Tianjin Kaiheng, custom designed). Then, the furnace
was heated t0 1,300 °C in 2 h and the temperature was maintained
for 1-120 h to grow graphite. After the growth, the system was slowly
cooled down to room temperature (2 °C min™) to approach the iso-
thermal state, ensuring growth with few or no disorders and defects
even during the cooling process. Throughout the growth experiment,
800 standard cubic centimetres per minute (sccm) Ar and 50 sccm H,
flowed through the tube furnace.

Chlorination treatment of the samples

The as-grown graphite film was sentinto the chlorinationinstrument,
andwhenthesystemreached1,000 °C, Cl, (150 sccm) was introduced
for2 htoetch the Nifoil away. After the etching, Cl, was turned offand
the system was held for about 30 min to pump out the Cl,, and then
the system naturally cooled down to room temperature to obtain the
graphite without wrinkles.

Transfer of the epitaxial graphite film

For the wet transfer method, the obtained graphite/Ni sample was
etched in FeCl, solution to remove the Ni, then the obtained graphite
film was rinsed with deionized water several times and, finally, it was
placed on the desired SiO,/Si substrate. In addition, a modified dry
transfer technique using polypropylene carbonate (PPC) was carried
out to fabricate the heterostructure. The PPC film was used to pick
up the hBN flake (exfoliated from hBN bulk crystals, Shanghai Onway
Technology), graphene (exfoliated from our graphite) and the hBN
flake under 40 °C, insequence. Afterwards, the sample was released on
graphite (exfoliated from our graphite) with SiO,/Si substrate at 130 °C.

Measurement of the thermal conductivity of epitaxial
graphite film

Thermal conductivity of the graphite film was measured using the
Raman optothermal technique. Different kinds of graphite, including
the epitaxial graphite obtained in this work, natural graphite (Gra-
phenium Flakes 25-30 mm, NGS Naturgraphit), kish graphite (Grade
300, Graphene Supermarket) and HOPG (ZYA grade, NT-MDT), were
exfoliated onto the holey SiO,/Si substrate (5 um in diameter and
300 nmin depth). The power-dependent (the relationship between
laser power (P) and the measured Raman shift (w)) and
temperature-dependent (the relationship between T and w) Raman
measurements were performed. Combining the two fitting results,
athermal parameter (Z—: - "—: a—ﬁ wasintroduced to indicate the heat
diffusion process. Then, we used the COMSOL Multiphysics software
to simulate the experimental process. Thermal conductivity of the
graphite film can be extracted by applying the experimental param-
eter (g—:) into the simulation plot.

Measurement of the Young’s modulus

Theepitaxial graphite film was mechanically exfoliated into graphene
films with white tape (3M Scotch) onto a holey substrate with arrays of
circularholes (1.5 pmor 2.0 umin diameter and 300 nmin depth). After
the sample was scanned by an AFM (Bruker Multimode 8) a few times
until the image was stabilized, the sample stage was moved upwards
with a distance of z, so that the AFM tip could apply a force F on the
graphene film. The deformation ¢ of the sample can be calculated
as § =z - F/k, where k is the spring constant of the probe, which was
calibrated by the Sader method (online calibration) following asimple

harmonic oscillation model. After deducing 6, the 2D Young’s modulus
E?® could be obtained by fitting the F- curve. The 3D Young’s modulus
E*® was calculated by dividing F?° by the sample thickness.

Device fabrication and transport measurement

We used the typical dry transfer method mentioned above to
assemble the hBN/graphene/hBN/graphite heterostructure. Then,
a Hall-bar-shaped mask was defined on the top hBN surface by
electron-beam lithography of a polymethyl methacrylate resist,
and the top BN outside the mask was etched by reactive ion etching
(CHF;:0, =40:6) to expose the graphene edge. Finally, we deposited
metalleads (3 nmCr/130 nm Au) by electron-beam evaporationto make
anelectrical contact. After that, four-terminal transport measurements
were performed using alock-inamplifier at13.132 Hzwith a100 nA cur-
rent excitation. The sample was measured in a 16 T superconducting
magnet system at a temperature of 1.5K.

Characterization

Optical images were obtained using an Olympus BX51 microscope.
SEMimages were obtained using an FEI Nova NanoSEM 430 scanning
electron microscope. Thickness of the graphite films was measured
by a 3D laser scanning confocal microscope (KETENCE, VK-X1000).
AFMimages were acquired using an Asylum Research Cypher system.
EBSD characterizations were carried out using a PHI 710 scanning Auger
nanoprobe instrument. X-ray diffraction 26 scan measurements were
conducted using a Bruker D8 Discover system. X-ray diffraction ¢y scan
measurements were performed using an X’Pert®> MRD system with a
CuKa, X-ray source. Raman spectra were performed using a WiTec
alpha300R system with alaser excitation wavelength of 514 nm.STEM
and SAED experiments were performedinan FEI Titan Themis G2300
operated at 300 kV.

Calculation details

The computational results presentedin thiswork were carried out using
the density functional theory asimplemented in the Vienna Ab-initio
Simulation Package***. We adopted the Perdew-Burke-Ernzerhof
functional with the generalized gradient approximation to treat the
exchange-correlation functional®. For the calculation of reaction
barrier and geometry relaxation, we used a kinetic energy cutoff of
400 eV and a threshold convergence of 10~ eV and 0.01 eV A™ for the
energies and forces of the system, respectively. The energy barrier of
eachreaction was calculated using the climbingimage nudged elastic
band method*.

To present the solid carbon source, we used a vertically aligned
graphene nanoribbon (7.45 x 10.88 A?, with the edge terminated by
Hatoms) and attached it to the step of the single-crystal Ni surface (a
step along the <110> direction was used here, with the unit cell size of
7.45% 6.30 x 32 A%, and the bottom two layers of the Ni atoms were fixed
torepresent the Nifoil). The Monkhorst-Pack k-point mesh of 5x 5 x 1
was adopted. The whole carbon-dissolved process (step lin Fig. 4) was
dividedinto two stages (Supplementary Fig.11). First, one carbonatom
detached from the edge of the carbon source to the subsurface of Ni,
and then, subsequently, another carbon atom near the first dissolved
carbon atom detached to the subsurface of Ni.

Estimation of the growth rate of the graphite film

Generally, the solubility of carbon in Niis 0.53 g per 100 g at 1,300 °C
(ref.*), thus the average concentration p, of carbon atoms in Ni could
be estimated as:

Po = 0.53% TN PNLN 52 % 1077 atoms m=3 3)
mc my;

where my; =58.7 AMU, m. =12 AMU, py; is the density of bulk Ni of about
8.2gcm™at1,300 °Cand N, is the Avogadro constant.
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The volume of a carbon atom in graphite is estimated by:

mc

Vo =879 x1073%m3, 4)

pgraphiteNA

where the density of graphite i is about 2.266 g cm™.
By combining equations (1) and (2), the vertical growth rate of
graphiteis given by:

R= —Duopo’a‘ = 0.133x ym s~L. 5)

Fromthe experimental growth rate R=10"* pm s™, we can estimate
the carbon concentration difference on both sides of the Ni foils as
only x=0.07%. To obtain such a concentration gradient, the required
chemical potential difference is estimated as Ap = kTIn(1 +x) = 0.1 meV,
where kis the Boltzmann constant and T'is the growth temperature.

Data availability

Source data are provided with this paper. The data that support the
findings of this study are available within the paper and Supplementary
Information. Additional data are available from the corresponding
authors upon reasonable request.
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