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Synthesis and properties ofmirror-like large-
grain graphite films

Liyuan Zhang 1,2,7, Meihui Wang 1,3,7, Dongho Jeon1,4, Yongqiang Meng 1,4,
Sun Hwa Lee 1, Myeonggi Choe1,5, Yunqing Li 1,4, Mengran Wang 1,2,
Sherilyn J. Lu 1, Zonghoon Lee 1,5, Won Kyung Seong 1 &
Rodney S. Ruoff 1,4,5,6

Graphite films with large grain sizes have been reportedly obtained by using
metal as catalysts, but the obtained graphite is mostly heavily wrinkled, thus
containing defects that degrade its properties. We report the synthesis of
mirror-like and large-grained graphite films with only a few nano kinks and
controllable dimensions, achieved by using flat Ni-Mo alloy melts of the same
lateral dimensions as themetal foils used tomake this alloymelt. The graphite
film exhibited few nano kinks and a mirror-like appearance because the
deliberate evaporation of much of the Ni produced a porous substrate, which
in turn dramatically weakened the substrate-graphite film interaction before
cooling. The mirror-like graphite appears to be 100% AB-stacked with
millimeter-sized grains that aremuch larger than themulti-micron grain size of
highly oriented pyrolytic graphite and rivaled in size only by a small percen-
tage of natural graphite. Our graphite films have an electrical conductivity of
2.25 × 104 S cm−1 at 300K. Tensile loading of macroscale samples showed an
average Young’s modulus of 969 ± 69GPa and average fracture strength of
1.29 ± 0.203GPa, and Frequency Domain Thermoreflectance revealed an
average in-plane thermal conductivity of 2034.4 ± 68Wm−1·K−1.

Graphite has attracted worldwide attention due to its anisotropic
physical properties in terms of electric/thermal conductivity1–3, its use
as a filler material, its extensive use as anode material in batteries, and
other applications such as electromagnetic shielding, catalysis, and
nuclear power4–6. Achieving high-quality artificial graphite crystals
(large grain sizes and flat/smooth textures) has been pursued from the
mid-20th century7–9 with one approach based on the carbonization
and high temperature (normally > 3000 °C) graphitization of polymer
film while it is being stretched and/or compressed10. Typically, such
films show small grain size (<1 μm) and lower density (<2.1 g cm−3; the

crystallographic density of graphite is 2.23 g cm−3), and mechanical
properties are not evaluated10,11. A different type of synthetic graphite,
highly oriented pyrolytic graphite (HOPG) with a density of
~2.26 g cm−3 and grain sizes of ~20 µm is made by the application of
uniaxial pressure on a pyrolytic carbon film at ~3000 °C12. Although
these commercial methods are effective in producing graphite crys-
tals, the grain sizes are small.

Graphite film with larger grain sizes and thicknesses is of interest
and progress has beenmade in the past 40 years13. Metals, either in the
formof solid ormelt, have been reportedly used to yield graphite films
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with large grains by dissolution of carbon and its subsequent pre-
cipitation from metals14–18. However, such graphite films had heavy
wrinkles/kinks that were likely due to the much larger thermal con-
traction of themetal substrate compared to the graphite film adhering
to it upon cooling from the high temperatures used to synthesize such
films, to room temperature19; such significant defects strongly and
adversely impact performance20–22. Recently, the synthesis of a single
crystal graphite film was reportedly achieved by continuous epitaxy
based on single crystal nickel in isothermal environment23. The as-
reported graphite film had many wrinkles/kinks formed in the cooling
process, and several properties of this sample were measured not at
macro- but rather at micro-scale (actually measuring the properties of
graphene flakes exfoliated from the graphite sample)23. It was reported
that graphite wrinkles/kinks could be eliminated (actually, by our
invented method24) by removing the underlying metal growth sub-
strate by etching with Cl2(g)

23. However, the defects in the wrinkles/
kinks thatwere already formed in the graphite couldnot be ‘fixed’ even
with the elimination of the wrinkles/kinks that would have formed
from the thermal contraction of the Ni substrate used—if the Cl2
etching method had not been used24.

While diffusion of C through solid metal substrates can yield
graphite films with controllable shapes and sizes, the graphite film
growth rates are quite low due to the rate of diffusion rate of C atoms
in solidmetals such as Ni or Fe; for example 0.3 layers s−123. Metal melts
and precipitation of graphite films from them typically yield curved
(“bent”) graphite films, and this bending introduces undesirable
defects25. Additionally, the graphite films made from such metal melts
have irregular shapes and sizes26-in short, the lateral geometry is not
controlled.

Through a series of different experimental configurations (trial
runs)wehave ultimately used stackedNi andMo foils and a home-built
Joule heating system to generate a very smooth and flat Ni-Mo binary
alloymelt that carbon is dissolved into and fromwhichmirror-like and
large grain size graphite films precipitate on the top surface (see
Fig. 1e). After the growing process, Ni gradually evaporated from the
alloy (this was done deliberately), yielding a porous substrate, thereby
eliminating an undesired continuous graphite-metal interface, thus
essentially eliminating the formation of wrinkles/kinks that always
formwhen themetal substrate is well adhered to the graphite film and
when cooling back to room temperature during a growth run; the
porous substrate that we achieve by evaporating out the nickel, is not
at all well adhered to the graphite film. The Ni-Mo melt enables a
growth of 6.2 layers s−1, 20 times higher than reported in ref. 23.

We report mirror-like graphite films with arbitrary shapes and
sizes that can be obtained by using Ni and Mo foils with desired
dimensions. These mirror-like graphite films are AB stacked through-
out, have millimeter-scale grains, and a density of macroscale samples
of 2.25 g cm−3, very close to the crystallographic density of 2.26 g cm−3.
Our graphite film has an electrical conductivity of 2.25 × 104 S cm−1 and
an in-plain thermal conductivity of 2034.4 ± 68Wm−1·K−1. By deliber-
ately creating dog-bone-shaped Ni and Mo foil pieces and stacking
them, dog-bone-shaped graphite films were grown. Tensile loading of
the resulting macroscale dog-bone shaped graphite films yielded an
average Young’smodulus of 969 ± 69GPa and average tensile strength
of 1.29 ±0.203GPa. Thesemacroscalemechanics values far exceed the
measured values of any macroscale artificial graphite samples mea-
sured to date.

Results and Discussion
Synthesis of mirror-like graphite films
Figure 1a shows the experimental configuration forgrowingmirror-like
graphite films frommolten Ni-Mo alloy in our home-built Joule heating
system (Supplementary Fig. 1 and 2). Ni foil, Mo foil, isotropic graphite
plate, and carbon paper are stacked on top of each other (Fig. 1a), and
then heated following the temperature-time profile (T, t) profile in

Fig. 1b in anArgon gas atmosphere; a graphite film grows on the top of
the metal melt. Note that per pyrometer measurements the tempera-
ture in the reaction chamber is not uniform (Supplementary Fig. 3 and
Supplementary Table 1). We always measured the crucible tempera-
ture on a sidewall of the graphite crucible (yellow spot in Fig. 1a) using
a pyrometer, and this temperature is controlled by feedback with our
home-built system. The spatial temperature field over the whole
reaction chamber was simulated with COMSOL (Supplementary Fig. 4-
7), such as when the graphite crucible sidewall reaches 1605 °C,
1930 °C, 2000 °C and 2250 °C, respectively. Unless otherwise stated,
the temperature valuesmentioned in this paper are the temperature at
the center of the sample surface obtained by COMSOL modeling. As
shown in Fig. 1c, along the x axis the maximum temperature is in the
center part of the crucible (at x =0), and the temperature gradually
declines towards the edges. After cooling and removing the lid, the
obtained graphitefilm showsamirror-like surface (Fig. 1d). It should be
noted that the growth rate is up to 6.2 layers s−1, which is 20 times
faster than the reported method23. This ultra-high growth rate prob-
ably results from the high solubility of carbon atoms in the Ni melt
(e.g., 19 at% at 2000 °C)27. Metals were removed by acid vapor and the
graphite film was further heat-treated, as described in Methods and
Supplementary Fig. 8 (Special Note in Supplementary Fig. 8: the heat
treatment has no influence on the intrinsic structure of graphite film).
A free-standing flat graphite film canbeobtained by peeling using tape
(Methods and Supplementary Fig. 8). By patterning the metal sub-
strates, mirror-like graphite films in desired shapes and sizes are
obtained (Fig. 1d).

The Ni-Mo alloy that forms in the heating stage (i) was monitored
in-situ (with no lid) by videotaping with simultaneous measurements
of the emissivity and the temperature with a spectropyrometer.
According to screen shots from the video (Fig. 1f), the metal foils
startedmelting at 1321 °C,which is close to the 1312 °C eutectic point of
the Ni-Mo system28, and this Ni-Mo melt wetted the surface of the
isotropic graphite plate (Supplementary Media 1); this melting occurs
in ~3 s. At 1378 °C, a few ‘shiny’ yellow regions appeared on the surface
of the Ni-Mo melt (Fig. 1f), and these grew rapidly and coalesced
together, and completely covered the molten alloy surface in
3.5minutes (see Supplementary Media 1). Similar ‘shiny’ regions have
been reported to be as-grown graphite from reported in-situ obser-
vation of graphite growth “from a molten phase”29. In several of our
growth runs, quenching after their appearance showed that these
shiny regions are graphite (Supplementary Fig. 9); we note that our
home-built system allows for relatively rapid cooling - a few seconds to
return to close to room temperature.

Simultaneous with the changes observed in the video recording
(Fig. 1f), the emissivity of the surface abruptly increased at 1321 °C
(Fig. 1g) to 0.34 where it remained for a certain time. Then the emis-
sivity again rapidly increased to 0.70 and finally to the stable value of
0.75, which is related to the precipitation of graphite film on themetal
melt (Supplementary Fig. 9). Thus, emissivity of 0.34 is likely related to
the formation of theMo-Ni eutectic and in general to themoltenmetal
surface. From our measurements of emissivity of standard materials
(Supplementary Table 2) the emissivity of 0.75 is (surely) due to for-
mation of a graphite film: the ‘shining’ yellow-colored (at this high T)
material is graphite.

Graphite can form in and/or on metal by a dissolution-
precipitation process19. C dissolves into metal during heating and
then precipitates on the surface as graphite either while held at a given
temperature23, and/or during cooling30. In our case, the temperature
gradient in our graphite crucible (Supplementary Figs. 5 and 6) and
strong concentration gradient of C from bottom to top in the initial
configuration (100% C at bottom (graphite plate), 0% C at top (Ni foil)
when t = 0 s), drives C to diffuse from the hot region (metal bulk) to the
cold region (metal surface) in the heating process31; however, this
evidently only starts when the metal is molten and we ascribe this to
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intimate contact happening between the isotropic graphite plate and
themoltenmetal and further note the temperatureof theNi-C eutectic
of 1326.5 °C32.

We attempted to growgraphitefilmsby usingonlyonepuremetal
foil (Ni, Co, Fe, Mo, V, Pt, and Pd) but flat mirror-like graphite films did
not form (please see Supplementary Text and Supplementary

Fig. 10 and 11). We tried other foil stacking configurations and found
that high-quality mirror-like graphite films can also be synthesized
from Fe-Mo and Co-Mo melts (Supplementary Fig. 12 and 13, thus Fe
foil/Mo foil/graphite plate or Co foil/Mo foil/graphite plate stacking
prior to heating). The Ni-W can also be used to synthesize the flat
graphite film, though the surface is wrinkled (Supplementary Fig. 14).
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We could not obtain the mirror-like graphite film in a graphite furnace
with uniform temperature in the chamber (Supplementary Fig. 15).

Surface topology of the graphite film
The morphology of the surface of the mirror-like graphite films was
studied by scanning electron microscopy (SEM) and atomic force
microscopy (AFM). As shown in Fig. 2a and Supplementary Fig. 16a, the
film surface is flat and smooth over 1mm × 1mm. In the high-
magnification SEM and AFM images (Fig. 2b, Supplementary
Fig. 16b and 16c), “straight” features with widths less than 1 μm and
heights less than 250 nm were observed, which we refer to as “nano-
kinks”. The area ratio of these nano-kink regions to the whole surface
of the mirror-like graphite film was 0.77% (Supplementary Fig. 17). We
further characterized nine sections (50 µm× 50 µm; randomly chosen)
by AFM to confirm the flat texture of the mirror-like graphite film
(Supplementary Fig. 18).

To try to understand how the graphite film forms, we prepared
three “intermediate samples” by quenching the crucible from certain
temperatures (sample T = 1549 °C, 1864 °C, and 2180 °C) to room
temperature, named as intermediate-I, intermediate-II, intermediate-
III, respectively (Supplementary Fig. 19). Kink bands of two different
sizes were observed in these intermediates (Fig. 2c–e). Large kink
bands that randomly intersect over the whole graphite films in SEM
and optical images (Fig. 2c–e) are seen, with average widths of tens to

about one hundred micrometers and average heights of several
micrometers (Supplementary Fig. 20). In the ‘smooth’ regions between
these large kink bands, a few micro kink bands were observed in high-
magnification SEM and AFM images, with average widths of several
micrometers (Fig. 2f–h, indicated by yellow arrows) and average
heights of hundreds of nanometers (Supplementary Fig. 20 and 21) for
intermediate-I. When the hold temperature was increased from
1549 °C (Fig. 2f) to 1864 °C (Fig. 2g), the average widths of large kink
bands in intermediate-II, was found to be increased from 24 μm to 113
μm (Supplementary Fig. 21a) while the area ratio of these nano-kink
regions to the whole surface increased by ~10% (Supplementary
Fig. 17a). This may be due to the increased thickness of the graphite
films (from ~2 µm to ~25 µm) (Supplementary Fig. 22 and 23) and larger
contraction difference between the metal substrate and the graphite
film. When the quenching temperature was further increased to
2180 °C (Fig. 2h), the area ratio of large kink bands regions to thewhole
surface decreased and the graphite film intermediate-III was found to
be much thicker (~145 µm; Supplementary Fig. 24), indicating less
compressive stress induced by contraction of the metal substrate
during the cooling process. Micro kink bands show similar evolution.
That is, the average width of the micro kinks changed from 3 μm to 7
μmthen to 2μm(Supplementary Fig. 21), and the height changed from
448 nm to 1743 nm then to 267 nm, when the quenching temperature
increased from 1549 °C to 1864 °C then to 2180 °C, respectively.

Fig. 1 | The process for preparing mirror-like graphite films. a Schematic of the
experimental configuration. b (T, t) profile for the preparation of mirror-like gra-
phite films on Ni-Mo binary catalyst. c COMSOL modeling of the temperature dis-
tribution (°C) of the sample when the temperature of the crucible sidewall reaches
2250 °C. d Photographs of centimeter-scale mirror-like graphite films precipitated
on the top surface of the Ni-Mo melt. e Schematic of the suggested reaction
pathway. fVideo-recorded images of the sample surface at different times of the (T,

t) profile; this experiment was done without the crucible lid for video-recording of
the graphite film growth and the sample surface temperatures weremeasured by a
spectropyrometer. g Emissivity of the sample surface as a function of temperature.
The inset is surface temperature as a function of time. The video in (f) and emis-
sivity measurement in (g) were recorded simultaneously. It should be noted that in
typical runs, a lid was placed on top of the crucible that led to better graphite film
growths, but entirely impeded video-recording formation of the film.
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Fig. 2 | Morphology of the mirror-like graphite film and the intermediates.
a SEM image of themirror-like graphite film with scale bar of 500 μm.b SEM image
of themirror-like graphite filmwith scale bar of 5 μm. c SEM image of Intermediate-

I. f Enlarged SEM image of c. d SEM image of Intermediate-II. g Enlarged SEM image
of (d). e SEM image of Intermediate-III. h Enlarged SEM image of e.
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The composition of the intermediate samples was characterized
by XRD. As shown in Supplementary Figs. 25–27, the Mo foils would
firstly transform into the Ni-Mo alloy andMo2C. This indicates that the
Mo foil could synchronously react with both the bottom isotropic
graphite plate and the aboveNi foil in solid state reaction, as illustrated
in Fig. 1e. Moreover, the cross section of the above intermediate
samples was studied by SEM and EDS to investigate each layer in the
whole stacking system (mirror-like graphite film - Ni foil - Mo foil -
sacrificial isotropic graphite plate) and how they changed from sample
to sample (Supplementary Figs. 22–24). Note: for intermediate-I by
quenching at this time point the Mo alloyed with the Ni and the iso-
tropic graphite plate, respectively, to form the Ni-Mo alloy melt and
Mo2C. But EDS data shows that the Ni and Mo are not uniformly dis-
tributed even at 2180 °C; instead, largeMo2C grains are observed to be
surrounded by Ni-Mo melt. We find that the Ni-Mo melt primarily or
perhaps only diffuses through what we perceive are Mo2C grain
boundaries to reach the isotropic graphite plate (Supplementary
Fig. 22)33–35. This was further evaluated by TEM (Supplementary
Fig. 28). The thickness of the isotropic graphite plate decreased with
increasing temperature and time (Supplementary Figs. 22 and 23) and
the graphite plate disappeared for the run at 2180 °C (Supplementary
Fig. 24). The thickness of the mirror-like graphite film kept increasing
for consuming the feedstock graphite plate; as the graphite plate
continuously dissolves into the metal melt the solvated carbon atoms
and/or clusters diffuse to the molten metal surface due to both con-
centration and temperature gradients, precipitating as the graphite
film, see Fig. 1e. X-ray diffraction (XRD) spectra showed graphite,
molybdenumcarbide and nickel in the cross section of the “alloy layer”
(Supplementary Fig. 29 and 30). In the Intermediate-III, the alloy layer
“hollowed out” throughout, due to evaporation of Ni (Supplementary
Fig. 31). The resulting porous metal substrate applies less (or no)
compressive stress at the interface with the graphite film, and this
correlated with a much lower density of “wrinkles”. As a control
experiment, we replaced the Ni foil with Pt, which has a much lower
vapor pressure (Supplementary Fig. 32), and the Pt did not evaporate
or not nearly as extensively: many kinks were observed in the gra-
phite film.

Characterization of the graphite films
The ‘quality’ and crystallinity of these mirror-like graphite films
(that are always flat and shiny) were studied by Raman spectro-
scopy, transmission electron microscopy (TEM) at times includ-
ing electron energy loss spectroscopy (EELS), by XRD, X-ray
photoelectron spectroscopy (XPS), Laue X-ray diffraction, and
electron backscatter diffraction (EBSD) in SEM. Figure 3a shows a
typical Raman spectrum and Fig. 3b shows a corresponding
Raman map image of Id/Ig. Over a 50 µm x 50 µm area the absence
of a D peak indicates ‘high quality’ graphite—at least in the surface
region probed by Raman (perhaps to a depth of around 10 nm)36.
The asymmetric 2D band could be fit with two Lorentzian peaks:
the 2D1 peak at 2680 cm−1 and the 2D2 peak at 2718 cm−1 (Fig. 3c),
indicative of AB stacking37. The uniform contrast in the map of
the 2D2 band frequency in Fig. 3d further indicates the uniformity
of AB stacking (Purple and brown dots in Fig. 3b, d are due to
cosmic ray strikes on the CCD director during mapping, See
Supplementary Fig. 33). The high-resolution TEM image of a
surface section of the graphite (Fig. 3e) shows periodic atomic
structure with no structural defects or disorder and the corre-
sponding selected area electron diffraction (SAED) pattern shows
a single set of diffraction spots, indicating the AB stacking of this
cross section. The cross-section TEM image in Fig. 3f yields an
average interlayer distance of 0.338 ± 0.011 nm (Supplementary
Fig. 34). The EELS line scanning of the cross section of graphite
film shows sp2-bonded C atoms (Fig. 3g), which can be confirmed
by XPS (Supplementary Fig. 33). The interlayer distance obtained

from the (002) peak in the X-ray diffraction pattern (Supple-
mentary Fig. 35) is 0.334 nm, which is also indicative of AB-
stacked graphite.

A Laue diffraction system with aperture diameter of 1mm was
used along with commercial HOPG as a reference. The ring in the Laue
pattern and the EBSDmap of HOPG (Supplementary Fig. 36) show that
HOPG is (as is well known), a polycrystalline material with micron-size
grains. Our graphite film (Fig. 3h) shows 6 spots in a ring of the Laue
pattern, indicative of single-crystal feature of the graphite film in the
selected area. Another eight regions (Supplementary Fig. 37) nearby
the examined area in Fig. 3h were characterized by Laue and showed
millimeter-grain size (large grain size) for these graphite films. In
addition, the arrayof spots shown in the Lauepatternof themirror-like
graphite film matches well with the simulated pattern of AB-stacked
graphite (Fig. 3h), indicating that this film is 100% AB stacking. As seen
with EBSD, Fig. 3i, the grain size is in the millimeter scale.

Physical properties of the mirror-like graphite films
The four-probe method was used to measure the electrical con-
ductivity of the mirror-like graphite film (Supplementary Fig. 38). As
shown in Fig. 4d, our graphite films have high electrical conductivity
(2.25 × 104 S cm−1 at 300K, matching the reported electrical con-
ductivity of single crystal graphite38), including as compared to pre-
viously reported values for other graphite samples (Supplementary
Table 6 and 7).

Figure 4a shows the configuration used for tensile loading of the
mirror-like graphite film samples. The sample was synthesized using
graphite plate, Mo foil and Ni foil that had been formed into dog-bone
shapes, and free-standing high-quality graphite films with identical
dog-bone shapes were obtained by the same separation process (as
mentioned in Supplementary Fig. 8). As seen in Fig. 4b, Supplementary
Fig. 39 and Supplementary Table 4, the average tensile strength is
1.29 ±0.203GPa (highest value was 1.63 GPa) with strain of
0.187 ± 0.03%. The corresponding Young’s modulus was calculated by
measuring the slope of the linear region, and the average Young’s
modulus is 969 ± 69GPa (highest value was 1020GPa). The Young’s
modulus for single graphite obtained from the experimental values for
its elastic constants is 1020GPa39,40. The modulus of our mirror-like
graphite film is close to this value. That the tensile strength is as high as
it is for such a large sample is of particular interest; the intrinsic
strength exfoliated graphene flake of 130GPa is of course obtained
only on micron-scale samples that are expected to often be defect-
free41. (That is, and as iswell appreciated by themechanics community:
sample length scale dramatically influences strength values for all
materials to the increased likelihood of the presence of critical flaws in
larger samples)2.

Themechanical properties reported of graphite films synthesized
from graphene oxide, graphene, or polymer precursor are summar-
ized in Fig. 4c and Supplementary Table 8. The literature within Fig. 4c
can be found in the reference section 42–50. A film made by reportedly
introducing organic molecules to bridge stacked and overlapped
reduced graphene oxide sheets had a reported yield strength of
1.55GPa but a Young’s modulus of 64.5GPa42. The exceptional
mechanical performance in strength and modulus of our mirror-like
graphite films likely originates from their large grain size and smooth
surface. The average density of the mirror-like graphite films is
2.25 g cm−3 (Supplementary Fig. 40 and Supplementary Table 10),
which is essentially the same as the density of single crystal graphite
(2.26 g cm−3; i.e., the “crystallographic density”).

To further evaluate the quality of the synthesized sample, we
measured the thermal conductivity of the mirror-like graphite film
using HOPG (ZYA) as reference (Fig. 4e, f) by Frequency-domain
thermoreflectance (FDTR; Supplementary Fig. 41 and Supplementary
Table 6)51. The in-plane and cross-plane thermal conductivity of our
sample are 2034.4 ± 68Wm−1·K−1 and 6.0 ±0.1Wm−1·K−1, respectively;
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the values for the HOPG reference are: in-plane 1842.6 ± 37Wm−1·K−1

and cross-plane 6.5 ± 0.3Wm−1·K−1, indicating the superior crystallinity
of our sample as comparing with the previous reports (Supplementary
Table 9). As seen in Fig. 4d, the mirror-like graphite films own out-
standing thermal and electric conductivities. The literature within
Fig. 4d can be found in reference section 44,46,48,52–57.

In short, themirror-like graphite film shows outstanding electrical
conductivity, essentially the single crystal value for the Young’s mod-
ulus, and in samples that could be properly configured for tensile
testing, a relatively high fracture strength given the large ‘dog bone’
sample size.

We used Ni/Mo alloy melts (and found that Co/Mo and Fe/Mo
melts work as well) in a home-built Joule heating system to syn-
thesize large area mirror-like graphite films with millimeter-scale
grain size. Video-recorded experiments showed that a graphite
film forms on the smooth and flat liquid metal surface during the
heating process and that its formation is due to controllable
temperature gradients and carbon concentration gradients. This
new type of graphite film growth differs from a ‘standard picture’
in which a graphite films precipitates from a metal melt during
cooling, or metal foil in an isothermal process. The growth rate
could reach up to 6.2 layers s−1 that is much higher than the
reported methods. We essentially eliminated the problematic role
of a well attached solid metal substrate driving buckling/kinking/
wrinkling of the graphite film through its large thermal

contraction and resulting compressive interfacial stress, by eva-
porating Ni after the growing stage when heating. The resulting
porous substrate is poorly adhered to the graphite film. This
yielded mirror-like and flat graphite films having only a few ‘nano-
kinks’. The several millimeter size grains are a significant advance
for such macroscale and thick films and achieved by a scalable
method. Our results suggest the strong possibility of achieving
larger grain size and over yet larger areas. Because the metal foils
used can configured (by cutting or other methods like litho-
graphy) to be in essentially any shape (here, dog-bone for gen-
erating macroscale samples for tensile testing) high-quality
graphite films with desired shapes and sizes can be made. The
thick, macroscale, graphite films described here have better
mechanical and equal or better electrical properties than mac-
roscale graphites reported to date. We suggest their use in
superlubricity applications, micro-electromechanical system
(MEMS), for thermal management, and, also, potentially as single
crystal seeds (by ‘extracting’ the individual grains, for example)
for the growth of extremely large single crystal graphite, such as
by the Czochralski method.

Methods
Joule heating system
This is one of our home-built systems that can be used for rapid
heating and cooling ofmaterials or various programmed (T, t) profiles.
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Fig. 3 | Studies of the graphite films. a a Raman spectrum of the mirror-like
graphite film. b a Raman map of Id/Ig intensity ratio in a 50 × 50 μm2 area. c a
Lorentzianfit of the 2Dband.d a Ramanmapof the 2D2-band frequency in a 50× 50
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The maximum working temperature is 3200 °C. Heating/cooling rates
can reach ~100 °C s−1 (if useful/needed). There is a water-cooling sys-
tem and therefore, the cooling time is extremely fast (cooling from
2250 °C to close to room temperature takes about 12 s). Supplemen-
tary Fig. 1 shows photosof this systemand someof its components in a
schematic illustration and Supplementary Fig. 2 shows the real image
of the graphite crucible and lid.

COMSOL modeling
The temperature of the crucible and the sample was obtained by
modeling with COMSOL Multiphysics (COMSOL 6.0). The modeling
results were compared with measured temperature values, which
confirmed the accuracy of the simulation. Five physics fieldswere used
in the simulation: Electric Currents, Heat Transfer in Solids, Surface to

Surface Radiation, Solid Mechanics, and Laminar Flow. The corre-
sponding Multiphysics (Electromagnetic Heating, Surface to Surface
Radiation Heat Transfer, and Non-isothermal Flow) were generated to
simulate the crucible temperature distribution.

Synthesis of graphite films in our home-built system
The graphite plates and carbon papers were firstly heated in an Ar
atmosphere for 1 h at 600 °C in a tube furnace with the goal
of removing any adsorbed moisture. To grow a mirror-like
graphite film, Ni foil (042634-Alfa-0.05mm/NI00-FL-000113-Good-
fellow-0.0125mm, ≥99.95%), Mo foil (M000-FL-00220-Goodfellow-
0.025mm/M000-FL-000101-Goodfellow-0.01mm, 99.9%), graphite
plate (FuelCellStore, 0.3mm, 99.99%), and carbon paper (FuelCell-
Store, TGP-H-090, 0.28mm, 99.9%) were stacked in a top-down
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Fig. 4 | Mechanical, electrical, and thermal properties of the mirror-like
graphite film. a Left: image of dog-bone specimen; Middle and Right: images of
uniaxial loading of dog-bone specimenonDMA instrument before and after fracture.
b Typical tensile stress-strain curve for mirror-like graphite film. Comparison of
c Young’s modulus and tensile strength and d thermal conductivity and electrical
conductivity with the previous reports of filmmaterials obtained by using graphene,
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be found in Supplementary Tables 7–9. e FDTR measurements of the mirror-like
graphite film. f FDTR measurements of HOPG. The fitting was performed using the

lsqnonlin (Nonlinear least-squares solver in MATLAB), a robust toolbox designed to
solve nonlinear least-squares problems. This function minimizes the sum of the
squares of residuals between the experimental data and a nonlinear model function
(FDTR model), making it well-suited for parameter estimation in complex physical
systems. In our analysis, lsqnonlin was used to optimize the model parameters
(thermal resistance and thermal conductivity of the sample) by iteratively reducing
the discrepancy between the measured and simulated values. The associated fitting
error was derived from the 95% confidence interval of the estimated parameters,
providing a statistical measure of the uncertainty and reliability of the fit.
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sequence (Fig. 1a). The dimension for these raw materials is 12mm by
13mm. We found through parametric studies that an atomic percen-
tage of Ni in the Ni-Mo alloy of 50-72 at% works well. The samples were
heated following the temperature-time profile (T, t) profile in Fig. 1b in
an Ar atmosphere (99.999 at%) at 770Torr and 100 sccm flow rate.
Othermetal combinations (Ni-Ta, Ni-Re, Ni-Ir, Fe-Mo, andCo-Mo)were
also tested for graphite film growth, following the same method
mentioned above. (Dimensions, purity, and supplier, of all metal foil
pieces, graphite plate pieces, and carbon paper that were used are
presented in Supplementary Table 3.)

We attempted to prepare graphite films by using a single metal
foil. The singlemetal foil (of pure Fe, or Co, Ni, Pt, Pd, V, orMo)wasput
onto the graphite plate and other procedures were identical to the
above. The results are shown in Supplementary Fig. 10 and 11.

Synthesis of graphite films in the “Red Devil” (R. D. Webb
Company, Inc. (USA)) furnace
The metal foil pieces, and graphite plate and their stacking config-
uration are identical to those shown in themain text. The containment
chamber was filled with Ar (g) to 1 atm prior to heating this furnace.
Photos of this system are shown in Supplementary Fig. 15a. The (T, t)
profile used for experiments with the Red Devil Furnace is shown in
Supplementary Fig. 15b.

Separation of graphite films
After synthesis, there is a layer ofmetal alloy and randomly distributed
graphite chunks attached to the bottom of the mirror-like graphite
film. The metal alloy was first etched by aqua regia vapor, then the
graphitewas further treatedby aheating treatment. Finally, themirror-
like graphite film was separated from the bottom graphite chunk by
peeling, as illustrated in Supplementary Fig. 8.

Acid vapor treatment. The whole sample was treated by aqua
regia vapor at 150 °C for 10 h to etch the metals (Supplemen-
tary Fig. 8a).

Heat treatment. The graphite film was heated in the graphite
furnace (Nabertherm (German)). The pressure was 1 atm, and the
heating profile is shown in Fig. S8b. A goal of this step was to release
stresses perhaps present in the graphite film.

Peeling. The top surface of the mirror-like graphite film was
adhered to double-sided tape. The double-sided tape was then
adhered onto a scotch tape and a quartz plate was glued (epoxy glue)
to this assembly. The bottom layer of the mirror-like graphite film was
gently removed by tape peeling.

Dissolving the double-sided tape. The so-peeled mirror-like gra-
phite film was immersed in tetrahydrofuran. After 6 h, the double-
sided tape had sufficiently dissolved such that the film was separated
from it.

Observing (monitoring) formation of graphite
The metal surface was recorded by a video camera through a quartz
window on the top of the Joule heating system, see Supplementary
Movie 1. In other experiments, a spectropyrometer was used to
simultaneouslymeasure the emissivity of the surface. The emissivity of
various relevant materials is summarized in Supplementary Table 2.

To investigate what are referred in the main text as “intermediate
samples”, the sample was “quenched” by a fast cooling (by turning off
the electrical current to the crucible) when the crucible sidewall tem-
perature reached a certain value (namely, 1605 °C, 1930 °C, and
2250 °C) and the corresponding sample temperature is 1549 °C,
1864 °C, and 2180 °C, respectively; see (T, t) profile in Supplemen-
tary Fig. 19.

Basic properties
Mechanical properties from tensile loading. A dynamic mechanical
analyzer (DMA Q800, TA Instruments) was used to analyze the

mechanical properties of the mirror-like graphite film when prepared
in dog bone shapes. The uniaxial tensile loading of the specimen was
done at a rate of 0.4 Nmin−1 with preload of 0.05 N, to obtain the
stress-strain curves.

Electrical conductivity by four-probe methods. The pins were
adhered to the four corners of the graphite sample, and the resistivity
was measured at 300K using a Vacuum Probe Station (CGO-4,
SHENZHENCINDBEST TECHNOLOGYCo., Ltd) equippedwith Keithley
4200 for comparison (Supplementary Fig. 38).

Thermal conductivity by Frequency Domain
Thermoreflectance (FDTR). Prior to the FDTR measurements, a gold
(Au) layer with a specific thickness is deposited on the graphite sample
to serve as the transducer layer. In this setup, a lock-in amplifier (Zurich
Instruments HF2LI) references the modulated pump laser (488 nm) to
isolate the periodic thermal response across a frequency range of
20 kHz to 40MHz. The probe laser (532 nm) measured the
temperature-induced reflectivity changes, while the lock-in amplifier
recorded the phase lag between the pump and the reflected probe
signal. This phase lag provides insight into the heat propagation
dynamics within the material.

The thermal properties, including thermal conductivity and
interfacial thermal resistance, were then determined by analyzing the
phase lag across the modulation frequency range. This analysis used
the thermal model originally developed by Cahill58 and further refined
by Schmidt et al.59, whichwas later adaptedby Schmidt et al. to address
the Frequency-Domain Thermoreflectance (FDTR) problem60. The
model is based on a three-dimensional analytical solution to Fourier’s
law of heat conduction in multilayered structures subjected to Gaus-
sian beam excitation.

The following model (Eq. 1) is commonly used to determine the
thermal conductivity:

ΔT = 2πQω

Z 1

0
H xð Þ exp �

π2k2 r2pump + r2probe

� �

2

0
BB@

1
CCAxdx ð1Þ

where ΔT is the temperature rise at the probe spot, and Qω is the
heating power from the pump laser, which depends on both the
modulation frequency (ω) and pump laser power. H(x) is the Hankel
transformof the frequency-domain heating response of amultilayered
structure sample to surface heating by a periodically modulated point
source. k is the unknown thermal conductivity, which rpump and rprobe
are the radii of the pump and probe beams, respectively.

Density. The density of themirror-like graphite films wasmeasured by
Archimedes’ principle. The graphite film was settled in dibromo-
methane (ρ = 2.477 g cm−3 at 25 °C), while it was floated on chloroform
(ρ = 1.492 g cm−3 at 25 °C). After placing the graphite film in the mixed
solution of 75.0mL dibromomethane and 25.0mL chloroform, we
slowly added dibromomethane until the graphite film was floating in
themiddle of the solution (See Supplementary Fig. 40). The density of
the graphite film was calculated as the total mass/volume of dibro-
momethane and chloroform mixture displaced.

Characterization. SEM (FEI Verios 460 FE-SEM) imaging and EDS
spectra were used to investigate the graphite films and the side pro-
ducts. The electron backscatter diffraction (EBSD) mapping was per-
formedon anAmetekHikari camera attached to the SEM, at 6.4 nA and
20 kV. Atomic forcemicroscopy (AFM, Bruker Dimension Icon system)
was used to study the surface texture of the graphite film. Raman (Wi-
Tecmicro-Raman instrument) spectroscopy was performed by using a
532nm laser. The crystallinity of the graphite film and other samples
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from control experiments was studied by using a Rigaku SmartLab
powder X-ray diffractometer. Laue patterns were obtained by a
MWL120 Real-Time Back-Reflection Laue Camera System (Multiwire
Laboratories). Atomic-resolution TEM images and SAED patterns were
obtained using an aberration-corrected TEM (FEI Titan G2 60-300)
with an acceleration voltage of 80 kV. The sample for TEM was pre-
pared by a standard focused ion beam (FIB) technique (FEI
Quanta 3D FEG).

Data availability
The data that supports the findings of the study are included in the
main text and supplementary information files. Raw data can be
obtained from the corresponding author upon request.
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