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Abstract

:

Graphene, a single atomic layer of graphite, has been a material of recent intensive studies due to its novel electronic and structural properties and its potential applications in the emerging area of carbon-based electronic devices. Metal on graphene growth is one of the current research interests, aiming at improving and manipulating the electronic and magnetic properties of graphene through metal atom adsorption or doping to meet various requirements in device applications. In this paper, we will give an overview of recent experimental and computational investigation of interaction, growth morphology, and thermal stability of various metals on graphene grown on 6H-SiC(0001) substrate.
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1. Introduction


Graphene, a planar monolayer of carbon atoms arranged into a two-dimensional (2D) honeycomb lattice, has attracted tremendous interest in physics, chemistry, and material science since 2004 [1]. Graphene exhibits extraordinary electronic structure: Its π and π* bands merge together into a single point at the Fermi energy the so-called Dirac point and display a linear E vs. k dispersion. Such a unique feature implies that the electrons at the Fermi level in graphene behave like mass-less relativistic particles and lead to some unusual properties such as the anomalous quantum Hall effect [2,3], high electron mobility at room temperature [1,3], and exceptional thermal [4] and mechanical [5] properties. There is no doubt that materials based on graphene will have great potentials in electronic devices, nanotechnology, surface catalysis, data storage, and magnetic memory applications [6,7,8,9].



In addition to the intrinsic properties of pure graphene, a lot of recent experimental and theoretical studies [10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64] have been devoted to the investigations of metals on graphene, aiming at improving and manipulating the electronic and magnetic properties of graphene through metal atom adsorption or doping to meet various requirements in device applications [6,7,8,9]. For example, recent studies [10,11,12,13,14,31,32,33,34,35,36,37] showed that alkali adatoms adsorption on graphene release their valence electron easily and act as good agents for n-doping of graphene. In addition to alkali metal adsorptions, research interest in transition and noble metal elements [38,39,40,41,42,43,44,45,46,47,48,49,53] or clusters [50,51,52,54,55,56,57] adsorbed on graphene continues to grow rapidly and broadens the range of applications from catalysis [65,66,67,68,69,70], spintronics [9,27,28], to nanomagnetic devices [26,27,38,39,40,41,42,43,44,45,46,47,48,49]. Transition and noble metal nanostructures on graphene have been shown to be efficient as supported catalysis [22,24,25,65,66,67,68,69,70]. Another technological interest is to grow uniform magnetic metal films for use as spin filters in spintronics or to grow high density of magnetic islands that are thermally stable for computer storage applications. Moreover, the study of metals on graphene is also important for a better understanding of the quality of metal contacts which is very critical to the performance of graphene based microelectronics devices. On the other hands, impurities on graphene [58,59,60,61,62] also induce large magnetism or form strong covalent bonds to modify the electronic and magnetic properties of pure graphene to meet the needs of various graphene-based materials and device applications. In this paper, we will give an overview on recent experimental and theoretical investigations to understand the growth morphology and thermal stability of metal nanostructures and thin film grown on grapheme [71,72,73,74,75,76,77,78]. We note diverse efforts have been made to synthesize graphene with different approaches, such as exfoliation and cleavage from graphite [1], chemical vapor deposition on metal surfaces [79,80,81,82,83,84,85,86,87,88], carbon deposition on single crystal metal surfaces under ultra high vacuum (UHV) conditions [83,89] and thermal annealing of SiC [90,91,92,93,94,95]. It is not the scope of this paper to review the growth and preparation of graphene. We refer the readers to several excellent review articles [82,83] on the current state of graphene growth. Our emphasis is the growth of metals on graphene. We also note that in the literature, growth of various metals on graphene with different substrate (e.g., on Si-terminated SiC, SiO2, or on transition metal surfaces) have been reported, but with the growth outcome depending on the type of graphene and the substrate is grown on. For example, for graphene grown on metals, the moiré pattern formed between graphene and the metal substrate on Cu(111) [86], Ni(111) [85,87], Au(111) [88], Ru(0001) [22,25,30], and Ir(111) [27,28,29,79,80,81] have been considered as a good substrate for patterned growth of metal clusters networks. The reason for this is because the graphene substrate interaction is strong so the moiré supercell provides the nucleation sites for the deposited atoms to aggregate regular island distributions. For example, by using STM, Goodman et al. reported the growth morphology and properties of Pt, Rh, Pd, Co, and Au islands on graphene supported on the template of a graphene moiré pattern formed on Ru(0001) substrate [17,22,25]. Recently, Ir, Pt, W, Re, Co, Eu, Au, AuIr, and FeIr nanoislands have been grown on the graphene moiré structure on Ir(111) substrate as shown by Michely et al. [16,27,28,29,79,80,81]. Noble metal clusters on graphene prepared by chemical methods have also been shown to enhance the electrocatalytic activity [65,66,67,68,69,70].



This review article will focus only on epitaxial growth of metal on graphene prepared by thermal annealing of SiC. This is an area where joint experimental and theoretical studies to relate measured nanostructure morphologies and calculated metal-graphene interactions are limited. In addition, graphene on Si-terminated SiC behaves differently from the graphene on transition metal substrate [79,80,81,82,83,84,85,86,87,88] with regards to metal nanostructure formation morphology and stability. The interaction between the graphene and Si-terminated SiC substrate is believed to be weak and the substrate does not play an important role in controlling the growth morphology of the metal islands on graphene. The growth morphology of metal islands is therefore dominated by the interaction between the metal adatoms and graphene. Only limited experimental work has been done in this area with the main goal to intercalate the metal at the graphene-SiC interface, as shown in recently study [96], to induce superconductivity [97], to study potassium diffusion [14], to fully decouple graphene from the substrate [98], to modify the electronic structure with Li [11], as well as to study different types of intercalation with sodium [99]. The combined experimental and theoretical studies presented in this review have focused over a wide temperature range; but prior to intercalation, so the changing morphology can be monitored while the metal atoms are still on the surface and have not diffused at the interface.



The remaining of the paper is arranged as follows. In Section 2, we will review the experimental observation of growth morphology of various metals on graphene using scanning tunneling microscopy (STM). Section 3 will focus on the interaction between the metal adatoms and graphene from first-principles calculations, aiming at providing a microscopic understanding of the growth morphology of various metals on graphene observed by experiment. Microscopic bonding mechanism between metal adatoms and graphene and the changes in the electronic structures of graphene induced by adsorption of metal adatoms will be reviewed in more details in Section 3 and Section 4. The correlations between the adsorption behaviors from the first-principles calculations and growth morphology observed in experiment will be further discussed in Section 5. In Section 6, we will review our current understanding of interaction between metal adatoms graphene and their effects on the growth morphology. A discussion of thermal stability of nanostructures on graphene will be given in Section 7. Finally, some concluding remarks will be given in Section 8.




2. Growth Morphology of Metal on Graphene


Experimental studies of growth morphology of metal on graphene on Si-terminated SiC substrate have been carried out recently [71,72,73,74,75,76,77,78]. The graphene layer was prepared by the thermal annealing of SiC [91]. As shown in Figure 1, the method produces G1 (single layer) or G2 (bilayer) graphene of very high quality [91] with domains that extend over μms because of slow and controlled desorption of Si through the steps to graphitize the surface. The steps undergo a single to triple step transition with different retracting speeds that results in the fine coverage control of the remaining C that eventually produces uniform graphene layers over very long distances [91].
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Figure 1. (a) 250 × 250 nm2 area scanning tunneling microscopy (STM) image showing different heights on a graphitized 6H-SiC(0001) sample; (b) The outlined white box of Figure 1a. All step heights can be written in terms of s = 0.25 nm or g = 0.35 nm; (c) Single layer graphene growing uninterrupted over a graphene step. 
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Epitaxial growth of several metals (Gd, Dy, Eu, Fe, and Pb) has been performed experimentally. The growth morphology, such as the island dimensionality (i.e., two-dimensional (2D) or three-dimensional (3D)), island shape and island density at various deposition rates and coverages, as well as deposition temperature has been measured using scanning tunneling microscopy (STM). STM is a useful tool to study metal graphene interaction because the grown island morphology under different conditions can reveal information about the energetic barriers of metal adsorption and diffusion on graphene. Using STM, one can observe directly whether islands or films are grown at given set of growth conditions and whether they are crystalline or amorphous. STM can also be used to measure the nucleated island density n to deduce the energetic and kinetic parameters to compare with the ones calculated using the first-principles methods as will be discussed in the next section. The island density can be analyzed in terms of the classical theory of nucleation [100], which has been extensively used in STM experiments to deduce the diffusion barrier ΔE in numerous metal/metal and metal/semiconductor systems [100]. Another quantity easily measurable by STM is whether growth is smooth (layer-by-layer) or rough three dimensional. The difference in morphology is controlled both by surface diffusion and the step edge barrier, i.e., an extra barrier existing at step edges ΔEs that controls how easy the atoms move from higher to lower layers. This barrier especially in the first layer is defined by the adatom and substrate, so it also contains information about the strength of the metal-graphene interaction. Small ΔE and ΔEs imply layer-by-layer growth while in the opposite limit the growth is three dimensional. Both these barriers indirectly reveal information about the strength of the metal-graphene interaction. As one can see in the following, different metals on graphene exhibit very different growth morphologies, indicating different interaction strength between the metals and graphene and even among the metal adatoms.



2.1. Gd on Graphene


Figure 2 shows Gd deposition at room temperature (RT) as a function of coverage θ with the same flux rate F = 0.12 monolayer (ML)/min. Fractal-like Gd 3D islands have been seen for all coverages. While the island size increases with coverage, the island density n is constant at approximately the value of 0.0014 islands/nm2 over a wide range of coverage θ as one can see from Figure 2. The independence of the island density on θ is consistent with the predictions of the scaling theory of nucleation [101]. With increasing θ each fractal island collects the deposited atoms and grows with the arm widths getting wider. The island volume normalized to the same 250 × 250 nm2 area increases from average film height 0.29 to 1.05 nm in Figure 2c,d respectively which approximately scales with the deposition times 10 min in Figure 2c and 30 min in Figure 2d. This scaling also is another indication that is no intercalation of Gd below graphene.
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Figure 2. STM image of Gd on graphene (a) 210 × 210 nm2, θ = 0.5 ML; (b) 250 × 250 nm2, θ = 1.2 ML; (c) 250 × 250 nm2, θ = 3.6 ML; (d) Constant island density vs. coverage at room temperature (RT) for Gd on graphene with F = 0.12 ML/min. 
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2.2. Dy on Graphene


Figure 3a shows the nucleated island density after 0.4 ML of Dy has been deposited at room temperature over an area of 1000 × 1000 Å2.
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Figure 3. (a) The nucleated island density after 0.4 ML of Dy has been deposited at room temperature over an area of 1000 × 1000 Å2. The island density is 2 × 10−4 islands/Å2 indicating slow diffusion; (b) Dy (2.35 ML) deposited on graphene with a flux rate 0.23 ML/min at 660 K. The area size is 2500 × 2500 Å2. These islands have height difference multiples of 0.28 nm, the Dy step height. 
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The island density is 2 × 10−4 islands/Å2. However, when Dy is deposited at high temperature of 660 K, bigger and well-shaped islands have been observed as one can see from Figure 3b where 2.35 ML of Dy grown with a flux rate of 0.23 ML/min is shown. The area shown in Figure 3b is 2500 × 2500 Å2. These islands are consistent with both hcp(0001) and fcc(111) structure of Dy, and the average step height is 1.93 nm which corresponds to 7 ML height islands. Most of the islands have triangular shapes which should indicated step free energy anisotropy. For fcc metals, differences in island shapes and orientation are caused either by different stacking sequences or differences in A and B step surface energies. For hcp(0001) there is only one stacking possibility so the origin of the shape anisotropy is under investigation and most likely it will imply that the Dy nanoislands are fcc(111).




2.3. Eu on Graphene


On the other hand, continuous deposition of Eu very quickly results in flat films of large terraces seen in Figure 4 with only two or three layers exposed. Eu, surprisingly, shows flat top crystalline islands with well-defined facets already at RT deposition which can be found in Figure 4. Figure 4a shows 250 × 250 nm2 STM images for θ = 1 ML of Eu deposited on graphene at RT with a deposition rate 0.2 ML/min. The islands are large and crystalline of main height 0.75 nm with well-defined facets. The film closes in a layer-by-layer fashion if the deposition of Eu continues to 3 ML has been shown in Figure 4.
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Figure 4. (a) 250 × 250 nm2 STM images for θ = 1 ML of Eu deposited on graphene at RT with a deposition rate 0.2 ML/min. The islands are large and crystalline of main height 0.75 nm with well-defined facets; (b) The film closes in a layer-by-layer fashion if the deposition of Eu continues to 3 ML as shown in the STM image of 250 × 250 nm2. 
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2.4. Fe on Graphene


The deviation of Fe nucleation from the standard expectations is seen in Figure 5. For room temperature deposition, n continues to increase even up to 2.3 ML (55% covered area because the nucleated islands are 3D) and possibly beyond. A continually rising n requires a steady nucleation of new islands, which are seen in the form of small islands in Figure 5a–e. θ is varied over 3 orders of magnitude from 0.002 to 2.3 ML. It is remarkable that for very low θ, a very low n is observed (with these initial Fe islands still 3D and containing several hundred atoms). This shows that initially the diffusion length is at least 50 nm (the average island separation in Figure 5a), since the large number of deposited atoms incorporated in the islands must traverse such large distances. However, as more Fe atoms are deposited (see Figure 5b–e) the diffusion length must continuously decrease while n correspondingly increases.
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Figure 5. (a–e) Corresponding images at different θ. (a) 0.003 ML; (b) 0.16 ML; (c) 0.65 ML; (d) 0.87 ML; (e) 2.3 ML. Small islands in each image show the new islands that have just nucleated. All images are 200 × 200 nm2 except (b) which is 150 × 150 nm2; (f) Island density n vs. θ for Fe grown on graphene at room temperature showing a monotonic dependence on θ up to at least 55% surface coverage (θ = 2.3 ML). 
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Figure 6 shows the dependence of n on the deposition temperature T from 300 K to 650 K. Despite the large temperature change ΔT = 350 K, the island density is almost constant and fluctuates around its mean value ~6 × 10−4 islands/nm2 by less than a factor of 2. The temperature dependence of the island density is very weak and is not consistent with activated thermal diffusion. In Figure 5a–c θ is ~0.6 ML and in Figure 5d it is 1.05 ML. On the other hand, for Fe/Fe(001) at 300 K [102], n is 6 × 10−3 islands/nm2 at RT dropping to 10−3 islands/nm2 at 550 K. Nucleation theory [100] was used to extract the diffusion barrier ΔE = 0.45 eV and normal prefactor ν0 ≈ 1012 hops/s.





[image: Crystals 03 00079 g006 1024] 





Figure 6. The temperatures and converges are (a) RT, 0.65 ML; (b) 420K, 0.65 ML; (c) 570K, 0.54 ML; (d) 650K, 1.05ML; (e) Temperature dependence of the island density n from 300 to 650 K. Classical nucleation predicts an Arrhenius dependence of n with temperature while images (a–d) instead show an almost constant island density. Each image is 200 × 200 nm2. 
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2.5. Pb on Graphene


Figure 7a shows a 1000 × 1000 Å2 area with only two large Pb islands with growth conditions T = 78 K and θ = 0.5 ML. The islands have heights of eight layers and regular face-centered cubic (fcc) (111) shapes. It is clear that Pb diffusion is extraordinarily fast since all the deposited atoms have moved to the islands. Using an island density of 2 × 10−6 islands/Å2, a flux rate of 0.1 ML/min, the scaling theory of nucleation [100] with critical size clusters ic = 1, and a normal prefactor 1013 s−1, it is deduced that the diffusion barrier ΔE much be less than 70 meV. This estimated ΔE is an upper bound because some islands nucleate at steps so the diffusion length is limited by the average distance between steps. This is confirmed with nucleation experiments at a lower temperature (30 K) that give island densities only slightly higher (4 × 10−6 islands/Å2) than the experiments at 78 K. Using this island density the activation energy must be less than 35 meV (but the island shapes grown at 30 K are less regular than the ones in Figure 7a).



The absence of monomers on top of graphene is seen in Figure 7b where an area of 540 × 440 Å2 around the top island of Figure 7a is magnified. The periodic pattern observed around the island corresponds to the 18 Å periodicity of the 6√3. Since there is no wetting layer, no monolayer rings are present at island perimeters as for the growth of Pb/Si(111) [103].
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Figure 7. (a) 250 × 250 nm2 area with only 3 large Pb islands the temperature is T = 40 K flux rate 0.1 ML/min and deposited amount θ = 0.8 ML. The islands have heights 8-, 6-, 7-layers from left to right. The measured island density 3 × 10−5 islands/nm2 implying a Pb diffusion barrier less than 50 meV; (b) The area is 54×44 nm2 Pb after growth at T = 88 K and θ = 0.5 ML. The periodic pattern around the 7-layer island is the initial 6√3 reconstruction which is practically free of monomers indicating unusually high Pb mobility. 
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3. Interactions between Metal Adatoms and Graphene


As discussed in last section, different metals on graphene exhibit different growth morphologies which can be attributed to the different bonding and interaction strength between the metal and the graphene. Studies of metal adatom adsorption on graphene will provide useful information of these interactions. In the past several years, extensive first-principles calculations based on density functional theory have also been carried out to study the adsorption properties of various metals on graphene in order to gain detailed insights into the interaction of the metals with graphene [31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64]. The first-principles DFT plane-wave basis calculations have also been combined with quasi-atomic minimal basis orbitals (QUAMBOs) scheme [104,105,106] and Mulliken charge analysis to evaluate the amount of electron transfer between the adatoms and the graphene layer [71,72,73,74,75,76,77,78]. The degree of covalent bonding is also studied through Mayer bond order [107] analysis based on the QUAMBOs. The results from the first-principles calculations and the QUAMBO analysis have provided useful information for a better understanding of the growth behavior of metal nanostructures formation on graphene. The adatom/graphene system is modeled by having one metal adatom in a 6 × 6 graphene supercell and with periodic boundary conditions.



3.1. Energeitcs of Metals on Graphene


The adsorption energies of various metal adatoms on graphene have been studied by first-principles calculations [31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64]. The calculation results from Liu et al. [71,72,73,76] show that the energetically favorable adsorption site is different for different adatoms. Most of the metal adatoms favor the H-site, while Pb, Cu, Au adatoms prefer the T-site and Cr, Pd, Pt, and Ag adatoms take the B-site. The adsorption energies (Ea) and diffusion barrier (ΔE) for various metal adatom adsorbed on graphene obtained from DFT calculations of Liu et al. are shown in Figure 8a,b, respectively, in comparison with other works [29,31,38,40,45,48,49,50,51,55]. The metals in the horizontal axis are arranged in the order of group I–IV metals, 3d-transition metals, group 10 transition metals, noble metals, as well as rare earth metals. The adsorption energy Ea is defined as the difference between the energy of the relaxed adatom/graphene system and that of the isolated perfect graphene sheet and an isolated adatom. From Figure 8a one can see that the adsorption energy ranges from less than 0.04 to 1.95 eV, depending on the type of adatoms. For example, the adsorption energy is much smaller when Ag and Mg adsorbed on graphene, only about 0.02–0.03 eV, suggesting that the interactions between Mg and Ag adatoms and graphene are very weak. The adsorption of Mg and Ag adatoms on graphene is therefore physisiorption. In contrast, the interactions between most of the 3d-transtion metals and graphene are much stronger with adsorption energy ranging from 0.87 to 1.95 eV except for Cr and Mn on graphene which has adsorption energies of only 0.21 and 0.14 eV, respectively. The adsorption energy is 1.15 and 1.70 eV, respectively, for Pd and Pt adatoms on graphene. The adsorption energy of group I–IV metals (except Mg) on graphene is intermediate from about 0.26–1.17 eV. When noble metal adatoms adsorbed on graphene, the adsorption energy is much smaller. In the case of rare earth metals on graphene, the adsorption energy is also generally high (above 1.56 eV) except for the half-filled and fully-filled f-shell elements Eu and Yb which have adsorption energies of 0.87 and 0.35 eV, respectively. The results from the first-principle calculations of Liu et al. agree in general with other theoretical results [29,31,38,40,45,48,49,50,51,55] as one can see from Figure 8. We note that, for the alkali metal adsorption, the adsorption energies are smaller in 4 × 4 supercell than that of 6 × 6 supercell due to Coulomb repulsion effects.
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Figure 8. (a) Adsorption energy (Ea); (b) Diffusion barrier (ΔE). The bars correspond to the work by the current calculations and the symbols to results in the literature. 
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Figure 8b shows the diffusion barriers for different metal adatoms on graphene obtained from the first-principles calculations of Liu et al., also in comparison with other calculation results [38,49,71,76]. The diffusion barriers are very small with only few meV for Mg, Pb, Cr, Cu, Ag, and Au adatoms on graphene. For group I-IV metals, the diffusion barriers are generally lower with the values from 0.06 to 0.14 eV, except for a Li adatom which has a diffusion barrier of 0.32 eV. On the other hand, the diffusion barriers for 3d-trnasitoin metal adatoms on graphene are generally higher [71], except for Cr and Mn adatoms. The diffusion barriers of Cr and Mn adatoms on graphene are 0.01 and 0.03 eV respectively [76]. Compared to the 3d-transiton metals on graphene, the diffusion barriers of noble metals on graphene are much smaller, only few meV [76]. For rare earth metals, the diffusion barrier of Nd, Sm, and Gd adatoms are generally higher compared to that of Eu, Dy, and Yb adatoms [72,76] as one can see from Figure 8b.




3.2. Interaction Charge Density Distribution


The adsorption energies and diffusion barriers can be used as a measure for the interaction between metal adatom on graphene: small adsorption energy and diffusion barriers indicated weak interaction and vice versa. The nature (i.e., ionic or covalent) and the strength of the interaction can be qualitatively understood by the analysis of bonding electron distributions (BED) as shown in Figure 9, Figure 10. Here the BED Δρ(r) is defined as Δρ(r) = ρ(r) − (ρgra(r) + ρada(r)) [8,46,76], where ρ(r) is the electron density of the adatom/graphene system, ρgra(r) and ρada(r) are the electron density of the pure graphene and the isolated adatoms separately calculated using the same atomic coordinates and supercell setup as those in the corresponding adatom/graphene systems. The BED accounts for the charge redistribution due to the interaction between the adatom and graphene. A three-dimensional (3D) plot of the BED for various metal adsorptions is shown in Figure 9.
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Figure 9. Bonding electron distribution (BED) induced by adatoms adsorption on graphene. The gold color (i.e., 0.004 e/Å3) in the 3D plot indicates and increase in the electron density after bonding, and the cyan color (i.e., −0.004 e/Å3) indicates and electron density loss. 
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The gold color (i.e., 0.004 e/Å3) in the 3D plot indicated an increase in the electron density upon adsorption, and the cyan color (i.e., −0.004 e/Å3) indicated an electron density loss. A two-dimensional (2D) contour plot of the BED in the vertical planes cutting through the adatom and the carbon atoms of the graphene layer is also shown in Figure 10. The region with a higher bonding charge between adatoms and carbon atoms in Figure 9 and Figure 10 indicates stronger covalent bond formation by adatom adsorptions. As shown in Figure 9, the bonding charge distribution induced by simple metal adsorption is delocalized, especially for alkali metal adatoms. The electrons transferred from alkali metal adatoms spread over the whole graphene layer. In comparison, the induced bonding electron density by 3d-transiton, group 10 transition metals, and noble metals on graphene is mainly localized on the carbon atoms next to the metal adatoms. For the rare earth metal adatoms, the bonding charge distribution (expect for Yb) is intermediate between the alkali and 3d-transition metal, i.e., the Δρ(r) exhibits some degree of localization but is not as strong as those of transition metals on graphene. For Yb on graphene, the bonding charge distribution is delocalized due to charge transfer since the interaction between the Yb adatom and graphene is ionic. The bonding charge distribution is similar to the case of alkali metals on graphene and spreads over the whole graphene layer.
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Figure 10. Bonding electron distributions (BED) in the vertical plane cutting through adatom and carbon atoms of the adatom/graphene system. Positive value (red color indicated 0.28 electron/Å3) indicates an increase in electron density and negative value (blue color indicated −0.14 electron/ Å3) means an electron density loss with respect to the superposition of the atomic electron density. 
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3.3. Microscopy Bonding Nature and Mechanism


More quantitative charge transfer and microscopic bonding mechanism for metals on graphene have also been analyzed through the popular Mulliken population analysis by expressing the wave functions from the first-principles calculations in terms of QUAMBOs by Liu et al. [71,72,73,76]. Figure 11a presents the charge transfer induced by different metal adatoms on graphene. We can see that for alkali metal adatom on graphene, almost all their s electron is transferred to graphene. Chan et al. [38] also analyzed the electron transfer between the alkali and simple metal adatoms and graphene using two different methods: (i) They determine the charge transfer by integrating the electron density in the adatom region and graphene region respectively within the supercell based on the results from the DFT calculations using the plane-wave basis; and (ii) They determine the charge transfer from the electronic density-of-state (DOS) according to the difference between the Fermi level in pure graphene and metal adsorbed graphene systems. They [38] showed that the charge transfer is only about 0.4~0.7 electrons for alkali adatoms on graphene, which is lower than the value of 1.0 electron found by the calculation of Liu et al. The smaller charge transfer from their calculations can be attributed to the size effects since Coulomb repulsive interactions between adatoms and their images in the 4 × 4 super cell can reduce the electron transfer. The work of Liu  et al. [71,76] and the recent studies [12,13,14,31,38] showed that alkali adatoms adsorption on graphene donate their s electron easily and act as good agents for n-doping of graphene. Therefore the interaction between alkali adatoms and graphene is mainly ionic. For the Mg/graphene system, Liu et al also found that [76] there is almost no charge transfer, consistent with the physisorption picture discussed above. By contrast, they found there are about 1.33 electrons transferred from Ca to graphene. For group III and IV metals, about 0.8–0.9 electron transfers are found for Al and In adatoms on graphene while the charge transfer is only 0.3 electrons of the Pb adatom from the studies [38,83,86]. For 3d-transtion metals on graphene, the charge transfer is found below 1.0 electron, except for the Fe/graphene system in which transfer of 1.2 electrons has been found. Larger charge transfer for Fe/graphene is also reported in [40]. The charge transfer by adsorption of noble metals is relatively smaller with the values no more than 0.4 electrons. Similar results are also found in other works [54,55,56]. In the case of rare earth metals, the charge transfer depends on the adatom type. The charge transfer is 1.34 electrons for Yb, but relatively smaller for other rare earth metals on graphene [72,76].



The nature of the bonding for metal on graphene has also been discussed in term of bond order [102]. The bond orders are calculated through the QUAMBOs method by Liu et al. [71,72,73,76] and the results are shown in Figure 11b. One can see that more than a half of the metals in the region right have a bond order value of about 1.5, indicating strong covalent bond formation between these adatoms and graphene [71,72,73,76]. Those adatoms have strong covalent interaction with graphene also have relatively large adsorption energy and diffusion barriers. Another half of metal adatoms on the right side of Figure 11b exhibit smaller bond orders (less than 0.75) as well as smaller adsorption energies and diffusion barriers. Ag adatom is exceptional for which the bond order and adsorption energy are all zero, indicating that there is no noticeable interaction between the Ag adatom and graphene. They [71,72,73,76] also note that the bond orders of the alkali and group II metal adatoms are essentially zero, indicating ionic bonding between these adatoms and graphene. In particular, Mg adatom also exhibit negligible adsorption energy and diffusion barrier, showing physisorption characters. In comparison, the bond orders of the groups III and IV metal adatoms (Al, In, and Pb) are moderate with a mix of ionic and covalent interactions with graphene. They also note that the adsorption of transition metal adatoms on graphene cause strong hybridization between the transition metal adatoms and graphene electronic states and the bonding is mainly covalent [71,72,73,76].



Charge transfer upon metal adsorption on graphene has also been investigated by experiments [10,11,12,13,14,31,32,33,34,35,36,37]. Recent experimental studies showed that alkali adatoms adsorption on graphene donate their valence electron easily (i.e., 0.3~0.4 electrons) and act as good agents for n-doping of graphene [10,11,12,13,14,31,32,33,34,35,36,37]. By using the STM technique combined with density functional calculations, Song et al. [10] studied cesium adsorption on graphene supported on a 6H-SiC(0001) substrate. They showed that the interaction between Cs adatoms on graphene originates from a long-range repulsive Coulomb interaction due to the charge transfer from Cs to graphene. Such an electrostatic potential couples with the substrate potential to form stable Cs superlattices. Virojanadara et al. [11] also found by ARPES experiment studies that Li adatom give rise to electron doping of graphene but in addition they showed that the Dirac cone is sensitive to how the Li atoms are distributed on the graphene SiC interface after room temperature intercalation. The interaction between K adatoms on graphite also exhibited long range repulsive interactions from a STM study [14] but the coverage was very low and the temperature much lower so no ordered arrangements of the K adatoms were accessible. All the experiments [10,11,14] and the theoretical studies [31,32,33,34,35,36,37] showed that alkali adatoms adsorption on graphene donate their electrons easily. Therefore the interaction between alkali adatoms and graphene is mainly ionic, which is consistent with the conclusions of Liu et al. [71,72,73,76] and other works [12,13,31,38].





[image: Crystals 03 00079 g011 1024] 





Figure 11. (a) Charge transfer (Δq) due to adatom adsorption; (b) Bond order of adatom/graphene system. 






Figure 11. (a) Charge transfer (Δq) due to adatom adsorption; (b) Bond order of adatom/graphene system.



[image: Crystals 03 00079 g011]







4. Properties Induced by Metal Atom Adsorption


Metal adsorption can induce changes in the structures and properties of graphene which in turn can affect the growth morphology of metal on graphene. Therefore, before discussing the correlation between the growth morphology and adatom adsorption properties in Section 5, we will review some current investigations on adatom induced properties for metal on graphene.



4.1. Deformation of Graphene


An important property induced by the metal adatom adsorption on graphene is the lattice distortion. Such lattice distortions would cause elastic interactions between the adatoms and affect the growth morphologies of the metal on graphene. Different metal adatoms on graphene can cause different distortions. In Figure 12, the in-plane distortions of the graphene layer upon the adsorption of the metal adatoms from the calculation of Liu et al. [71,72,73,76] are plotted. In order to see the distortions more clearly, the displacements indicated by the blue arrows in Figure 12 have been enlarged by a factor of 5000 for a better visualization. Liu et al. [71,72,73,76] found that the distortion patterns (or strain fields) in the graphene layer caused by the adsorption of group I–IV metals are very similar. The lattice distortion of graphene caused by the adsorption of 3d-transition and group 10 transition metals is larger compared to that induced by group I–IV metal adsorptions as one can see from Figure 12. For noble metal adsorptions, the distortion induced by Cu is much larger than that by Ag and Au adatoms on graphene. For rare earth metals on graphene, there is very smaller in-plane distortion induced by adsorption of Eu and Yb. The in-plane distortion induced by other rare earth metals is also not as large as that by 3d-transiton metals but larger than that by group I–IV metals. They note that the in-plane distortion of the second shell carbon atoms with respect to the adatoms is larger than that of the first shell carbon atoms. These distortion patterns (or strain fields) induced by the adatom adsorption would affect the growth morphology of metals on graphene.
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Figure 12. In-pane distortion of graphene lattice due to the adsorption of metal adatoms. The length of the arrows represents the amplitude of the distortion and the direction of the arrows represents the direction of the distortion. The displacements have been enlarged by a factor of 5000 for a clear visualization. 
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4.2. Electric Dipole Moment


The redistribution of electrons by adsorption of metals on graphene will induce electric dipole moments, which cause long-range interaction between the adatoms on the graphene and affect the metal island growth morphology. The electric dipole moments from the calculations of Liu et al. [71,72,73,76] are summarized in Figure 13a. They show that [71,72,73,76] the dipole moment induced by alkali metals is larger with the values ranging from 2.5 to 6.0 Debye due to charge transfer which is consistent with the results of Chan et al. suggested [38]. But for group II–IV metals on graphene, the dipole moment is below 1.0 Debye except for In adsorption on graphene which gives 2.5 Debye of dipole moment. The dipole moment is about 1.0 Debye when V, Fe, Co, and Ni adatoms deposit on graphene. However, the other 3d-transiton metals, for example, Cr and Mn adatoms, induce little dipole moment with the values only 0.1–0.2 Debye. The induced dipole moment by adsorption of Pd and Au is about 1.2 Debye, respectively [76]. In the case of Pt, Cu, and Ag adsorption, the dipole moment is smaller. The dipole moment of rare earth metals on graphene is relatively larger, especially for Nd, Gd, and Dy adsorption with the values of 2.6, 1.9, and 1.8 Debye, respectively [72,76]. Some correlations between the amount of the charge transfer and electric dipole moment can be seen from the comparison of Figure 13a, Figure 12a. In general, the larger the charge transferred, the bigger the induced electric dipole moment but with several exceptions. For example, Ca, Al, and Yb adatoms have relatively larger charge transfer, but their electric dipole moments are small.





[image: Crystals 03 00079 g013 1024] 





Figure 13. (a) Electric dipole moments; (b) Magnetic moment for metal/graphene system (blue bar) and isolated metal atoms (red bar). 
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4.3. Magnetic Moment


The charge transfer between metal adatoms and graphene as well as among the different orbitals of the adatoms may also induce spin-polarization and thus magnetic moment. Figure 13b shows the magnetic moments of metal/graphene system in comparison with those of corresponding isolated metal atoms from the studies of Liu et al. [71,72,73,76]. For Li, Na and K adatoms on graphene, the magnetic moments are disappeared, showing a significant reduction from their values of 1.0 μB in the isolated atoms. The origin of this magnetic moment reduction can be attributed to the electron transfer from the s orbital of the alkali metal adatoms to graphene suggested by Liu et al. [71,76]. There is one s electron in an isolated alkali metal atom which gives 1.0 μB of the magnetic moment. However, when the alkali metal atom adsorbs on graphene, almost its valence electron is transferred to the pz orbitals of the graphene and reduce the magnetic moment of the s electron thus no net magnetic moment for alkali metals on graphene. The isolated Mg and Ca metal atoms exhibit zero magnetic moment due to closed shell of their electron configuration. However, there is no charge transfer between Mg and graphene layer so the net magnetic moment of Mg/graphene system is zero, as one can see from Figure 13b. For Pb, the adsorption slightly reduces the magnetic moment from its atomic value of 2.0 μB to 1.77 μB [73,76]. There are no net magnetic moments for Al and In adatoms on graphene as suggested by Liu et al. and Chan et al. [38,71,76]. In comparison, the odd number of p electrons in the isolated atoms will give 1.0 μB of magnetic moments. The depletion of magnetic moments can also be attributed to these electron transfers. Depletion of magnetic moments is also observed for the 3d-transtion metal adatoms (except V and Mn) on graphene [38,40,48,51,71,76]. Recently, a STM investigation [26,27,28] revealed that the interface magnetic properties of nanostructured transition metal Co/graphite can be used to determine the spin and orbital moments at the hybrid interface. Vo-van et al. [26,27] reported the growth of flat, epitaxial ultrathin transition metal Co films on graphene on Ir(111) substrate for a candidate graphene-based materials in spintronics.



For the noble metal adatoms on graphene, the net magnetic moment of the system is equal to the value of those isolated noble metal adatoms [76] as one can see from Figure 13b. It is worthy to note that the magnetic moment of the rare earth metal adatoms on graphene is significantly enhanced [72,76]. Liu noted that the core f-electrons of the rare earth adatoms are not included in the VASP calculations as discussed in [72]. Therefore the magnetic moments presented in Figure 13b do not include those from the core f-electrons. They show that the magnetic moments of the rare earth adatoms are generally higher than those of the isolated atoms. For Nd, Sm, Gd, and Dy while the magnetic moments from the valence electrons of the isolated atoms are about 1.0 μB, the adatom/graphene system exhibits a magnetic moment of 2.0 μB [72,76]. Similarly, the adsorption of Eu and Yb on graphene also induces a magnetic moment of 1.0 μB although there is no magnetic moment from the valence electrons in the isolated Eu and Yb atoms [72,76]. The enhancement of magnetic moment upon adsorption of rare earth adatoms on graphene is in contrast to the behaviors of most of the simple and transition metals where the magnetic moments of the adatoms are reduced upon adsorption on graphene. Their calculations also show that magnetic moments of the graphene layer are enhanced significantly by the adsorption of the rare earth adatom, suggesting that the magnetic properties of graphene can be manipulated through the doping or adsorption.





5. Correlation between Growth Morphology and Adatom Adsorption Properties


In order to understand the growth morphology of the metal nanostructures on graphene, Liu et al. [71,72,73,74,75,76,77,78] have examined the adsorption energy of the metal adatom on graphene with respect to its bulk cohesive energy (Ea/Ec) as well as diffusion barriers (ΔE) of adatom on graphene. They showed that there are correlations between growth morphology and Ea/Ec as well as ΔE.



Although the details of the growth morphology would be dependent on many energetic and kinetic factors, it is plausible to argue that the dimensionality aspect of the metal island growth (i.e., 2D or 3D growth) is mainly governed by the ratio of the adsorption energy to the bulk cohesive energy (Ea/Ec) of the metal. For a large Ea/Ec, incoming metal adatoms will have large probability to stick to graphene and the growth will likely be 2D at low coverage. On the other hand, 3D growth will take place if the ratio Ea/Ec is small since in this case it would be energetically favorable for the metal adatoms to be incorporated into the top of the island instead of sticking to the graphene substrate.



In classical nucleation [100] n determines the diffusion coefficient: low n implies fast diffusion while high n indicates slow diffusion. Therefore, the island density observed by STM experiment can be correlated to the diffusion barriers of the adatoms on graphene from first-principles calculations.



The Ea/Ec is plotted in Figure 14 as a function of the different adatoms. The diffusion barriers ΔE have been given in Figure 8b. Liu et al. [71,72,73,74,75,76,77,78] found that almost metals (except alkali metals, Nd and Sm) have an Ea/Ec ratio smaller than 0.5. In particular, the Ea/Ec ratios for Cr, Mn, Cu, and Au on graphene are extremely small. These results suggest that most of the 3d and group 10 transition metals, noble metals, and rare earth metals on graphene will favor a 3D growth mode. In addition, Cr, Mn, Pd, Cu, Ag, and Au adatoms on graphene exhibit very small diffusion barriers. Therefore, kinetically limited growth would result in relatively large island sizes and small island densities even below room temperature. On the other hand, a high island density and a smaller island size should be expected for other metals on graphene, especially for Fe, Co, Ni, Pt, and Gd. The results of Ea/Ec ratios and diffusion barriers from the calculations can explain some of the features in the growth morphologies observed in the STM experiments as discussed above. The small Ea/Ec ratios for Fe on graphene suggest that these metals will grow in 3D mode on graphene, consistent with experimental observation (i.e., Figure 5, Figure 6). The Pb adatom has extremely low diffusion barrier so that the adatom can move very fast to form the big crystalline islands even at very low temperature (i.e., Figure 7). By contrast, the diffusion barrier of the Fe adatom is much higher so the island density is much higher. By comparing both rare earth metals Gd and Eu on graphene, they [72,76] find that Gd exhibits relatively higher diffusion barrier and smaller Ea/Ec ratio (0.36) as compared to those of Eu which has a diffusion barrier of 0.14 eV and a Ea/Ec ratio of 0.50. The calculation results can also explain why the high density of fractal islands of Gd on graphene. For Eu the diffusion barrier is lower and the Ea/Ec ratio is high which explain why the crystalline islands grow quickly in almost layer-by-layer fashion (i.e., Figure 4). Only at high temperature (660 K), the growth of Dy can overcome the barrier and grow in bigger crystalline island as shown in Figure 3. However, Gd transforms into hexagonally shaped crystalline islands only when it is heated to a higher temperature 600 °C (i.e., Figure 2). The growth morphology difference is consistent with the calculated diffusion barriers.
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Figure 14. The ratios of the adsorption energy to the bulk cohesive energy (Ea/Ec). 
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Liu et al. [72,76] note that both Dy and Eu have a very similar Ea/Ec ratio and diffusion barrier ΔE, yet their growth morphologies are quite different. This result suggests that other factors affect the growth morphology in addition to the Ea/Ec ratio and diffusion barrier ΔE. One of the plausible factors affecting the growth morphology besides the Ea/Ec ratio is the interactions between the adatoms as will be discussed in more details in the next section for the case of Fe on graphene. For the case of Dy and Eu, the lattice distortion and electric dipole moment induced by Dy adatom is larger than that induced by Eu adatom. Therefore, stronger repulsive interaction between Dy adatoms it is expected. Attractive interaction between the adatom will promote the big island formation while repulsive interactions will increase the barrier for adatom aggregation and result in smaller islands and higher island density on graphene.




6. Effects of Adatom Interaction on Growth Morphology


For practically all metals grown on graphene [71,72,73,74,75,76,77,78] the coverage θ dependence of n followed classical nucleation attaining steady state at low deposited amounts when the surface area covered is approximately 5%. The constant n at steady state is determined by the condition that the diffusion length becomes equal to the decreasing island separation. However, for Fe growth on graphene an unusual behavior was found by Hupalo et al. [74,77], with n increasing continuously with θ and surprisingly with very weak T dependence. This unusual result signifies the presence of long range repulsive interactions between the Fe adatoms that suppress with increasing θ the aggregation of the Fe adatoms to preexisting islands. The magnitude of the repulsive interactions can be extracted from the comparison of the experimental images with kinetic Monte Carlo simulations modeling growth with long range interactions, which were calculated with density functional theory (DFT) [77]. The Fe experiments show how to produce high density of magnetic islands and how this density becomes controllable (by 4 orders of magnitude from 10−6 to 10−2 islands/nm2) simply by tuning the deposited Fe amount [74,77].



As discussed in Section 2, the growth morphology for Fe on graphene deviated substantially from the standard expectations. For room temperature deposition, n continues to increase even up to 2.3 ML (55% covered area because the nucleated islands are 3D) and possibly beyond. The island density n is also not sensitive to the deposition temperature. Figure 15 gives more detailed information about island heights and sizes [75,77]. New islands nucleate, as close as 5 nm to existing islands. Three different sizes islands, large, medium, and small, are clearly seen from typical line scans, indicating the different times of the ongoing nucleation processes. The large islands do not exceed lateral size of 7 nm. The islands have curved top because of tip convolution. A fraction (40%) of newly arriving Fe atoms diffuses to the large islands and moves to higher layers, while a larger fraction (60%) nucleates new islands. The diffusion length measured at the lower θ = 0.003 ML is at least 10 times larger than 5 nm, the average distance from preexisting islands at which new islands nucleate. So apparently there is a barrier that prohibits the adatoms to attach to the islands already present. Encountering another diffusion adatom, that was also repelled, results in the nucleation of a new island, so the island density continues to grow with θ.
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Figure 15. Detailed image of the structure and distribution of Fe islands. (a) The area is 100 × 100 nm2, n = 7 × 10−3 islands/nm2, θ = 0.6 ML, T = 450 K, and F = 5.33 × 10−2 ML/min. New islands nucleate at a distance as close as 5 nm to preexisting islands; (b) Three different size islands are seen from the image and the line scan. 
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There are three possible mechanisms through which adatoms on graphene interact as Liu et al. suggested [75,77]. One is the long-range interaction originating from the indirect (or RKKY) interaction mediated through the delocalized electrons on graphene due to Friedel oscillation [108,109,110,111,112,113]. The strength of such an interaction will be dependent on the density of states of the free electrons on the graphene. According to the bonding electron distribution as shown in Figure 9 and Figure 10, the indirect interactions would be stronger between alkali and simple metal adatoms but smaller for 3d-transiton metal adatoms because the electrons in the 3d-transition metal/graphene systems are much more localized. The indirect interaction between the rare earth metal adatoms would be intermediate between the above two cases.



Another possible interaction as suggested by Liu et al. [75] is the electric dipole-dipole interaction between the adatoms since most of the metal adatoms on graphene induce electric dipole moment. Such interaction is repulsive and proportional to the magnitude of the dipole moment and inverse proportional to the cubic power of the separation distance between the adatoms. Alkali adatoms (Li, Na, and K) as well as In and Nd have large electric dipole moment and should feel stronger repulsion due to the dipole-dipole interaction. On the other hand, dipole-dipole interaction between Mg, Cu, Pb, Mn, Cr, Ag, and Pt should be small.



Finally, there also ought to be elastic interaction between the adatoms mediated through graphene because of the adsorption induced graphene lattice distortion [75]. The repulsion strength of such interaction should be proportional to the distortion amplitude caused by the adatoms. In this regard, most of the 3d-transition metal adatoms (especially Fe, Co, Pd, and Pt) should feel stronger elastic repulsion than the others.



To gain insight into the unusual Fe growth morphology observed in the STM experiments, first principles calculations to study the interaction between Fe adatoms on graphene have been carried out [75,77]. The interaction energy between the two adatoms on graphene defined as Einter(r) = Ea2(r) − 2 Ea1, where Ea2(r) is the adsorption energy of two Fe adatoms on graphene at separation r, and Ea1 is the adsorption energy of a single Fe adatom, has been calculated. Figure 16 shows Einter(r) as a function of r between the two adatoms. It is interesting to note that the interaction between Fe–Fe adatoms is attractive at small separations (less than about 4.0 Å) but becomes repulsive at larger distances greater than 5.0 Å from the studies of Liu et al. [75,77]. The repulsive interactions for Fe adatoms at larger distances can account for the unusual nucleation of Fe islands on graphene. The diffusion length of Fe adatoms at lower coverage (~0.003 ML) and at a temperature of 450 K estimated from the experimentally observed island density based on the scaling theory of nucleation [96] would be at least 50 times larger than 5 nm, where newly formed islands are seen to nucleate (see Figure 15a). If the only controlling barriers are terrace diffusion and aggregation to the islands, there is no reason for the diffusion adatom not to join the island. Therefore, apparently there is a barrier that prohibits adatoms from approaching the islands already present, and the adatoms continue to diffuse on the vacant part of the surface, even very close to the preexisting islands. Encountering another adatom that was also repelled from preexisting islands results in ongoing nucleation of new islands. The origin of this repulsive barrier is related to the Fe–Fe repulsive interaction calculated above.
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Figure 16. Interaction energy E (red large open circle symbols) and V(r) (blue solid line) of Fe–Fe adatoms on graphene as a function of Fe–Fe separation. Ee (small open symbols) and Vd(r) (dash line) are elastic interaction and dipole-dipole interaction, respectively. 
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Whereas the strong attractive interaction between the Fe adatoms at small separation is due to metallization effects, the origin of the repulsive interaction at larger distances is more complex. The first-principles calculation results by Liu et al. [75] shows that electric dipole-dipole interaction can contribute only part of the repulsive force (~30%) between Fe adatoms, and the repulsion due to the elastic interaction is small. It is suggested that the dominant contribution to the repulsive energy would originate from the indirect (or RKKY) interactions mediated through the delocalized electrons on graphene.




7. Thermal Stability of Metal Nanostructures on Graphene


Graphene has been used as substrate for surface-supported catalysis [65,66,67,68,69,70]. Enhanced electrocatalytic activity of Pt, Pd, and PdRu nanoparticles on graphene has been reported by several experimental groups [65,66,67,68,69,70]. It has also been shown that Pt nanoparticles on graphene are very stable against aggregation among them or desorption from the graphene substrate. Nevertheless, the mechanism underlying the enhanced catalytic activity and durability of the metal nanostructures on graphene is still not well understood. In general three-dimensional (3D) metal nanostructures with high density and high thermal stability against coarsening and desorption are desirable for surface-supported catalysis applications. In Section 2 and Section 5, we have shown that most of metals on graphene grown on Si terminated SiC substrate will favor 3D island growth morphology. Knowledge of the thermal stability for metal nanostructures on graphene would also be an essential step towards a fundamental understanding of their catalytic performance.



In order to provide some insights into the thermal stability of the metal nanoislands on graphene, Liu et al. [76,78] have calculated the difference between the bulk cohesive energy and adsorption energy of the metals on graphene, i.e., Ec − Ea for various metals adatoms on graphene. The results are plotted in Figure 17. They proposed that such an energy difference is the dominant factor that sets the temperature for the metal atoms to detach from the islands to the graphene layer in thermodynamics limit. For a metal with small Ec − Ea, coarsening of the metal islands on graphene will easily take place because atoms can be easily detached from the small islands and diffuse on the top of graphene to join other bigger islands. On the other hand, larger Ec − Ea will require higher temperature for island coarsening and the metal islands will be much more stable.
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Figure 17. Energy difference (Ec − Ea) between the bulk cohesive energy (Ec) and the adsorption energy (Ea). 
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As shown in Figure 17, coarsening of alkali metal and some rare earth metal (Sm and Eu) islands will take place at much lower temperatures. On the other hand, the 3d-transiton metal, group 10 transition metals and noble metals exhibit much higher thermal stability against coarsening. The thermal stabilities of the group III and IV metal islands and other rare earth metal islands on graphene are lower than that of the 3d-transition metals, group 10 transition metals, and noble metals but should be much higher than the alkali metals. The thermal stability of the metal nanostructures is desirable for surface-supported catalysis applications. Their study suggests that graphene supported 3d-transition metals, group 10 transition metals and noble metal nanostructures should be a good system for supported catalysis.



The predictions from the first-principles calculations are confirmed by experiments [76,78]. Using STM, thermal stability of several metals (Fe, Gd, Dy, and Eu) on graphene have been investigated. The metals were initially deposited at room temperature (RT) on graphene prepared by thermal annealing of SiC [91]. After the characterization of the growth the metal islands were annealed to a higher temperature. The island morphologies before and after annealing measured by STM are compared [78].



Figure 18a shows the Fe island morphology at a coverage of θ = 3.0 ML, RT deposition with a flux of F = 0.25 M/min. The island density is N = 5.1 × 10−3 islands/nm2 after RT deposition. Annealing at 660 K for 20 min from Figure 18a changes the islands density only slightly, the shapes of individual islands change due to equilibration, as shown in Figure 18b. In particular, the islands grow in height as seen from the 1D line scan of the islands before and after annealing shown in Figure 19a. This is a unique feature of metal growth on graphene and very useful result for potential catalytic applications [74,78].



For Gd growth on graphene, fractal-like morphology [72,74,78] is observed with RT deposition even at a high coverage of 4.0 ML, as shown in Figure 18c. The fractal-like morphology is stable up to 800 K but a transition to crystalline shapes occurs at higher annealing temperature. This is shown in Figure 18d where the film at Figure 18c was annealed at 1050 K for a short time (5 min). The island height histograms indicate that the islands also grow in height after annealing but the island density is similar (within 10%) before and after annealing. The larger relative increase in height vs. size upon annealing can be seen from the 1D line scan as shown in Figure 19b.



As reported by Liu et al. and Hupalo et al. [72,74], the growth of Dy on graphene is somewhat different from Fe and Gd on graphene. 2.0 ML of Dy deposited on graphene at RT with F = 0.22 ML/min results in island density N = 6 × 10−3 islands/nm2 as shown in Figure 8e. Annealing to 580K transforms the multiple level islands (4–7 Dy layers) into more uniform height (6 and 7 layers) islands and some of the islands are found to coalesce (Figure 18f, Figure 19c). These results indicate lower thermal stability of Dy nanoparticles on graphene, as compared with Fe and Gd. The 1D line scan in Figure 19 not only show the larger relative increase in height vs. size (higher aspect ratios) upon annealing, but also show that the islands form more uniform height islands after annealing. Dy is the metal with the least amount of changes as seen in Figure 19c and the islands always have nonuniform tops before and after annealing, indicating unusual nucleation sites when the Dy islands nucleate initially.



By contrast, experiment showed the growth morphology of Eu on graphene is very different from that of Fe, Gd, and Dy [72,78]. 2.6 ML of Eu deposited on graphene at RT with F = 0.16 ML/min exhibits connected and large islands as shown in Figure 18g. Annealing the Eu film seen in Figure 18g at 365 K for 15 min transforms the large islands into almost continuous films with thickness of 3 ML as one can see from Figure 18h.
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Figure 18. The morphologies and thermal stability of high coverage Fe, Gd, and Eu on graphene. (a) 250 × 250 nm2 area after Fe deposition on graphene at RT with θ = 3 ML, F = 0.25 ML/min. The island density is N = 5.1 × 10−3 islands/nm2; (b) Annealing at 600 K for 20 min from (a) does not change island density significantly, only the shape of individual islands equilibrates and their average height increases; (c) Fractal-like morphology of 4 ML Gd on graphene grown at RT in 250 × 215 nm2 area, F = 0.1 ML/min. Fractal morphology is stable up to 800 K, but transition to crystalline shapes occurs at higher temperature, as shown in (d) where previous film was annealed at 1050 K for 5 min; (e) 2.0 ML of Dy deposited on graphene at RT, image area 100 × 100 nm2, F = 0.22 ML/min, island density N = 6 × 10−3 islands/nm2; (f) annealing of (e) to 580 K transforms multiple level islands with 4–7 Dy layers exposed into more uniform height shaped islands and some of them coalesce, indicating lower thermal stability of Dy nanoparticles on graphene, as compared with Fe and Gd; (g) 2.6 ML of Eu deposited on graphene at RT, image area 250 × 200 nm2, F = 0.16 ML/min; (h) Annealing of the Eu film from (g) at 365 K for 15 min transforms the lager islands into almost continuous film with thickness of 3 ML. 
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Figure 19. 1D scans along the lines shown in Figure 18 for three of the metals (a) Fe; (b) Gd; and (c) Dy. One line (dash black) is for RT the other (solid red) is after annealing to the higher temperature. The aspect ratio (height/width) increases with annealing which will enhance the fraction of low coordination sites and the catalytic activity with increasing temperature. Both height and width grow, but the relative height increase is larger than the relative width increase. 
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8. Summary


In this article, we summarized experimental and first-principles calculations studies of adsorption, interaction, growth morphology, and thermal stability for metal on graphene on 6H-SiC(0001) substrate. We showed that different metals on graphene exhibit very different growth morphologies and thermal stability depending on their interaction with graphene and interaction among the metal adatoms. We also showed that there is a good correlation between the adsorption energy, diffusion barrier and bond order for 3d-transion metals, group 10 transition metals, noble metals, and rare earth metals on graphene. For metal adatoms that have larger bond order values on graphene, their adsorption energies and diffusion barriers are also larger (except Pd). This trend can be attributed to various degrees of covalent bonding mainly from the d-electrons of the metal adatoms. However, the correlation between the adsorption strength and the value of the bond order is not obvious for group I–IV metals on graphene. The group I alkali metal adatoms on graphene have essentially a zero bond order value. This is because the s electron of the alkali metals can be easily transferred to graphene and the interaction between the alkali adatom and graphene is mainly ionic. For group II metal on graphene like Mg, the 3s2 electrons bond tightly to its core, resulting in physisorption of Mg on graphene. In contrast, the 4s2 electrons of the Ca adatom are found to be transferred substantially to graphene due to their larger separation from the Ca nucleus and lead to stronger ionic bonding between the Ca adatom and graphene thus to larger adsorption energy and diffusion barrier. The group III and IV metals on graphene exhibit a mixture of ionic and covalent bonds, from Al, In to Pb, suggesting that the ionic bonding is still a dominating factor in these systems.



We also showed that the growth morphology of metals on graphene can be affected by several parameters. In general, the ratios of the adsorption energy to the bulk cohesive energy (Ea/Ec) and the diffusion barrier (ΔE) can account for the growth morphology of metals on graphene. The Ea/Ec ratio determines whether the islands will grow in 2D or 3D mode. Adatoms which have a small Ea/Ec ratio will prefer a 3D growth mode and for lower ΔE the 3D will be more pronounced. The diffusion barrier controls the density of the islands, the higher the barrier, the higher the island density. Long range interaction such as indirect electron-electron interaction mediated through the free electrons on graphene, dipole-dipole interaction, and elastic interaction can affect the energy landscape and diffusion barrier for the growth and can also play an important role in the observed growth morphology. Our calculation results also indicate that most of the 3d-transition metals, group 10 transition metals, noble metals, and some rare earth metal nanostructures formed on graphene exhibit high stability against coarsening. This remarkable property makes the graphene-supported metal nanostructures a desirable system for catalysis applications.



For practically all metals the grown islands are 3D as a result of the low ratio of the metal adsorption energy on graphene to the metal cohesive energy. Only Eu grows in large interconnected layers covering graphene. The growth of Fe on graphene is also unusual because it does not follow classical nucleation. The nucleated island density is unexpectedly high, it increases continuously with deposited amount θ and shows no temperature dependence [74,77,78]. These unexpected results indicate the presence of long range repulsive interactions which are confirmed with kinetic Monte Carlo simulations and DFT calculations [77]. The island density becomes tunable with θ which can be useful in magnetic storage applications. The growth of Dy islands up to 700 K shows ideal triangular instead of hexagonal shapes expected for hcp(0001) crystals which is currently under investigation most likely suggesting that the Dy islands have fcc(111) and not hcp(0001) structure. This can have importance implications about the electronic and magnetic properties of the islands.



Thermal annealing of the metal islands shows limited coarsening in almost all cases with the island density almost unchanged but the aspect ratio (height/ lateral size) increasing which can be relevant for catalysis [78].



Finally, we would like to point out that our calculations are performed on a free standing graphene sheet. Effects of the substrate should be considered when the calculation results are used to interpret experimental data. For graphene on metal surfaces, it has been shown that the substrate effects can be significant. However, for graphene on the Si-terminated SiC surface as in the case of our present experiments, the interaction between the graphene and the substrate is weak and can be neglected to a good approximation.
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