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Abstract 

Sub-surface alloying (SSA) can be an effective approach to tuning surface functionalities. 

Focusing on Rh(111) as a typical substrate for graphene nucleation, we show strong modulation 

by SSA atoms to both the energetics and kinetics of graphene nucleation simulated by 

first-principles calculations. Counter-intuitively, when the sub-surface atoms are replaced by more 

active solute metal elements to the left of Rh in the Periodic Table, such as earlier transition metals 

(TMs), Ru and Tc, the binding between a C atom and the substrate is weakened and two C atoms 

favor dimerization. Alternatively, when the alloying elements are later TMs to the right of Rh, 

such as relatively inert Pd and Ag, the repulsion between the two C atoms are enhanced. Such 

distinct results can be well addressed by the delicately modulated activities of the surface host 

atoms in the framework of the d-band theory. More specifically, we establish a very simple 

selection rule in optimizing the metal substrate for high quality graphene growth: the introduction 

of an earlier (later) solute TM in the SSA lowers (raises) the d-band center and the activity of the 

top-most host metal atoms, weakening (strengthening) the C-substrate binding, meanwhile both 

energetically and kinetically facilitating (hindering) the graphene nucleation, and simultaneously 

promoting (suppressing) the orientation disordering the graphene domains. Importantly, our 

preliminary theoretical results show also that such a simple rule is also proposed to be operative 

for graphene growth on the widely invoked Cu(111) catalytic substrate. 
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1. Introduction 

Graphene1 is a single atomic layer of hexagonally packed carbon atoms, and the basic 

building block of graphitic materials of all other dimensionalities.2 As a striking star material, it 

has attracted considerable attention due to its remarkable electrical,2, 3 mechanical2, 4 and chemical 

properties5 for potential applications in electronics,2 optoelectronics,6 thermal transport,7 

catalysis,8, 9 lithium-ion batteries,10 and chemical and biological sensing.11 Underpinning all the 

cases is the primary challenge for cost-efficient, reliable, and high-throughput synthesis of a 

high-quality single-crystal monolayer graphene. Correspondingly, various methods for 

synthesizing large-area graphene monolayers have been investigated, such as graphitization of 

silicon carbide surfaces12, 13 and catalytic chemical vapor deposition (CVD) of carbon sources on 

transition metals (TMs), such as Ru,14, 15 Rh,16 Ir,17, 18 Ni,19, 20 Pt,21, 22 Pd,23 and Cu.24-27 Among 

these different avenues, CVD stands out in stark contrast to others as a highly promising technique 

of synthesizing large-scale high-quality monolayer graphene, which can be readily transferred to 

other substrates via chemical etching. However, up to date, the mass production of graphene 

mainly results in polycrystalline structures, consisting of undesirable grain boundaries (GBs) that 

may degrade their functionalities in practice. 

Extensive efforts have been devoted to explore the underlying mechanisms of graphene 

nucleation, growth and the formation of grain boundaries on various TM substrates in the context 

of CVD synthesis. For example, carbon supersaturation was revealed to play an important role in 

graphene growth on Ir(111)18 and Ru(0001)28 substrates, and a carbon-cluster attachment 

mechanism29-31 has been proposed for such systems. On a Cu substrate,24-27, 32 surface adsorption 

process dominates the graphene growth, whereas on Ni19, 20 carbon segregation is the main 
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mechanism. Furthermore, the initial nucleation stages of carbon adatoms on TM substrates are 

widely investigated. Experimentally, it has been revealed that carbon nucleation prefers to start 

from the step edges over terraces on Ir(111),18 Ru(0001),28 and Ni(111)19, 20 surfaces; theoretically, 

Chen et al.32 have elucidated that the delicate competition between the C-C and C-metal 

interactions on the step edges and/or terraces of the TM substrate essentially determines the initial 

nucleation of graphene epitaxial growth. More specifically, the binding of carbon adatoms, dimer 

or carbon clusters with the step edges/terraces of TM substrate also ultimately determines the 

features of grain boundaries. Briefly, a relatively weak C-metal coupling with respect to C-C 

interaction enables fast diffusion of carbon atoms and results in multi-site nucleation of carbon 

islands over the whole surface, and leads to grain boundaries when different graphene grains 

coalesce together at different orientations, as reported for graphene growth on Cu.24-27, 33 

Alternatively, GBs can also be formed in the initial nucleation stage when several graphene grains 

emanate from one nucleation site.34 Somewhat intuitively, C dimerization is not preferred on a TM 

terrace with relatively strong C-TM binding, interestingly, the carbon nucleation is readily 

facilitated by the step edges due to the geometric effect.32 However, it is more desirable for 

nucleation of graphene islands to take place over the entire substrate rather than merely at the 

preexisting step edges. Since the specific interactions of the C seeds with the catalytic surface is 

critical in determining the quality of the produced graphene, consequently, some efforts have been 

devoted to suppressing the prevalence of grain boundaries by selecting highly appropriate 

substrates. For example, surface alloy Mn-Cu(111)33, 35, 36 superstructure was invoked to suppress 

the grain orientation disordering; and more recently, Wafer-scale single-crystal graphene with 

predefined orientation was fabricated with the aid of anisotropic twofold symmetry of a 
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hydrogen-terminated Ge(110) surface.37  

Motivated by such efforts in fabricating high-quality and large-scale single-crystal graphene, 

in this paper, we propose another new approach - using sub-surface alloy (SSA) effect38 to 

modulate the delicate C-metal coupling and the C-C interaction, which essentially determines both 

the energetics and kinetics of carbon nucleation at the initial stages of graphene epitaxial growth 

on metal surfaces. The central purpose here is to establish the design principles in fabricating 

appropriate metal substrate for optimizing graphene nucleation and suppressing the orientation 

disordering of the graphene domains over the entire flat terraces of the SSA. Specifically, in the 

SSAs, a series of different TMs have been sandwiched between the first and second layer of a host 

metal substrate, therefore the topmost layer of the SSA substrate consists of mainly one type of the 

host metal atoms, rather than forming a rigorous surface superstructure.33, 35, 36  Additionally, the 

SSA metal substrates are expected to possess significantly higher catalytic activities than the 

hydrogen-terminated Ge(110) surface,37 which is critical for graphene growth at low temperatures 

via the CVD method. Such sub-surface alloys38 have been extensively studied as oxygen reduction 

catalysts in fuel cells.39, 40 However, the validity of the SSA in optimizing graphene growth has not 

been examined before. Taking Rh(111) as a prototypical example, we find that on Rh(111) two C 

atoms prefer separation, counter-intuitively, when the sub-surface atoms are replaced by solute 

metal elements to the left of Rh in the Periodic Table, such as earlier transition metal Ru and Tc 

with a higher d-band center, the two C atoms tend to form a dimer. On the other hand, when the 

solute metal components are the later TMs, such as relatively more inert Pd and Ag elements of 

lower d-band centers,41, 42 the repulsion between the two C atoms are enhanced, hindering the 

nucleation of graphene. Additionally, such an SSA effect also significantly modulates the 
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stabilities of larger C clusters on the metal surface. Importantly, the earlier (later) solute atoms in 

the SSA facilitate (hinder) the C diffusion on the surface, while the later solute TMs can 

effectively suppress the orientation disordering of the graphene domains on the SSA substrates, as 

also demonstrated by our preliminary calculations on the graphene growth on the widely used 

Cu(111)24, 32 catalytic substrate. 

2. Methods 

Our density functional theory (DFT) calculations are carried out using the Vienna ab initio 

simulation package (VASP)43 with PAW potentials44, 45 and the generalized gradient approximation 

(PBE-GGA)46 for the exchange-correlation functional. In our calculations, we first take Rh(111) as 

a prototypical host substrate and then construct some SSA systems. The lattice constants of all the 

TM crystals are obtained via structural optimizations. The substrate of the sub-surface metal alloy 

is modeled by a three- or four- layered slab, wherein a solute metal is present in the second layer 

of the surface. The vacuum layers are more than 13 Å thick to ensure decoupling between 

neighboring slabs. As detailed later in the results section, 3-layered slab is already thick enough to 

describe the sub-surface alloy effect in modulating the preference of carbon nucleation or not on 

metal substrates. During relaxation, all atoms of the slab are allowed to relax until the forces on 

them are smaller than 0.01 eV/Å within the spin polarized calculations. In simulating small CN 

clusters (N≤5) nucleation on the metal alloy, a 4×4×1 k-point mesh was used for the 3×3 surface 

unit cell; for the cases of CN clusters (N>5), a 3×2×1 k-point sampling for the 4×8 surface unit cell 

was adopted.47 The energy cutoff is 400 eV in all the calculations, together with the K-point 

sampling, these parameters have been carefully examined to insure good convergence. The 

formation energy (Ef ) per carbon atom on the metal substrate is calculated by the formula:  
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Ef =(N×EC(atom) +Esubstrate –Eadsorbate-substrate)/N   (1) 

where EC(atom), Esubstrate, and Eadsorbate-substrate are the total energies of a free standing C atom, the 

metal substrate, and the optimized adsorbate-substrate complex, respectively. We use the climbing 

image nudged elastic band method48 to determine the energy barriers of the various kinetic 

processes. 

Here, we note that the criterion in selecting the solute atoms of the sub-surface is mainly 

based on the consideration of well-matched surface lattice constants between the solute metal and 

the host substrate. The calculated mismatches between the calculated surface lattices of Tc(0001), 

Ru(0001), and Pd(111) with Rh(111) are negligible, i.e., 1.7%, 0.2%, and 2.9%, respectively. Even 

in the case of Ag(111), the mismatches slightly raise to 8.4%, enabling us to neglect the surface 

strain effect due to the alloy in the SSA and merely focus on the electronic origin of the SSA. 

3. Results and Discussion 

We first examine the adsorption of C monomers and the nucleation of these C seeds on the 

surface of a flat Rh(111) substrate simulated by a three-layered slab model.49 Here, we consider 

the fcc hollow (with an atom directly below in the third layer), hcp hollow (with an atom directly 

below in the second layer), and the surface bridge sites for the adsorption of C atoms on a given 

system. The most stable adsorption site is hcp, resulting in an Ef of 7.412 eV. The fcc adsorption 

site is 0.327 eV less stable, and the bridge is an unstable adsorption site, in line with previous 

calculations on the C monomer on both Ir(111) and Ru(0001).29, 30, 32 We then investigate the 

initial stages of graphene nucleation on a flat Rh(111) substrate by studying the energetics of 

carbon dimerization. As shown in Figs. 1(c) and 1(d), we study the interactions of two C atoms on 

Rh(111) with two distinct configurations: 1) the formation of a carbon dimer with one C atom 
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occupying the preferred hcp site and another C atom locating in the vicinity of the nearest fcc site, 

see Fig. 1(c), in this case the optimized C-C bond length is 1.38 Å; 2) both C atoms locate on the 

hcp hollow sites and possess largest separation distance in the 3×3 surface cell, Fig. 1(d). Our 

calculations show that the former case, i.e., carbon dimerization, is energetically less stable than 

the latter case of C atoms separation: ∆E=EC-dimerization-EC-separation=0.426 eV. These results indicate 

that on the flat Rh(111) surface the C adatoms are mutually repulsive, hindering graphene 

nucleation therein. Note that we have also performed calculations with a four-layered slab model, 

which shows a slight variation in ∆E of 0.454 eV; however, the preference of C-C separation 

remains the case. 

We next explore the SSA effect in modulating the possibility of C-nucleation on TM metal 

substrates by means of the delicate competition between C-C and C-metal interactions tuned by 

the SSA. Again, we first perform the calculations with a three-layered slab model, and the 

introduced solute atoms are presented in the sub-surface, as shown in Fig. 1(a). Here, we examine 

the SSA effect induced by the introduction of solute elements of Pd and Ag, which are to the right 

side of Rh and possess fully filled d orbitals thus relatively low chemical activities, as compared 

with Rh. Intuitively, the introduction of relatively inert solute atoms Pd and Ag would significantly 

decrease the activities of the substrate and thus weaken the C-substrate interactions, definitely 

facilitating the C-dimerization and graphene nucleation. Surprisingly, we find that the 

C-dimerization becomes energetically even unfavorable upon the introduction of solute Pd and Ag 

atoms, as manifested by the even larger positive values of ∆E, 0.648 and 0.691 eV, respectively, 

Fig. 1(e). In view of this unfavorable effects, it is natural to search for an appropriate element on 

the left side of Rh, taking Ru and Tc as preliminary candidates. Somewhat counter-intuitively, the 
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introduction of these two more reactive solute elements in the SSA effectively facilitates carbon 

dimerization on the host Rh(111) substrate. For the case of Ru, i.e. on Ru@Rh(111), ∆E is reduced 

to only 0.156 eV. Particularly, on the Tc@Rh(111) substrate, ∆E becomes negative, indicating that 

graphene nucleation is energetically favored on the flat Tc@Rh(111) terrace. From the data 

presented in Fig. 1(e), we can preliminarily conclude that the introduction of an relatively earlier 

TM solute element (with a relatively higher d-band center) in the SSA can reduce the chemical 

activity of the substrate and thus reduce the C-substrate interaction and simultaneously enhance 

the C-C binding, ultimately facilitating graphene nucleation. 

Once again, we also identify the observation by further calculations based on a four-layered 

slab model, see Fig. 1(b). Interestingly, for the cases of Pd@Rh(111) and Ag@Rh(111), the 

calculated values of ∆E in the four-layered slab model only change slightly, to 0.627 and 0.722 eV, 

from 0.648 and 0.691 eV in the three-layered slab model, respectively. These findings indicate that 

the preference of C-C separation on TM@Rh(111) is insensitive to the thickness of the substrate in 

the atomic-thick regime. On the other hand, when the solute TMs are further to the left of Rh, i.e., 

on four-layered Ru@Rh(111) and Tc@Rh(111) substrates, the calculated ∆E varies significantly to 

0.420 and 0.173 eV, from the values of 0.156 and -0.233 eV obtained with a three-layered slab 

model. The underlying mechanism in such a contrast thickness-dependent results for different 

TM@Rh(111) is still unclear. Even so, the fact that the earlier TM solute atoms in the SSA 

substrate facilitate the C-dimerization or graphene nucleation is firmly established. Note that, 

recently, high quality atomic-thick (including sing-atom-layered) sheets of Rh(111) have been 

elaborately fabricated,50 and by controlling the growth conditions different core-shell nanoalloy 

clusters can also be synthesized.51 It is likely that the combination of these elaborate experimental 
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technologies can lead to high quality TM@Rh(111) SSA thin film substrates with different atomic 

thicknesses, which may be utilized to further modulate graphene nucleation via the observed 

thickness effect. 

The dimerization and graphene nucleation are also crucially determined by the kinetic 

processes of the adsorbed carbon seeds, therefore we now show that the diffusion barrier of the C 

adatoms on the flat Rh(111) substrate can also be tuned via the SSA effect. In the following 

section, unless otherwise stated, the calculations are performed with a three-layered model, see Fig. 

1(a). The calculated surface diffusion barrier (Ebarr) of a C monomer between a metastable fcc site 

and the nearest stable hcp site is 0.417 eV, which is also effectively modulated by the SSA effect, 

as shown in Fig. 2. On Pd@Rh(111) and Ag@Rh(111) substrates, the values of the Ebarr are tuned 

up to 0.638 and 0.695 eV, respectively. Whereas, for the solute atoms to the left of Rh, i.e. on 

Ru@Rh(111) and Tc@Rh(111), the Ebarr are lowered to 0.205 and 0.116 eV, respectively. 

Interestingly, the trend that the earlier (later) TM solute atoms reduce (increase) the Ebarr of C 

diffusion on the surface of Rh(111) substrate is also highly correlated with the fact that the earlier 

(later) TM solute atoms facilitate (hinder) the C-dimerization or graphene nucleation, from the 

energetic point of view. On the one hand, the trend revealed here exhibits the strong predictive 

power in potential/practical applications of the SSA to tune graphene nucleation on a TM substrate 

via CVD method. On the other hand, these results invite a more fundamental analysis of the 

underlying physics for the SSA effect. 

The classic d-band model can be invoked to access the underlying mechanism in dominating 

such a rather counter-intuitive picture of the distinct SSA effect involving different solute TM 

atoms. According to the d-band theory, the activity of a TM substrate can be correlated with the 
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position of its d-band center (Ed) in the energy spectrum,41, 42 i.e., the closer Ed of the metal 

substrate to the Fermi energy (EF), the stronger the binding between the adsorbate and the TM 

substrate. Particularly, the activities of the topmost low-coordinated surface atoms to which that 

the adsorbate directly binds essentially dominate the strength of the adsorbate-substrate 

interactions. Therefore, in Fig. 3, we plot the calculated positions of the Ed of the top-most Rh 

atoms in the three-layered slabs for both pure Rh(111) substrate and TM@Rh(111) alloy structures. 

Here, Ed is defined as: , where the PDOSd is the DOS 

projected to the d orbitals of the Rh atoms. As marked in the bracket, the Ed of the topmost Rh 

atoms in pure Rh(111) substrate is -1.677 eV, and the introduction of the left-side solute atoms, 

such as Ru and Tc, leads to lower Ed values of -1.797 and -1.930 eV, respectively; however, for the 

cases of Pd@Rh(111) and Ag@Rh(111), Ed are lifted up to -1.389 and -1.242 eV, respectively, see 

the red bars in Fig. 3. These results presented in Figs. 1 and 2 are thus well rationalized within the 

classic d-band model41, 42: the left (right) side solute elements introduced in the host Rh shift down 

(up) the d-band center of the surface Rh atom and therefore reduce (enhance) the binding of C-Rh, 

ultimately facilitating (hindering) the C dimerization and the consequent graphene nucleation. 

We now discuss in more detail the underlying mechanisms of the contrast solute atoms effect 

in modulating the Ed of the surface Rh atoms. To do this, first, we calculate the Ed of the topmost 

surface atoms of the pure TM substrates (Tc(0001), Ru(0001), Rh(111), Pd(111), and Ag(111)) 

also with a three-layered slab model. As shown in Fig. 3, the calculated values of the Ed for the 

five cases almost monotonously (except for the case of Pd) drop down from the left side element 

Tc (-1.422 eV), through Rh(-1.677 eV) to the right side case of Ag (-4.186 eV). Such an exception 
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may be due to the s1
d

9 valence electronic configuration in generating the potential adopted, rather 

than its ground state d10 configuration with fully filled d orbital in experiment, artificially shifting 

up the Ed of Pd. Importantly, the calculated Ed of the earlier TM, i.e., Tc and Ru, are higher than 

that of pure Rh, whereas the later ones, such as Ag, possess lower Ed than that of pure Rh. 

Correspondingly, the interaction of the solute atoms with the surface Rh can be elucidated within 

the framework of a coupling between two single localized d orbitals with the energy levels of 

Ed(TM) and Ed(Rh), respectively. As schematically shown in Fig. 4, in the cases of 

Tc(Ru)@Rh(111), the coupling (hybridization) of these two orbitals definitely further lowers the 

Ed state of the host Rh (Ed(Host)) (as indicated by the position of host-dominated bonding state), 

because the solute atoms have relatively higher Ed, i.e., Ed(Solute), see Fig. 4(a); on the other hand, 

for the cases of Pd(Ag)@Rh(111), the coupling of the solute orbital with relatively lower 

Ed(Solute) state with that of the host will further lift up the Ed(Host) (as indicated by the positon of 

the host-dominated anti-bonding state). Hence, in the TM@Rh(111) SSAs, the first layer host Rh 

atoms possess lower Ed in the cases of earlier TM solute atoms (Tc and Ru), as compared to that of 

the later ones, such as Pd and Ag, see also Figs. 3 and 4(b). 

Now that we have established the underlying mechanism of the SSA effect in both the 

energetic and kinetic properties of carbon dimerization in the very early stages of graphene 

epitaxial growth on metal surfaces, we now continue to discuss the SSA effect on the energetics of 

relatively larger C clusters on metal substrates. Considering the diffusion and dissociation barriers 

of the C seeds, experimentally, there are still some possibilities in forming C clusters on the flat 

terraces of metal substrates on which graphene nucleation is energetically unfavoured. Hence, we 

also optimize the most stable configurations of CN clusters (N=3~10) on all the investigated 
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TM@Rh(111) substrates (TM=Tc, Ru, Rh, Pd, and Ag). In searching for the most stable structures 

of CN clusters, we consider both one-dimensional (1D) linear chains and 2D compact 

configurations. Our results show that in the studied size regime, CN clusters prefer 1D chains on 

all the TM@Rh(111) substrates, see Fig. 5, in close agreement with previous findings.47 

In Fig. 6(a), we present the average Ef per C atom of the CN species (N=1~10) on the studied 

substrates, and in Fig. 6(b) the second-order differences of the Ef (∆2Ef) are presented. 

Significantly, both the binding energies and the stabilities of the CN clusters on Rh(111) substrate 

can be modulated by the SSA effect. More specifically, the signs and/or the amplitude of the ∆2Ef 

can be tuned to change from the case of pure Rh(111) via the introduction of the solute alloy 

atoms. For examples, as mentioned previously, C dimerization is energetically not preferred on 

pure Rh(111), therefore to stabilize the active C2 dimer, a relatively large Ef is obtained, which is 

manifested by a negative ∆2Ef at N=2. Whereas it is now changed to be positive on 

Tc(Ru)@Rh(111) substrates, confirming the preference of the C dimerization. Furthermore, at the 

size of N=3, significantly, C clusters are becoming more and more stable in a sequence of 

Tc@Rh(111)<Ru@Rh(111)<Rh(111)<Pd@Rh(111)<Ag@Rh(111), as supported by the gradually 

outstanding peak of the ∆2Ef curves. Such phenomena are also observed in the even larger sizes 

regime (N=4~9), cofirming that the SSA effect in tuning the relative stabilites of the C seeds or C 

nucleas on metals. Note that, recently, DFT calculatons combined with experimental observations 

identified the magic number of N=21 for carbon clusters on Rh(111), Ru(0001), Ni(111), and 

Cu(111).49 Consequently, it is very interesting to examine whether the SSA effect can change the 

magic number of the deposited C clusters in such a size regime on these substrates in our future 

work. 
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We now address the validity of the SSA effect in suppressing the orientation disordering of 

the graphene domains on the metal substrates. To do this, taking C6 ring as a prototypical (actually 

the smallest) hexagonal compact graphene domain sample, we investigated its energetics between 

different orientations on the studied TM@Rh(111) substrates. Here, we consider two 

high-symmetry orientations (HSO): in the first case, the C6 ring adsorbs flat on Rh(111) with its 

edge C atoms locating at the bridge sites between two surface Rh atoms (briefly, we name it 

HSO-B); and in the second, the six edge C atoms locate at the three-fold hollow sites of the 

surface Rh atoms (i.e., HSO-H). As disucssed, a single C atom prefers to adsorb on the three-fold 

hollow site, rather than on the bridge site. Surprisingly, on both pure Rh(111) and TM@Rh(111) 

substrates, the smallest graphene domain (C6) prefers the HSO-B configuration, namely, all the six 

C atoms locate on the bridge sites. Detailed analysis reveals that such unexpected results may be 

due to the geometric effect of the C6 on hexagonal close-packed metal substrate. In the case of 

Rh(111), in the HSO-H configuration, the six C-C bonds cross the surface Rh-Rh bonds, which is 

energetically undesirable due to the C-C bending when the C atoms approach to the surface, 

resulting in larger average C-Rh bond length (2.24 Å) as compared to the 2.07 Å in the HSO-B 

orientation. Interestingly, the energy differences (∆E=E(HSO-H)-E(HSO-B)) between these two 

orientations can be modulated by the SSA effect, as presented in Fig. 7. On the pure Rh(111) 

surface, the calculated ∆E is 2.214 eV; however, when the TM solute elements are to the left side 

of the host Rh, such as Ru and Tc, the values of the ∆E decrease to 1.783 and 1.684 eV, respectivly, 

energetically enhancing the trend of orientation disordering. On the other hand, when the TM 

solute elements are to the right side of the host Rh, for instance of Pd, the calcualted ∆E increases 

to 2.413 eV. Particularly, in the case of Ag@Rh(111), the HSO-H orientaiton is already not a local 
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energy minimum configuration with even higher energy, as schematically shown in the unfilled 

bar in Fig. 7. Natually, important message can be obtained from Fig. 7 on how to energetically 

suppress the orientation disordering of the graphene domains on a given host transition meal 

substrate, particularly those (such as Cu24-27, 32) on which multi-site nucleation is preferred: by the 

introduction of later solute TM atoms essentially with lower d-band centers in the SSA. 

 To the end, to verify the above hypothesis, we perform preliminary calculations on 

controlling the initial stage of C nucleation and suppressing the orientation disordering of 

graphene domains on Cu(111), which has been widely regarded as the most promising catalytic 

substrates for potential mass production of high-quality graphene via CVD method.25, 26 Here, Zn 

is selected to serve as the solute elements in the SSA: the calculated Ed of Cu(111) and Zn(0001) 

are -2.195 and -6.684 eV, respectively, i.e., the later possesses significantly lower d-band center 

than the former. Briefly, we first calculated the parameter of ∆E=EC-dimerization-EC-separation for two C 

adatoms on both pure Cu(111) and the Zn@Cu(111) SSA substrates. As presented in Fig. 8(a), on 

pure Cu(111), ∆E= -3.626 eV, indicating the preference of C dimerization, however, on the 

Zn@Cu(111) SSA substrate, the calculated ∆E is reduced to -3.157 eV. These findings 

demonstrate that, to some extent, the SSA effect may effectively tune the C nucleation process 

from a pure energetics perspective. Again, taking C6 ring as a prototypical example, we then 

calculate the energy difference of two high symmetry orientation orderings 

(∆E=E(HSO-H)-E(HSO-B)) of the graphene domain on Cu(111) and Zn@Cu(111) substrates. As 

shown in Fig. 8(b), on pure Cu(111), ∆E=0.022 eV, such a small energy difference elucidates 

again the origin of orientation disordering of graphene domains on Cu.34, 52 However, on the 

Zn@Cu(111) SSA substrate, the calculated ∆E is shifted to -0.266 eV, and the negative sign 
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represents a reverse of the relative stabilities of these two HSOs, which may be due to the extra 

binding of C6 ring with the sub-surface Zn atoms. Furthermore, we have also calculated the 

rotation barriers (Ebarr) of the C6 ring from the most stable orientation, i.e., HSO-B (HSO-H) on 

Cu(111)(Zn@Cu(111)), to another low energy orientation, HSO-H (HSO-B), as inddicated by the 

arrowed lines, respectively, to check the SSA effect in tunning the rotational kinetics of graphenen 

domains on Cu(111). Our calculations show that on Cu(111), the C6 ring seems to readily rotate 

due to the negligible barrier of 0.064 eV. However, on Zn@Cu(111) substrate, the SSA has greatly 

enhanced the rotational barrier up to 0.306 eV, see Fig, 8(c), kinetically suppressing its orientation 

disorder. Unambiguously, the significantly increased absolute values of both ∆E and Ebarr have 

established the validity of the SSA effect in suppressing the orientation disordering of the 

graphenen domains34, 52 and in optimizing the Cu substrate24-27 for high quality graphene growth 

as well.  

4. Conclusions 

In conclusion, using first-principles calculations, we establish that sub-surface alloying effect 

can effectively modulate both the energetics and kinetics of carbon nucleation in the initial stages 

of graphene epitaxial growth on the metal substrate surface. Counter-intuitively, we reveal that the 

earlier TM solute atoms with higher d-band centers in the SSA can significantly enhance the 

C-dimerization and thus graphene nucleation on the host metal substrate. However, the later TM 

solute atoms with relatively lower d-band centers in the SSA may suppress both the graphene 

nucleation and the orientation disordering of the graphene domains. Such an interesting and 

simple picture can be well addressed in the framework of a delicate competition between C-C and 
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C-metal bonding modulated by the SSA effect, essentially obeying the d-band model. The present 

theoretical study reveals a highly predictive power of SSA tuning in the selection/design of 

appropriate substrate for mass production of single crystalline monolayer graphene in CVD 

experiment, as confirmed by our preliminary theoretical calculations on both Rh(111) and the 

widely used Cu(111) substrates. Therefore, we wish the present interesting results deserve of the 

development of elegant experimental technologies in fabrication of appropriate SSA substrates to 

examine the present theoretical findings for the practical applications in high quality graphene 

growth. 
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(Fig. 1, Zhang, et al., to PCCP) 
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(Fig. 2, Zhang, et al., to PCCP) 
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    (Fig. 3, Zhang, et al., to PCCP) 
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(Fig. 4, Zhang, et al., to PCCP) 
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(Fig. 5, Zhang, et al., to PCCP) 
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(Fig. 6, Zhang, et al., to PCCP) 
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(Fig.7, Zhang, et al., to PCCP) 
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(Fig. 8, Zhang, et al., to PCCP) 
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Figure Captions: 

 

Fig. 1: (a) Three-layered sub-surface alloy (SSA) model (side view) with the solute transition 

metal intercalated between the first and the second layers; (b) four-layered slab model; (c) 

dimerization of two C adatoms on the SSA (top view); (d) two C adatoms with largest distance on 

the Rh(111) and SSA substrates; and (e) the energy difference (∆E) between structures presented 

in (c) and (d), i.e., ∆E=EC-dimerization-EC-separation. The data represented by triangles are calculated 

with the three-layered slab model (a), while the squares represent the data from the four-layered 

model (b).  

 

Fig. 2: Minimum energy paths and energy barriers (Ebarr) for a single C atom diffusion on Rh(111) 

and TM@Rh(111) SSA substrates from the fcc site to a nearby hcp site; the saddle points are 

nearby bridge sites.  

 

Fig. 3: The d-band centers (Ed) of the top-most surface Rh atoms in pure Rh(111) substrate, 

TM@Rh(111) SSAs (TM=Tc, Ru, Pd, and Ag). For comparison, the Ed of the top-most surface 

TM atoms in Tc(0001), Ru(0001), Pd(111) and Ag(111) are also presented. All the Ed are 

calculated using a three-layered slab model.  

 

Fig. 4: Schematic diagrams for the role of the interactions of the solute TM atoms with the host 

surface atoms in shifting their d-band centers.  

 

Fig. 5: Optimized configurations of CN clusters (N=3~10) on Rh(111); similar structures are 

obtained for CN clusters on TM@Rh(111) SSA substrates.  

 

Fig. 6: (a) Formation energy of CN clusters, Ef =(N×EC(atom) +Esubstrate –Eadsorbate-substrate)/N, on 

Rh(111) and TM@Rh(111) SSA metal substrates; and (b) its second-order difference, 

∆2Ef=Ef(N+1)-Ef(N-1)-2Ef(N) for different CN clusters.  

 

Fig. 7: Energy differences between two optimized high symmetry orientations (HSO-B and 
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HSO-H) for C6 ring on Rh(111) and TM@Rh(111) SSA substrates, ∆E=E(HSO-H)-E(HSO-B). For 

the case of Ag@Rh(111), the HSO-H orientation is not a stable configuration with much higher 

energy, which is only schematically shown by the unfilled bar. 

 

Fig. 8: (a) Energy differences, ∆E=EC-dimerization-EC-separation, for two C adatoms on both pure 

Cu(111) and the Zn@Cu(111) SSA substrates; (b) Energy differences between two optimized high 

symmetry orientations (HSO-H and HSO-B) for C6 ring on Cu(111) and Zn@Cu(111) SSA 

substrates, ∆E=E(HSO-H)-E(HSO-B); and (c) Rotation barrier of the C6 ring from the most stable 

orientation to the low-lying one. The geometric structures of the saddle points are inserted. In the 

bracket, the rotational barrier Ebarr and the angle（θ）between the highest symmetric axis of the C6 

ring (indicated by the arrowed line) and that of the metal surface (by the dotted line) are presented 

in the bracket in the form of (Ebarr,θ). 
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