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Gilding with Graphene: Rapid Chemical Vapor Deposition 
Synthesis of Graphene on Thin Metal Leaves

Kaihao Zhang, Charalampos Androulidakis, Mingze Chen, and Sameh Tawfick*

Gilding is the ancient process of coating intricate artifacts with precious 
metals. Fascinating Egyptian and Chinese sculptures, coated with <200 nm 
thin metal films by this process, have resisted corrosion, wear, and other 
environmental degradations for thousands of years. Here, 150 nm thin 
palladium leaves are enriched by doped with a single layer of graphene. 
Commercially available Pd leaves are uniquely suited for graphene synthesis 
by a highly dynamic chemical vapor deposition process. The Pd leaves 
made by high strain rate beating are stable at high synthesis temperature, 
resisting solid-state dewetting owing to their extremely low grain triple 
junctions density (0.017 µm−1). Mathematical models of growth kinetics 
guide the development of extremely rapid synthesis conditions, resulting in 
the formation of high-quality graphene on Pd in less than a minute, owing to 
the graphene grains growing twice as fast as copper-catalyzed growth. The 
graphene monolayer on the leaf increases the effective surface modulus by 
59% to 236 GPa. Uniaxial strain testing with Raman spectroscopy reveals 
the excellent crystallinity of graphene by probing the stress-induced phonon 
shifts. This new material could open exciting opportunities in utilizing high-
quality 2D materials to coat large structures.

DOI: 10.1002/adfm.201804068

K. Zhang, Dr. C. Androulidakis, M. Chen, Dr. S. Tawfick
Mechanical Science and Engineering
University of Illinois Urbana-Champaign
Urbana, IL 61801, USA
E-mail: tawfick@illinois.edu

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.201804068.

Figure 1b. The ultrathinness of the metal 
leaves is crucial for the smooth conforma-
tion onto relatively rough surfaces. Drops 
of liquids or adhesives are applied on the 
surface before the leaves are laminated to 
tighten the gap between the leaves and the 
surface of the coated surface by capillary 
forces. To achieve the required thinness, 
the leaves are worked by repeated beating 
of thick metal foils. Ancient cultures used 
stones to manually beat a stack of sub-
millimeter thick metal foils supported on 
a flat anvil until their thickness reaches 
100–200 nm, while their area increases 
by several million folds.[6] Today, hydraulic 
hammers are used to strike a stack of 
metal foil several thousand times at high 
strain rate. The extreme thinning is ena-
bled by passively controlling the ther-
momechanics of metalworking. During 
beating, the metal layers are sandwiched 
between low surface energy sheets derived 
from plant fibers to allow well-lubricated 
flow of the metal, and facilitate the isola-

tion and manipulation of individual freestanding <200 nm thin 
leaves, which can then be used for gilding. The thin leaves have 
typical dimensions of 5 × 5 in2 with 100–200 nm thickness, 
yet their unique microstructure enables their manual manip-
ulation as freestanding foils despite their extreme thinness. 
To our knowledge, the details of the metal microstructure as 
well as the thermomechanical transformations in this ancient 
process have not been studied using modern characterization 
techniques. The production of 100 nm thin leaves is indeed a 
fascinating 4000-year-old nanomanufacturing process.

The objective of this study is to use thin metal leaves as 
substrates for high-quality monolayer graphene synthesis, 
and demonstrate the applicability of the palladium-graphene 
(Pd-Gr) composite leaves in gilding. Metal leaves offer many 
advantages as a scalable coating materials owing to their com-
mercial availability in large rolls and low price compared to thin 
film deposition by vacuum thin film deposition such as sput-
tering or e-beam evaporation. Moreover, since they are used to 
gild and coat large structures, enriching them with a monolayer 
of graphene will not significantly affect their optical properties 
but offers attractive enhancements in their surface modulus, 
and potentially their hardness, friction, wear, scratch resist-
ance, etc., as well as additional chemical functionalization. In 
this study, we demonstrate the use of commercially available 
Pd leaves, successfully coated with a monolayer graphene by  
chemical vapor deposition (CVD), to gild a 3D printed sculpture, 

Gilding

1. Fabrication of Pd-Gr leaf for Nanogilding

With the development of metallurgy in 2nd millennium B.C., 
the beating of pure metal into ultrathin leaves, less than 
200 nm thick, was developed and extensively used for “gilding” 
temple walls, precious furniture, and sculptures.[1] Leaves of 
gold, silver, and copper having high purity were carefully lami-
nated over the base stones, metals, and wood, for example, 
Tutankhamun’s middle coffin[2,3] as shown in Figure 1a. This 
coating process is ubiquitously seen in artifacts having various 
sizes and materials.[4–6] This ancient decoration technique not 
only enriches the artwork with tiny amounts of precious metals, 
but also protects these precious artifacts owing to outstanding 
corrosion and wear resistance of these metals.[4] Today, gilding 
is still used as a contemporary art for coating small scale arti-
facts as well as skyscrapers as seen in the gold leaf-gilded 
roof of Carbide & Carbon Building[7] in Chicago, illustrated in 
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illustrated in Figure 1c,d, to demonstrate the viability of the gra-
phene enrichment without compromising the characteristic of 
the leaves which lend them suitable for surface coating.

Graphene, a 2D lattice of sp2-hybridized carbon atoms, is 
very attractive due to its superb in-plane mechanical strength, 
low friction, wear and corrosion resistance.[8] One promising 
route to harness these properties for applications is to incor-
porate graphene on the surface or the bulk of metal structures, 
for example, to create composite materials.[9,10] It is possible 
to synthesize large-area graphene sheets on thick metal foils 
via CVD.[11–14] Several metals can be used as catalyst material. 
They can be grouped into two broad types: Group 1: metals 
having low carbon solubility and low graphene binding energy 
(the copper and platinum group); and Group 2: metals having 
high carbon solubility and strong graphene binding energy (the 
nickel and palladium group). Metal catalysts from Group 1 offer 
self-limited monolayer graphene synthesis by surface adsorp-
tion and hence are suitable for obtaining graphene for elec-
tronic devices. The synthesis on Cu and Pt proceeds by slow 
isothermal adsorption at high temperature, and the metal 
catalyst is typically chemically etched to release the graphene 
monolayer and transfer it to device substrates. In this study, 
we focus on graphene synthesis on Pd leaves, which belongs 
to Group 2, for several reasons: (1) our intention is to dope 
the metal with graphene for gilding and hence strong binding 

between the monolayer graphene and the metal catalyst is 
required; (2) the leaves are extremely thin, and hence we need 
a highly active catalyst for extremely rapid synthesis before the 
leaf becomes unstable by solid-state dewetting. Pd exhibits high 
binding energy and low separation distance to the graphene of 
84 meV atom−1 and 2.5≈  Å respectively,[15,16] which makes it a 
promising candidate for gilding applications.

Commercially available Pd leaves having ≈150 nm in thick-
ness are promising substrates for the synthesis of high-quality 
monolayer graphene by low pressure CVD (LPCVD) at tem-
peratures exceeding 1000 °C. To develop the required graphene 
synthesis recipes for thin film catalysts, it is necessary to first 
consider the effect of the high synthesis temperatures on the 
microstructure stability. Specifically, it is challenging to grow 
uniform and high-quality monolayer graphene on nanoscale 
thin metal films via CVD. Thin metal films are unstable at 
high temperatures.[17] Metals tend to minimize their free sur-
face energy by solid-state dewetting. Dewetting is driven by sev-
eral processes including grooving at the grain boundaries and 
triple junctions, hole formation, edge retraction, and fingering 
instability. Nanometer thin film breaks into discrete islands at 
temperatures as low as one half of the melting temperature  
of the corresponding bulk metal, and challenges graphene syn-
thesis since most CVD processes require long duration at tem-
peratures significantly higher than the onset of dewetting.[17] 
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Figure 1. Gilding with ultrathin metal leaves. a) Photograph of the gold leaf-gilded wooden coffin of Tutankhamun. Reproduced with permission.[3] Copyright: 
Griffith Institute, University of Oxford. b) Photograph of Carbide & Carbon Building in Chicago. Reproduced with permission.[7] Copyright 2010, Thaddeus 
Roan. c) A CAD model for 3D printing. The colored regions illustrate the placement of individual leaves for gilding with Pd-Gr. The CAD model used for printing 
was kindly provided by Barak Moshe at https://www.thingiverse.com/thing:10650. d) Photograph of Pd-Gr leaf-gilded 3D printed model. Scale bar: 1 cm.
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Moreover, synthesis of graphene on sub-micrometer thin cata-
lysts is also challenged by the carbon atoms diffusion kinetics  
because it takes much shorter duration to saturate thin film 
catalysts compared to thick foils having >10 µm thickness. The 
extreme thinness limits the flux of carbon from the gas into  
the bulk of the catalyst typically leading to multilayered graphene 
growth. This leaves only a narrow window of suitable conditions 
for the segregation of precisely a single layer of graphene on 
catalysts such as Pd having high carbon solubility.[18,19]

In this study, we use Pd leaves, which offer high resistance to 
dewetting and high catalytic activity, combined with developing 
ultrafast growth recipes to overcome the challenges of graphene 
synthesis on ultrathin metal films. These recipes are guided by 
mathematical kinetics model of carbon diffusion and segrega-
tion during the CVD process. We study the Pd-Gr interface 
using in situ Raman spectroscopy during uniaxial stretching 
test of the leaves after synthesis. We use atomic force micros-
copy (AFM) nanoindentation to measure the enhancement of 
the leaves’ surface stiffness owing to the graphene monolayer. 
This study shows the viability of producing graphene enriched 
leaves for coating of large structures.

Figure 2 illustrates the fabrication processes of Pd-Gr com-
posite leaves. Commercially available Pd leaves, shown in 
Figure 2a, come in a booklet of freestanding sheets separated 
by low surface energy paper. Scanning electron microscope 
(SEM) imaging (Figure 2b) shows the Pd grain structure. 
The average grain size is 20 µm and extends through the 
film thickness. Figure S1a,b (Supporting Information) shows 
the polycrystalline composition and the surface morphology 
(roughness before synthesis is ≤65.5 nm) of the Pd leaf via 

X-ray diffraction (XRD) and AFM. The extremely large grain 
size of the commercially available thin Pd leaves makes them 
more suitable for synthesis compared to thin film made by 
e-beam evaporation or sputtering.[14,20] A freestanding Pd leaf 
is typically laminated on a SiO2 /Si substrate and annealed at 
500 °C for 5 h, as sketched in Figure 2c (see the Supporting 
Information for catalyst preparation). The annealing step 
releases the residual strains associated with the lamination 
of the Pd leaf on the substrate. After annealing, the substrate 
supporting the Pd leaf is removed from the furnace using a 
transfer arm. The furnace temperature is then increased to 
the synthesis temperature of 1100 °C. When furnace temper-
ature Tf stabilizes at 1100 °C, CH4 (50 sccm) is introduced 
10 min before the Pd is inserted in the hot zone for a short 
duration (see Figure S2, Supporting Information). During the 
growth, the vacuum is maintained at 1.72 Torr. The substrate 
is then rapidly retracted out of the hot zone at a velocity of 
0.5 m s−1 while maintaining a controlled flow of CH4 and 
He gas mixture during cooling. The crystalline graphene 
domains grow epitaxially over several micrometers, can 
traverse the metal grain boundaries, and merge with neigh-
boring crystals to cover the whole leaf. SEM (Figure 2d) taken 
at the edge of the film clearly shows hexagonal-shaped gra-
phene domains (θ  =  120°) on the surface of the Pd leaves, 
where the graphene exhibits a darker region in the SEM. 
The Raman spectrum of graphene on Pd is characterized by 
a weak signal-to-noise ratio, which is similar to the spectra 
of monolayer graphene on other highly binding metals such 
as Ni.[16] The electrochemical “bubbling” method[13] can be 
successfully used to transfer the graphene from the Pd leaf 
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Figure 2. Fabrication of Pd-graphene (Pd-Gr) leaves by low-pressure chemical vapor deposition (LPCVD). a) Pd leaves (140 mm  ×  140 mm  ×  150 nm) 
are commercially available as freestanding sheets laminated between low surface energy paper. b) Scanning electron microscope (SEM) image of the 
as-received Pd leaf. The dashed lines outline the grain microstructure of the leaves (average grain diameter ≈ 20 µm). Scale bar: 15 µm. c) A Pd leaf 
is conformally laminated on SiO2/Si substrate using the capillary forces of a water film, cleaned and annealed in He at 500 °C for 5 h. Graphene is 
synthesized on Pd leaf by LPCVD at 1100 °C, 1.79 Torr, with CH4 and He gas mixture for 30 s. After synthesis, the Pd-Gr leaf can readily delaminate 
from the substrate by immersing in water, leaving a freestanding sheet. d) SEM image of monolayer graphene on Pd leaf near the boundary of fully 
covered leaves, showing the crystalline hexagonal graphene grains. Scale bar: 50 µm. e) Raman spectrum (532 nm laser) of the as-grown graphene 
sheet after separation from the Pd and transfer to a SiO2/Si substrate. f) Histogram of the D- to G-peaks intensity ratios obtained from Raman maps 
(23 µm  ×  23 µm) showing the low defect density of the graphene.
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to SiO2/Si substrate. Optical image of the transferred gra-
phene sheet on SiO2/Si is shown in Figure S3a (Supporting 
Information). Figure 2e shows a typical Raman spectrum for 
the transferred graphene sheet, with intensity ratio of 2D/G 
around 4.3 and 2D peak (≈2676.4 cm−1) that is well fitted by 
a single Lorentzian function with a full width at half max-
imum (FWHM) of ≈30.1 cm−1. Figure 2f is the histogram of 
D/G ratio from a Raman map of a 23 µm  ×  23 µm region, 
comprising several graphene grains, with a mean value less 
than 0.08, suggesting the low defect density of the graphene 
mono layer, even after the severe manipulations associated 
with transfer (see Raman maps of a single graphene domain 
in Figure S3b,c, Supporting Information). After synthesis, 
the Pd-Gr composite leaf can be readily delaminated from the 
SiO2/Si substrate by slowly submerging it into water, due to 
the wettability of the surface by the water molecules.[10,21] The 
Pd leaves coated with graphene monolayers can be manipu-
lated as freestanding sheets and used in gilding as shown in 
Figure 1d.

2. Kinetics of Graphene Synthesis on Pd  
Leaf Catalyst

Pd leaves offer substantial resistance to solid-state dewetting 
compared to Pd films deposited by sputtering. Figure 3a,b 
shows the surface morphology of Pd leaves after heating at 
1100 °C in a tube furnace for 10 and 30 s, respectively. This tem-
perature is about 70% of the melting temperature of bulk Pd.  
The leaves appear completely intact after 10 s. A few small holes 
can be optically seen under the microscope after 30 s. After 
45 s, 90% of the Pd area is still intact. In contrast, sputtered 
nanocrystalline Pd film (nc-Pd) severely dewets within 10 s and 
almost fully exposes the SiO2 surface after 30 s, as shown in 
Figure 3c,d. Figure 3e shows the fraction of the stable Pd area 
(defined as retained Pd area APd over the total area Atot) of Pd 
leaf and sputtered Pd film when heated at 1100 °C as a function 
of growth time tg. We have not studied the exact mechanism 
leading to the resistance of Pd leaves to dewetting. It is known 
that dewetting initiates at grain boundaries and triple junctions. 
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Figure 3. Synthesis kinetics on Pd leaf. a,b) Optical images of Pd leaf after annealing in a 1100 °C furnace for 10 and 30 s. c,d) Optical images of the 
sputtered Pd film (150 nm) after annealing in a 1100 °C furnace for 10 and 30 s, showing the surface instability of nc-Pd film at high temperature. 
(a)–(d) Scale bar: 50 µm. e) Instability of thin Pd films, including Pd leaf and sputtered Pd film at Tf = 1100 °C. f,g) Schematics of graphene formation 
kinetics showing the relationship between the carbon diffusion/segregation and carbon solubility in Pd leaf during heating and cooling. Jd is diffusion 
flux inward Pd when catalyst is inserted in furnace, dJ′  is diffusion flux toward Pd surface, dJ′′  is diffusion flux inward Pd during cooling. h) SIMS 
depth profiles show that the carbon concentration in Pd leaf becomes uniform as tg increases.
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It is not surprising that the Pd leaves, which have very low 
triple junctions density are more resistant to dewetting. In con-
trast, the average grain size of 150 nm thick nc-Pd sputtered on 
SiO2/Si substrate is ≈20 nm. This enhanced resistance enables 
the synthesis of high-quality graphene at high temperature, 
extending the growth duration to ≈45 s for Pd leaves instead of 
<10 s for nc-Pd.

Before presenting the graphene synthesis results, it is valu-
able to discuss the highly dynamic carbon kinetics required for 
synthesis on thin catalysts. Pd is an especially suitable metal 
catalyst for graphene synthesis on ultrathin films. It belongs 
to the second catalyst group: compared with copper, it more 
effectively catalyzes the dissociation of hydrocarbon and its 
carbon solubility is 150-fold higher at 1000 °C.[22] At synthesis 
temperatures, hydrocarbons like CH4 quickly decompose into 
CHx (x = 0,1,2,3) causing a high concentration of C adatoms 
and addimers on the Pd surface. Carbon radicals readily dis-
solve into the Pd due to their lower chemical potential in 
bulk Pd than that on the surface as shown by molecular 
simulations.[23] The synthesis mechanism is the segregation 
of C atoms as opposed to isothermal adsorption in the case of 
copper catalyst.[12,14,24,25] This mechanism affords the synthesis 
of high-quality monolayer graphene on nanoscale thin films by 
a highly dynamic recipe within a growth time tg of less than 
a minute. During this short tg, carbon atoms dissolve into the 
Pd leaves. Whereas in the cooling stage, segregation of carbon 
atoms to the Pd surface and their crystallization into graphene 
take place.[24] Figure 3f,g depicts these two highly dynamic pro-
cesses. When the Pd leaf is inserted into the furnace filled with 
a steady gas flow of CH4 and He, a boundary layer with average 
thickness of 〈δ〉 forms on the Pd surface. Importantly, since the 
growth time is less than a minute, the temperature variance of 
the catalyst with time after insertion into the hot zone has to 
be taken into consideration. Figure S4 (Supporting Informa-
tion) displays the estimated Pd temperature Ts in the furnace 
for various growth times. We focus on the fast kinetics of the 
carbon atoms. CH4 first diffuses rapidly through the boundary 
layer with a flux of JI and reaches the Pd surface, decomposes 
into active carbon adatoms and addimers, which then invade 
the Pd subsurface and interior by diffusion.[23] Since Pd cata-
lyst has high CH4 decomposition reactivity,[26] concentration of 
the active carbon species on Pd surface cs is determined by the 
concentration of CH4 in gas flow cg.

The synthesis kinetics is explained in light of Fick’s diffu-
sion laws to offer insights on the effect of synthesis duration on 
the carbon distribution within the catalyst for extremely short 
growth. As shown in Figure 3f, after a short time in the high 
temperature environment, carbon concentration gradient Δc 
between cs and that in Pd leaf c(y, t) drives the diffusion flux Jd 
through the Pd leaf thickness. Fick’s second law is used in the 
analysis of the carbon kinetics
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2

2

∂
∂

= ∂
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The diffusion coefficient is DPd (T) = D0 exp(−E0/RT), where 
D0 is a diffusion prefactor ≈10−4.7 m2 s−1, E0 is the activation 
energy 132 kJ mol−1, and R is the gas constant 8.314 J mol−1.[25] 
We give an approximate solution of Equation (1) in the 

Supporting Information. Assuming constant cg, carbon dis-
tribution c(y, t) eventually becomes homogeneous throughout 
the thickness after longer growth time tg, until reaching an 
equilibrium state, as sketched in Figure 3f. The diffusion pro-
cess is also affected by the carbon concentration with respect to 
the solubility limit in Pd. The solubility limit is defined as the 
maximum carbon concentration, cmax = S0 exp(−H0/RT), where 
S0 = e3.2  and H0 ≈ 82.4 kJ mol−1,[25] and it is varying during 
the growth time as the Pd temperature is also increasing 
within the first seconds. The solid black and the dashed blue 
curves in Figure 3f, respectively, illustrate the distributions 
c(y, t) for cs < cmax and cs > cmax. The simple analysis demon-
strates that longer growth time tg (approaching a minute) 
results in uniform carbon distribution through Pd thickness 
(i.e., decreasing Δc). To validate these calculations by experi-
ments, carbon concentration in Pd for tg = 5, 10, 20, 30, 45, and 
60 s are compared by secondary ion mass spectroscopy (SIMS, 
PEI Trift-III TOF). Figure 3h displays the representative SIMS 
depth profiles. Indeed, the measurements show that tg ≥ 30 s 
gives almost uniform carbon distribution throughout Pd leaf.

The dynamics of the cooling step is crucial for graphene 
synthesis and layer control on catalysts of the second group 
by controlling carbon segregation and precipitation.[24,27,28] 
Dissolved carbon atoms diffuse to the surface via nonequi-
librium carbon segregation as soon as temperature starts 
decreasing.[27] The amount of active carbon species on the 
Pd leaf surface at the onset of cooling significantly affects the 
graphene formation. Previous research has emphasized the fast 
and medium catalyst cooling rate (≈10 °C s−1 for bulk nickel[27]) 
regulates the amount of carbon segregation to the surface and 
facilitates the synthesis of a controlled number of layers. Simi-
larly, we find that the cooling rate and surface concentration 
gradient Δc can be carefully balanced to achieve monolayer 
growth on Pd leaves.

Figure 3g illustrates the different segregation scenarios for 
carbon atoms in the Pd leaf during the cooling steps. Impor-
tantly, the segregation flux from the Pd is regulated by the 
hydrocarbon concentration in the gas boundary layer. The flux 
of CH4 through the boundary layer (JI) and the rate at which 
the active carbon species diffuse into Pd (Jd) are equal, and can 
be given by[29]

J D
c c

I g
g s

δ
=

−
〈 〉  (2)

where Dg is the diffusion coefficient in gas phase, and is usu-
ally much higher than DPd in LPCVD. At the onset of cooling 
(cooling stage I), the carbon solubility (cmax) drops exponen-
tially with temperature. But as long as cmax > cs and in the 
absence of CH4 supply during cooling (i.e., cg =  0), JI drops 
and becomes negative, resulting in an outward carbon diffu-
sion Jd′ from the Pd to the surface, as illustrated by the black 
curve in Figure 3g in stage I. On the other hand, if the CH4 
flow is maintained during cooling cs ∼ cg, JI → 0, limiting the 
diffusion across the Pd surface, as shown as the black dashed 
line in Figure 3g. Finally, if a higher concentration of CH4 is 
introduced during cooling, that is, cg > cs, the concentration gra-
dient in Pd will be increased as illustrated by the red line in  
Figure 3g, which results in more carbon diffusion Jd′′ into the 
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Pd during cooling. Eventually, at later cooling stages (stage II), 
cmax ≤ cs, the inward flux Jd′′ will cease since the surface of Pd is 
saturated with carbon. During stage II, the carbon atoms start 
to precipitate with a flux of Jprec., forming graphene as shown 
in Figure 3g in stage II. In light of this kinetics, it can be seen 
that a highly dynamic and fast recipe can be obtained by tight 
control of the hydrocarbon flow during the heating and cooling 
stages when the transient temperature of the sample is known 
in these stages.

Numerical heat and mass transport simulations are used 
to guide the development of new recipes based on the mecha-
nistic understanding of graphene synthesis on Pd. Specifically, 
COMSOL[30] is used to simulate the transient temperature of 
the Pd as it is inserted and removed from the hot zone. It is 
important to note that the Pd temperature stabilization is gov-
erned by the thermal mass of the transfer arm, which is used to 
insert it into and out of the furnace. The Pd is supported on the 
arm throughout the synthesis process. At the end of the growth 
stage, the arm transports the Pd out of the furnace. The numer-
ical simulations take these details into account (see Figure S4a, 
Supporting Information), which helps determine the transient 
temperature of the catalyst. The temperature data can in turn 
be used to calculate the transient carbon diffusion kinetics. 
The carbon concentration in the gas phase, cg can be controlled 
by (CH4: He)g (g: growth). First, we analyze the heating stage, 
referred to as the growth time tg. Figure 4a displays the cal-
culated carbon concentration c(y, t) (at%) using COMSOL for 
a Pd leaf at 1100 °C with the gas mixtures: (CH4: He)g =  10: 
400,  20: 400,  and 50: 400 sccm. The numerical simulations 
use the transient temperature and cg to determine the carbon 
concentration level in the Pd leaf during this transient state. 
Further, the simulations show that cs < cmax for all of the hydro-
carbon concentrations used, indicating that the duration of 
these short recipes (<1 min) does not allow the saturation of 
the catalyst with carbon. The numerical simulations also con-
firm that, since the diffusion in gas boundary layer is much 
faster than that in Pd, it is reasonable to assume c c~s g on Pd 
surface even during the transient heating stage. These results 
are further validated by an approximate analytical solution for 
Equation (1) for Pd thin film (see the Supporting Information) 
as shown in Figure 4a. As expected, the analytical and numer-
ical results vary at the onset of heating due to the neglect of 
diffusion through the gas boundary layer, but asymptotically 
converge after longer heating duration.

Next, we study the cooling stage using numerical simulations 
to estimate the temperature and diffusion kinetics governing 
the graphene formation. We validate these results by direct 
comparison to synthesis experiments. We simulate the retrac-
tion of the Pd leaf out of the hot zone after a certain growth 
time (here, tg =  30 s). The numerical simulations indicate the 
presence of three main scenarios of carbon diffusion kinetics 
depending on the hydrocarbon concentration cg during cooling. 
Scenario I: the hydrocarbon gas is shut down during cooling 
(CH4: He)c =  0: 400 sccm (c: cooling). In this case, shown in 
Figure 4b, cg and cs drop quickly and an outward flux Jd′ drives 
the diffusion of carbon on the surface. The large amounts of 
segregated carbon reach the critical concentration for graphene 
nucleation and growth.[18,31] We experimentally validate this 
scenario, and the results are depicted in Figure S6 (Supporting 

Information). SEM images in Figure S6a,b (Supporting Infor-
mation) confirm that a large number of discrete graphite 
flakes are obtained in this scenario. Fuzzy edges and notably, 
dark regions of agglomerated carbon along Pd grain bounda-
ries characterize the graphene coverage in Scenario I. Scenario 
II: the hydrocarbon concentration is maintained at a constant 
value during the growth and cooling stages (CH4: He)c =  10: 
400 sccm as shown in Figure 4b. Under these conditions, c(y, t)  
remains approximately constant during cooling due to the 
absence of concentration gradient. The onset of graphene 
nucleation is delayed with respect to the onset of cooling in the 
absence of diffusion Jd′. An “incubation” period of low carbon 
concentration cs on Pd surface is expected as the temperature 
drops. While graphene could nucleate during this stage, the 
growth rate is expected to be very slow. As the temperature drops 
further, the solubility cmax also decreases, eventually becoming 
less than cs, which drives the segregation of carbon to the sur-
face, and boosts the growth of graphene. The experimental 
validation of Scenario II confirms the formation of larger gra-
phene coverage area, with sparse multilayer islands and more 
regular crystalline edges than in Scenario I (see Figure S6c,d, 
Supporting Information). The difference in graphene between 
(I) and (II) can be attributed to the carbon agglomeration rates 
driven by Jd′ is much lower than that caused by Jprec.. Scenario 
III: the hydrocarbon concentration is increased at the onset 
of cooling (CH4: He)c =  50: 400 sccm, such that it is higher 
during cooling than during the growth step. This increase 
drives an additional inward carbon flux during cooling Jd′′. 
Consequently, c(y, t) increases, driving the carbon concentration 
in the Pd to meet solubility limit earlier (see yellow intersection 
points in Figure 4b). This shortens the incubation period of the 
carbon atoms on the surface and initiates graphene nucleation 
at a higher temperature during cooling. Owing to the higher 
nucleation temperature compared to Scenario II, the graphene 
grows at a higher rate with straighter edges, indicating higher 
crystallinity.[32] This interesting result indicates that in catalysts 
of the second group, the onset of growth during cooling is pre-
cisely controlled by the hydrocarbon gas flow during this stage. 
Figure S6e,f (Supporting Information) displays large and uni-
form monolayer graphene grown on Pd leaf exhibiting hexag-
onal edges. This validates that increasing the gas concentration 
during cooling, especially cg, can expedite the onset of graphene 
nucleation on Pd surface. Notably, if the cooling rate is varied, 
the same scenarios generally persist. Figure 4c depicts the 
calculation results for cases I–V but with slower cooling rate 
compared with Figure 4b (see Figure S4b, Supporting Infor-
mation, for two cooling curves). Slow cooling delays the satu-
ration of the Pd with carbon, as demonstrated by the delayed 
intersections between c(y, t) and cmax curves. This indicates that 
slow cooling leads to longer carbon incubation time and lower  
graphene nucleation temperature. Figure S6g (Supporting 
Information) shows SEM of the graphene obtained in case III 
with slow cooling rate, illustrating small flakes with irregular 
and fuzzy edges with the onset condition out of the optimal 
range due to slow cooling.

Based on these results, it is expected that high carbon pre-
cipitation flux Jprec. at high temperatures is the key to obtain 
crystalline graphene monolayer with good coverage. In case 
IV we use (CH4: He)g =  50: 400 sccm and (CH4: He)c =  50: 
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400 sccm during heating and growth, respectively. Figure 4b,c 
shows that carbon segregation starts at higher temperatures 
compared to scenarios I–III. SEM images show that using 
the conditions of case IV, large and hexagonal-like graphene 
domains can be produced and eventually merge into a 
monolayer of graphene, shown in Figure 2d. SEM and optical  
images in Figure 4d,e illustrate that large-scale uniform mono-
layer coverage can be achieved in cases III and IV. A single 
hexagonal domain in case IV, as displayed in Figure 4f, verifies 
the high graphene crystallinity. Notably, such graphene domain 
grows as tg increases, as shown in Figure 4g and will be 
discussed next.

We further present the results from case V, where the 
synthesis condition is similar to Scenario III, but with an 
increase in the total hydrocarbon concentration during both 
growth and cooling stages. In case V, (CH4: He)g =  50: 
400 sccm and (CH4: He)c =  50: 200 sccm (these values are 
chosen in the numerical simulations to represent the max-
imum flow rate attainable with the CH4 mass flow controller, 
which is 50 sccm). Numerical simulations in Figure 4b,c show 
that overall higher hydrocarbon flow further expedite the onset 
of nucleation, which we expect to lead to even higher Jprec. 
and better crystallinity. Indeed, the synthesis results from this 
recipe show the large graphene coverage. However, the recipe 

Adv. Funct. Mater. 2018, 1804068

Figure 4. Carbon concentration variation in CVD process and experimental results. Simulation results from COMSOL: a) Carbon concentration (at%) 
in Pd leaf, which increases with growing time tg during heating. Concentration at the steady state increases with a higher (CH4: He)g ratio. The dashed 
lines are analytical solution of Equation (1) for Pd leaf. b) Carbon concentration in Pd leaf during cooling with fast cooling rate and various cg (case I–V). 
All cases follow the 30 s heating at 1100 °C. c) Carbon concentration in Pd leaf during cooling with slow cooling rate. The dashed lines in (b) and (c) 
are analytical results. d) Scanning electron microscope (SEM) image of the as-grown graphene on Pd leaf with growth condition III, scale bar: 15 µm. 
e) Optical image of a transferred monolayer graphene (case IV) on SiO2/Si substrate, scale bar: 50 µm. f) SEM image of Pd-Gr leaf with condition IV, 
scale bar: 10 µm. g) SEM image of Pd-Gr leaf with gas condition IV and tg =  60 s, scale bar: 10 µm. h) SEM image showing the multilayer graphene 
with high nucleation density with cooling condition V, scale bar: 25 µm. i) Raman intensity ratio of I2D/IG for different growing conditions. j) Raman 
intensity ratio of ID/IG. k) Dependence of the maximum graphene domain radius /GrA π( ) and nucleation density on growing time.
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led to the nucleation of multilayered graphene domains under-
neath the monolayer hexagons as can be seen in Figure 4f. The 
presence and size of these multilayer nucleation sites within 
the graphene domains is significantly more apparent in case V 
than other cases. This is attributed to the large flux of carbon 
atoms precipitating out of the Pd leaf when it reaches the solu-
bility limit at a very high temperature. This indicates the exist-
ence of an “optimal” recipe where the domains are large and 
have a single-layer thickness, and merge to cover the whole 
surface with minimal coverage of multilayer regions. Results 
from case IV, which we consider the best recipe in this study, 
are shown in Figures 2d and 4e,f and Figure S6h (Supporting 
Information).

We use Raman spectroscopy to characterize the quality of 
graphene synthesized using the growth conditions: cases I–V. 
We find that graphene monolayers have a weak Raman signal, 
with no apparent D-peaks, when supported on the Pd leaf. This 
is not surprising in light of the known strong binding between 
graphene monolayers and Pd.[33] Accordingly, we transfer the 
graphene monolayers after synthesis via the electrochemical 
gas “bubbling” method[34] to clean SiO2/Si substrates as pre-
sented in Figure 4e. Figure 4i,j displays the Raman intensity 
ratios of ID/IG and I2D/IG collected from a 23 µm ×  23 µm 
region on each of the transferred graphene monolayers corre-
sponding to cases I–V. We observe a systematic enhancement 
of quality, represented by the significant decrease in average 
ID/IG, from cases I to IV, that is, as the hydrocarbon flow rate 
is increased during cooling. Case IV shows a low ID/IG value 
of 0.08, which demonstrates exceptional quality graphene 
given that this is an area averaged Raman spectrum taken after 
transfer and mechanical manipulation. The average I2D/IG for 
all cases is ≈3, indicating monolayer graphene. Case V on the 
other hand, consistently results in lower quality and thicker 
graphene characterized by an increase of ID/IG and decrease of 
I2D/IG. These results are consistent with the reported studies.[35]

The quality of graphene can also be evaluated based on 
the size of the single-crystal domains, which is related to the 
nucleation density. Here, we use growth case III to illustrate 
the trends of the maximum domain size (defined as A /Gr π ,  
AGr is domain area) and graphene nucleation density with 
growth time. As shown in Figure 4k, the size of the graphene 
domains on ultrathin Pd leaf linearly increases with tg and 
the growth rate for condition III is ≈25 µm min−1, which is 
among the highest in the literature and twice the growth rate 
(≈10–15 µm min−1) of graphene on copper foil.[36] We explain 
this result by considering the even distribution of carbon 
throughout the Pd with longer growth time as discussed in 
Figure 3h. This also effectively reduces the nucleation density 
as shown in Figure 4k. Figure S6i–l (Supporting Information) 
displays the corresponding SEM images showing the evolution 
of monolayer graphene formation on Pd leaf.

3. Mechanical Behavior of the Pd-Gr Leaf

After synthesis, the leaves offer significant advantages for 
gilding owing to the strong Pd-Gr interaction, and the enhance-
ment of the surface stiffness of the leaf. We study the shift in 
Raman spectra during the stretching of the as-grown monolayer 

graphene on the Pd leaves. The Raman peak shifts while the 
leaf is stretched indicates the load transfer, and the shift rate 
per unit strain is proportional to the quality of graphene. After 
synthesis, freestanding Pd-Gr leaves can float on water surface 
and are transferred and glued onto the surface of a poly(methyl 
methacrylate) (PMMA) bar. The PMMA bar with Pd-Gr leaf 
is subjected to three-point bending, while Raman spectra are 
recorded in situ, as sketched in Figure 5a. This technique is 
widely used for testing graphene under mechanical loads by 
measuring the strain shift rate of the 2D and G peak.[37] Impor-
tantly, it is mentioned earlier in this article that the Raman 
signal from monolayer graphene on the Pd leaf is weak. Spe-
cifically, CVD synthesized graphene strongly interacts with 
metal catalysts of the second group changing the G and 2D 
wavenumbers.[33] Hybridization of the π orbitals of graphene 
and the d electrons of metals like Pd, Ni, and Ru modifies the 
Dirac cone, therefore suppresses the Raman scattering.[16,33] In 
this study, we use 532 nm laser with exposure time of 30 s to 
collect the signal of graphene on Pd. We observe blue shift of 
≈37.8 cm−1 in frequency of the G peak and ≈33.1 cm−1 for the 
2D peak, see Figure S7 (Supporting Information). These are 
similar to the variations observed in the Raman spectra of gra-
phene on Ti and Ni.[38]

We mainly consider the G peak as representative of the 
deformation of the as-grown Pd-Gr leaf. When the Pd-Gr leaf 
deforms, clear redshift and splitting of the G peak are observed, 
as displayed in Figure 5b. This provides solid evidence that the 
strain has been transferred to the graphene and it is of uniaxial 
nature. Figure 5c shows the evolution of the G peak under 
tensile strain. The G peak is split into two subpeaks with the 
shift rates of ≈31.84 and ≈14.00 cm−1 %−1 for ω− and ω+, respec-
tively. Notably, the shifts of the G peak in our CVD-grown 
graphene on Pd leaf are similar to those observed in the exfoli-
ated graphene monolayers, and the corresponding Grüneisen 
parameter γ(G) ≈ 2.27 (see Equation (S6), Supporting Informa-
tion), also matches the upper values estimated in literature.[39] 
Overall, the observed G peak shifts verify the exceptional quality 
of graphene synthesized on the Pd leaf, as it is on the same 
order as exfoliated graphene crystals. The large shift of the G 
peak is not surprising, since the adhesion of graphene on Pd is 
strong and thus the stress transfer is expected to be more effi-
cient than that in graphene on polymer and copper.

Finally, we use nanoindentation of the Pd-Gr to evaluate 
the enhancement in surface modulus due to the addition of a 
monolayer graphene on the leaves. The elastic response of the 
Pd-Gr composite leaf is measured by indenting with a diamond-
coated probe (see Figure S8, Supporting Information) via AFM 
(Asylum Cypher). Figure 5d shows the typical force curves of 
the as-received Pd leaf, and on the Pd-Gr leaf. In the current 
study, we present results using small loads ≈150 nN, ensuring 
elastic deformation at indentation depth of less than 1 nm. The 
as-received Pd leaf shows negligible hysteresis between loading 
and unloading curves, while the Pd-Gr composite shows limited 
hysteresis possibly due to Pd-Gr interfacial slip. For sub-nm 
indentation, a continuum mechanics model based on Hertz 
contact theory[40] can be utilized to extract the effective mod-

ulus from the unloading data: F E R
4
3

r
3/2δ= , where F is the 

indentation load, δ is the displacement, E
E E

1 1
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with Et ≈ 1050 GPa,  νt ≈ 0.2 being the Young’s modulus and 
the Poisson’s ratio of the diamond tip. The effective modulus of 
Pd-Gr leaf is 223.6  ±  23.4 GPa, which is close to two and a half-
folds increase over the as-received leaf. This is an impressive 
strengthening effect considering that it is due to only a single 
monolayer added on the surface of an already stiff material  
(the Young’s modulus of Pd is 121 GPa). We also report the 
effective modulus of areas on the same leaf, which underwent 
the synthesis but have not been covered with graphene, referred 
to as Pd-C. The Pd-Gr is higher than the Pd-C (no graphene cov-
erage) by 60%. The origin of these enhancements can be attrib-
uted to superb mechanical behavior of the as-grown graphene 
layer and the defect-scarce Pd-Gr interfacial bonding. Precise 
mathematical modeling of this mechanical enhancement 
could shed new light on the route to design graphene-coated  

interfaces for a variety of applications such as catalysts, 
coatings, and electrical connectors.

4. Conclusion

In summary, rapid LPCVD synthesis of high-quality and 
uniform monolayer graphene is achieved, for the first time, 
on the ultrathin Pd leaf providing a freestanding and cost-
effective graphene-metal thin film nanocomposite. Pd leaves 
exhibit several qualities that made them suitable for high-
quality graphene synthesis at elevated temperatures despite 
their thinness. To develop recipes shorter than 1 min, we use 
kinetics models to consider the carbon diffusion driven by 
concentration gradient dynamic temperature variations. The 

Adv. Funct. Mater. 2018, 1804068

Figure 5. Mechanical behavior of the as-grown Pd-Gr leaves. a) Schematic of the in situ Raman-bending test setup. The as-grown Pd-Gr leaf is mounted 
on a PMMA bar, which is subjected to three-point bending. b) The evolution of Raman spectra of Pd-Gr leaf when strained during three-point bending. 
Redshift in G peak and splitting into two subpeaks indicate the uniaxial tension in graphene layer. c) The shift of G peak under tension for various level 
of strain. d) Typical force curves of the as-received Pd leaf, annealed Pd-C leaf, and the as-grown Pd-Gr leaf from AFM nanoindentation. e) The effective 
moduli E measured from AFM nanoindentation, showing the significant reinforcement with a CVD-grown monolayer Gr on Pd leaf.
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understanding and experiments developed herein pave the 
route for the rational design of ultrathin graphene-metal nano-
composites. The as-grown uniform graphene layer is shown 
to be highly crystalline, of high quality and predominantly 
monolayer in thickness. In situ Raman spectroscopy during 
Gr-Pd stretching as well as AFM nanoindentation verify the 
high quality of as-grown graphene on Pd leaf and outstanding 
mechanical coupling at Pd-Gr interface. This study promotes 
graphene-based thin films and nanocomposites and opens 
new opportunities for the use of these materials coating and 
functionalization.
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