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We systematically investigated the electronic structure of Ru nanoparticles supported on various local 

structures on reduced graphene oxide (rGO) by first-principles-based calculations. We showed that Ru 

nanoparticles prefer to nucleate at these localized defect structures on rGO, which act as strong trapping 

sites for Ru nanoparticles and inhibit their aggregation. The binding of Ru nanoparticles to rGO, which is 

dependent on these local defect structures and correlates with the interfacial charge transfer, determines 10 

the electronic structure of the composites. Further study reveals that the performance of these composites 

against oxygen adsorption changes proportionally with the shift of the d-band center of the nanoparticles. 

The correlation between the defect structures on rGO and the reactivity of the composites suggests that 

controlled modification of the graphenic support by defect engineering would be an efficient way to 

fabricate new transition metal/rGO composites with high stability and desired reactivity.  15 

Introduction 

As a unique two-dimensional carbon material, graphene has been 
predicted to be an excellent support for dispersion of transition 
metal nanoparticle (TM NP) catalyst, for its large surface area, 
outstanding electronic and thermal conductivity, as well as the 20 

high mechanical strength and potential low production cost.1-3 
The graphene samples used as support materials for catalytic 
applications are commonly synthesized by oxidative exfoliation 
of graphite, followed by reduction and the product is called rGO.4 
Depending on the conditions of exfoliation and subsequent 25 

reduction,5 the reported surface area of rGO is 600−900 m2/g, 
which is already comparable with or even higher than that of 
bundle of carbon nanotube (CNT) grown by chemical vapour 
deposition6 or mesoporous carbon7 and can be further increased 
by introduction of various defects.8  30 

 In contrast to conventional support materials in most of the 
supported-metal-NP composites for catalytic applications, which 
are catalytically inert and only provide a large surface area for the 
dispersion of TM NPs and keep them well-separated for reuse, 
some support materials, including rGO, have shown synergetic 35 

effects with the metal NPs and effectively enhance/modulate their 
activity or selectivity.9-12 Various rGO supported TM NP 
composites, such as Pt13-15, Pd16-18, Au19, Ag20, Fe21, Cu22, 23, 
Ru24, Rh25 and etc., have been fabricated and showed excellent 
catalytic performance in some important reactions including 40 

oxygen reduction, hydrodesulfurization, CO 
adsorption/desorption, methanol oxidation and etc.13-25 Due to the 

localized nature of TM d-states and their dominant contribution 
to the reactivity of these TM/rGO composites, the electronic 
structure of these composites has already converged to the bulk 45 

limit26 and the renown contribution of the quantum size effect to 
the reactivity and activity of these composites would be less 
significant.27 Most of the TM/rGO composites outperform NPs of 
the same TM with similar size and morphology deposited on 
support materials other than rGO, showing that the enhanced 50 

catalytic performances of these TM/rGO composites should be 
mainly contributed by the strong interactions between the TM 
NPs and the graphenic support that interfere the electronic 
structure of the composites.12, 28-33 For example, Oh et al. 
investigated CO adsorption on Fe and Pt NPs deposited on 55 

graphenic carbon and they attributed the weakening of the CO-
TM interaction to the formation of TM-carbon contact.15, 21 
Similarly, small Pt NPs deposited on graphenic support have been 
proved to be CO tolerant when used as the electrode material for 
fuel cells.34 Ru NPs of 2-3 nm in size supported on rGO also 60 

showed extraordinary high activity as compared with Ru NPs of 
similar size deposited on mesoporous carbon foam in catalytic 
hydrogenation of arene and the enhanced catalytic performance 
was explained with the intimate TM-rGO contact and the 
synergetic effect of the rGO support.24, 29 These findings further 65 

suggested the possibility of manipulating the catalytic activity of 
the deposited TM NPs by using rGO as the support material, 
though the detailed contribution of the TM NP-rGO interface to 
the performance of these composites has seldom been visited. 
 Recently, Ru and Ru alloy NPs deposited on carbon materials 70 

have drawn considerable attention for their outstanding catalytic 
performance. Ru NPs supported on active carbon showed high 
catalytic activity in hydrogenation of lactic acid, arene and ketone, 
and hydrolysis of NaBH4.

35-38 Ru NPs embedded in ordered 
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mesoporous carbon material also demonstrated a higher activity 
in Fischer-Tropsch synthesis,39 hydrogenation of glucose,40 and 
partial hydrogenation of dinitrobenzene into nitroanilines41, 
owing to the intimate contact of Ru NP with the carbon support 
that improves hydrogen dissociation on the catalyst surface and 5 

facilitates the transfer of spilled-over hydrogen.37 Similarly, the 
strong interfacial interaction also accounts for the high activity of 
the Ru/NH2-functionalized graphite composites in hydrolysis of 
NaBH4 to produce H2.

42 Ru NPs located on the exterior surface of 
CNT exhibit superior catalytic reactivity for N2 dissociation as 10 

compare to those located inside CNT clearly demonstrating the 
impact of the support.43, 44  
 One of the key problems in practical applications of Ru NPs is 
their poor stability against sintering. For example, the carbon-
supported Ru NP exhibits an outstanding performance in low-15 

temperature direct methanol fuel cell, but suffers from the particle 
sintering that leads to less active large particles over a short 
period of time.45 In principle, this issue could be also overcome 
by choosing appropriate support material that can form suitable 
interaction with Ru NPs to make them more tolerant to the 20 

reaction environment.46 Unlike pristine graphene, where the TM 
atoms diffuse very fast resulting in the renowned problem of 
particle aggregation and sintering, rGO has abundant types of 
defects that will act as anchor points for the nucleation and 
growth of TM NPs. With the help of high-resolution transmission 25 

electron microscope (TEM), Gomez-Navarro et. al. identified the 
presence of various types of defects in rGO samples synthesized 
with Hummers method,4 including clustered pentagons and 
heptagons, vacancies, edges and contaminations.47 Theoretically, 
Wang et al. also showed that electron beam irradiation can serve 30 

as a useful tool to modify the defect morphology in a controllable 
manner and to tailor the physical properties of defective graphene 
as well as rGO.48 The existence of these defects and their 
interconversion provide a solution to enhance the TM NP-support 
interaction and to tune the reactivity of the fabricated 35 

composites.49, 50 Combining theoretical and experimental efforts, 
we recently showed that Ru NPs can be stabilized by single 
vacancies on graphenic support, due to hybridization between the 
dsp states of Ru NPs and the sp2 dangling bonds at the defect 
sites. As the electronic structure of Ru NPs is strongly interfered 40 

by the interfacial Ru-C interaction, the adsorption of hydrogen, 
benzene, toluene and the reaction intermediates is also enhanced, 
giving rise to superior catalytic performance of these composites 
in benzene and toluene hydrogenation.24, 28-30 However, the 
impact of these defects on the reactivity and stability of deposited 45 

TM NP hasn’t been rationalized. 
 Inspired by previous efforts and to rationalize the design of 
new and efficient Ru/rGO composite catalysts, we present a 
systematic investigation on the electronic structure of Ru NPs 
deposited on various local structures on rGO support by first-50 

principles-based calculations. We showed that Ru NPs prefer to 
bind directly with the localized defective structures on the 
graphenic support, which act as strong trapping sites for Ru NPs 
and inhibit their aggregation. We also showed that this 
interaction, which correlates with the interfacial structures and 55 

charge transfer, tunes averaged d-band center of the composites 
and contributes to improved reactivity of these composites. 
Further study reveals that the performance of the composites 

against oxygen adsorption correlates well with the shift of the d-
band center of the NPs. These findings further suggest that 60 

controlled modification of the rGO support would be a feasible 
way for the developments of new TM/rGO composites with high 
stability and desired catalytic performance. The remaining of the 
paper is organized as the following: the theoretical methods and 
computational details are described in Section 2, the results are 65 

presented and discussed in Section 3 and concluded in Section 4.  

Theoretical methods 

The electronic structure of Ru NP/rGO composites was studied 
with projector-augmented wave (PAW) pseudopotential and spin-
polarized Perdew-Burke-Ernzerhof (PBE) functional as 70 

implemented in the Vienna ab-initio Simulation Package 
(VASP).51-57  A kinetic energy cutoff of 400 eV was used for the 
rGO support, the Ru NPs and the composites. The rGO and Ru 
NP/rGO composites were explored within the c(4×8) supercell of 
graphene with the defect generated at the cell center, while the 75 

free standing Ru NPs were studied in a 25.10×25.20×25.30 Å3 
orthogonal cell. The integration of the Brillouin zone was 
conducted with a 2 × 2 × 1 Monkhorst–Pack grid centered at  Γ-
point for the support and composites, and with a Γ-point only grid 
for the Ru NPs.58 The defective support, the Ru NPs and the 80 

composites were preoptimized with empirical potential,59, 60 and 
were then fully relaxed within the ab-initio scheme until the 
residue forces were reduced below 1 × 10–2 eV/Å. The bulk 
lattice parameters of Ru were reproduced as a = 2.73 Å, c = 4.31 
Å, while the minimum C-C distance in pristine graphene was 85 

calculated as 1.42 Å.61, 62 The Ru13 particle of icosahedral 
symmetry was found to be stable and its spin momentum was 
reproduced as 11.51 µB.63 
 The binding energy (Eb) is calculated as the energy difference 
between the Ru NP/rGO composite and the separated rGO 90 

support plus the freestanding Ru NP or Ru atom, following 
Equation (1). 

E� = E��	��/
�� − (E
�� + E��	��)                  (1) 
 For the study concerning O adsorption, we focused on those 
adsorption structures with O adsorbed far from the interface to 95 

avoid overestimation of the impact of the interface. These 
adsorption structures were fully optimized until the residue forces 
were reduced below 1×10–2 eV/Å and the adsorption energy (Ead) 
was calculated as the energy difference between the O absorbed 
Ru/rGO composite and the free gas molecule plus the bare 100 

composite, following Equation (2). 
E�� = E����	��/
�� − (E��/2 + E��	��/
��)             (2) 

 Bader analysis was employed to get a quantitative description 
of the charge transfer in the Ru NP/rGO composites.64 The 
formation energy of defect is defined in the SI Information. 105 

Results and Discussion 

The rGO support  

Most of the rGO samples used for catalytic applications are 
synthesized through Hummers method, i.e. through oxidative 
exfoliation of graphite and subsequent reduction.4 Recent TEM 110 

experiments identified the presence of various types of defects in 
rGO including point defects (such as single vacancies, double 
vacancies, haeckelite structures and etc.), line defects (such as 
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Fig. 1 Structures of PG (a), SV (b), DV (c), 5577 (d), 555777 (e), 555567777 (f) and their density of states (DOS) curves (g). The charge densities of 

defective states at the Fermi level in (g) are shown in purple in (b)-(f) with an isovalue of ±0.003 a.u. 5 

edges), and contaminations.47 Further IR, Raman and temperature 
programmed desorption (TPD) and theoretical results verified 
that on the final TM/rGO composites, most of the oxygen 
containing groups and surface contaminations on rGO were 
removed chemically to a large extent during the reduction, the 10 

activation of the composites or the thermal treatments.65-68 To this 
end, pristine graphene (PG), single vacancy (SV), double vacancy 
(DV) and several haeckelite structures, namely 5577, 555777 and 
55556777 defects (Fig. 1), are selected as the typical local 
structures to mimic the electronic basic of the rGO support in Ru 15 

NP/rGO composites.  
 Removing 1 C atom from PG (Fig. 1a) yields SV (Fig. 1b). 
Due to the removal of C atom, dangling bonds are formed at the 3 
C atoms around the vacancy. To stabilize the vacancy, 2 of the 
three C atoms bond together forming a C5 ring, while the other C 20 

atoms adjacent to the vacancy constitute a C9 ring. The C-C 
distance between the 2 newly bonded atoms is shortened from 
2.46 Å in the graphene lattice to 2.01 Å, but is still longer than 
the nearest C-C distance of 1.42 Å in PG. The remaining C atom 
with dangling bond is repelled 0.21 Å out of the basal plane of 25 

the graphene.69, 70 The formation energy of SV is calculated as 
7.69 eV, which compares well with the experimental value of 
7.0±0.5 eV71 and the DFT results of 7.7 eV.70 The calculated 
magnetic momentum is 1.14 µB, corresponding to the delocalized 
dangling bond at the vacant site(See Fig. 1 and S1 for details).67 

30 

 The subsequent removal of the C atom associated with the 
dangling bond in SV will generate a DV (Fig. 1c). The 2 newly 
generated dangling bonds on the neighbouring C atoms 
recombine as another elongated C-C bond, which divides the C9 
ring in SV to 1 C5 ring and 1 C8 ring. Previously, the formation of 35 

DV by coalescence of two SVs has also been reported.72, 73 The 2 
C-C bonds formed by reconstruction are both 1.76 Å in length, 
which are about 0.25 Å shorter than the one in SV. This will 
cause tension vertical to the direction connecting the centres of 

the 2 C5 rings. Similar to the case of CNT, 74 to release the 40 

tension in DV and to gain additional stability, all the C-C bonds 
on the C8 ring are elongated from the 1.42 Å in PG to above 1.45 
Å and a curvature, though less significant, is observed along the 
graphene plane. The calculated formation energy of DV is 7.63 
eV, suggesting that the stability of DV is similar to that of SV.75 45 

 Further rearrangements of C atoms at DV may help to release 
the tension and stabilize the defective rGO support. The rotation 
of the bond marked with red “*” in the C8 ring of DV (Fig. 1c) 
leads to the conversion of two C6 rings next to the DV to 1 C5 
ring and 1 C7 ring. In this way, the C5 ring next to the rotated 50 

bond in DV is transformed to a distorted C6 ring. In the final 
structure, 2 C7 rings sharing a C-C bond are formed with a C5 
ring neighboring to each of them (5577, Fig. 1d). To satisfy the 
requirements for formation of C7 and C5 rings, the 2 C6 rings 
neighboring both 1 C5 and 2 C7 rings are significantly distorted 55 

with the neighboring C-C-C angles vary in the range from 115o to 
121o. The distance of the C-C bond shared by the 2 C7 rings is 
elongated from 1.42 Å in PG by 0.05 Å, while that of the 2 C-C 
bonds separating the C7 and C6 rings are elongated to 1.90 Å. The 
distortion and elongation of C-C bond to this scale is not 60 

energetically preferable in conjugated carbon materials, so the 
calculated formation energy of 5577 is 3.40 eV less stable than 
DV. 
 The rotation of the C-C bond marked with blue “*” in Fig. 1c 
leads to the arrangement of three C5 rings and three C7 rings, 65 

forming a 555777 defect (Fig. 1e). In this DV variant, the 3 C7 
rings are separated by 3 C-C bonds sharing the same C atom. 
Each C7 ring is surrounded by 2 C5, 2 C7 and 3 C6 rings, while 
each C5 ring is surrounded by 2 C7 and 3 C6 rings. As in this 
structure, the angle and bond length requirements for formation 70 

of C5 and C7 rings are satisfied by the arrangement of the rings, 
the 555777 maintains nearly a planar structure. Distortion can be 
observed in the C6 rings neighbouring both the C5 and C7 rings, 
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but is less pronounced as compared with those in 5577 and DV. 
The calculated formation energy for this defect is 0.98 eV more 
stable as compared with DV.74 
 A further rotation of the bond indicated by purple “▲” in Fig. 
1e results in a more complex 555567777 defect structure, which 5 

is comprised of 4 C5 rings, 1 C6 ring and 4 C7 rings (Fig. 1f). 
With the bond rotation, the C7 ring, where the rotated bond exists, 
is transformed to a C6 ring, while the 2 distorted C6 rings adjacent 
to the C5 and C7 rings are deformed to C7 rings and the less 
distorted C6 ring next to the deformed C7 ring is converted to a C5 10 

ring. In this way, in the final structure, the 4 C7 rings and 2 C5 
rings are each sharing 1 edge with the central C6 ring and the 
remaining 2 C5 rings reside far from the central C6 ring and are 
sharing edges with 2 adjacent C7 rings. To release the tension, 
curvature is formed within the 555567777. According to the 15 

calculated formation energies, 555567777 is 0.43 eV more stable 
as compared with DV and is 0.55 eV less stable as compared with 
555777. 
 Our calculations show that the stability of these defects follows 
the order of 555777 > 555567777 > DV > 5577, while that of SV 20 

is similar to DV. The high energies required for the conversion 
among them suggest that these defects would be stable in 
conventional reaction environments.48  DOS analysis was carried 
out to examine the electronic structure of these defects (Fig. 1g). 
It is apparent that there are sharp spikes within 0.5 eV from the 25 

Fermi level on the DOS curves of all these defects. The charge 
densities of these states were extracted (Fig. 1b-f) which further 
prove that these spikes are the defect states localized on the 
carbon atoms at the defect sites. Previously, these defects were 
studied in CNT systems, where the changes in electron transport 30 

and electronic properties were discussed. Defects like these have 
also been predicted to alter the electronic properties of graphene 
and modify the chemical reactivity toward adsorbates.48, 74-81 In 
this sense, we expect these defects would provide reactive 
anchoring points to bind strongly with the Ru NPs and the 35 

interfacial interactions will further tune the electronic structure of 
the formed composites. 

The Ru/rGO composites 

First-principles-based calculations were performed to illuminate 
the electronic structures of Ru/SV, Ru/DV, Ru/5577, Ru/555777 40 

and Ru/555567777 composites. In the calculations, the Ru13 
particle, PG, SV, DV, 5577, 555777 and 555567777 were used as 
the models for Ru NPs and the supports. As the optimized Ru13 
particle has every surface Ru atom equivalent in the icosahedral 
symmetry, these composites were constructed by defining the 45 

interaction between Ru13 and supports with either 1 single Ru 
atom, 1 edge (2 adjacent Ru atoms) or 1 surface (3 adjacent Ru 
atoms) of the Ru13 NP, with respect to the atomic symmetry of 
the supports. All these possible structures of the composites were 
fully optimized as described in Theoretical Methods to calculate 50 

the Eb. The most stable structures of these composites are shown 
in Fig. 2, with their magnetic, structural and energetic properties 
summarized in Table 1. As the three dimensional growth of Ru 
NPs has already been reported over rGO, the models used here 
would in principle be able to mimic the chemistry and interfacial 55 

interaction of Ru/rGO composites. 
 The π conjugation among C atoms makes the PG highly inert 
in its planar structure, so the Ru13 particle can only donate its dsp  

Table 1 Structural, magnetic and energetic properties of Ru13/rGO 
composites. 60 

Composites Eb
a 

(eV) 

µb 

(µB) 

Min Ru-Cc 

(Å) 

Min/Max Ru-Rud 

(Å) 

Ru13/SV -7.40  5.27 1.97  2.46/2.86 
Ru13/DV -9.01  15.82  2.02  2.49/2.78 
Ru13/5577 -8.72  15.68  1.97  2.48/2.78 
Ru13/555777 -4.25  11.09  2.14  2.49/2.85 
Ru13/555567777 -4.34  12.00  2.13  2.49/2.79 

a The binding energy of Ru13 NP on various rGO structures. b Magnetic 
momentum of the composites. The magnetic momentum for freestanding 
Ru13 particle is 11.51 µB. c The minimum Ru-C distance at the Ru NP-
rGO interface. d The minimum and maximum Ru- Ru distance inside the 
Ru NPs. For freestanding Ru13 particle, the maximum Ru-Ru distance is 65 

2.49 Å, and the minimum Ru- Ru distance is 2.70 Å. 

hybridized states to interact with these π states to form weak 
coordinative interfacial interaction. The calculated Eb of a Ru13  

particle onto PG is only -1.32 eV. In that configuration, Ru13 

binds with 3 C=C of the same C6 ring on the graphene through 3 70 

Ru atoms. If the Ru13 particle is deformed, the Eb can be 
enhanced to -2.45 eV. 30, 68 As the Eb of a single Ru atom on PG 
is -3.26 eV and the calculated diffusion barrier of Ru atoms on 
PG is only 0.86 eV, it is reasonable to believe that the diffusion 
of Ru atoms at the edge of deformed particles will be much easier. 75 

In this sense, PG will not be able to stabilize the Ru particles 
from aggregation through Ostwald ripening mechanism and is 
less eligible for application as support material for Ru NP based 
catalysts. 46 
 When defect states and dangling bonds are introduced, 80 

significant enhancements in Eb of Ru atoms over these local 
defects can be observed. The Eb of a Ru atom on SV is 
significantly enhanced to -7.55 eV from -3.26 eV over PG, while 
the Eb on DV is also strengthened to -6.82 eV. Similar 
enhancement of Eb of single Ru atom at 5577, 555777 and 85 

555567777 can also be observed. Considering the fast diffusion 
of TM atoms on PG, these highly mobile Ru atoms will be 
trapped at these defects first and then nucleate to form Ru NPs.73 
 The introduction of defects also significantly enhances the 
interaction between Ru13 particles with the rGO support. Even on 90 

555777, the most stable defective rGO structure considered, the 
Eb is nearly doubled to -4.25 eV as compared to -2.45 eV over 
PG. The Ru13 particle binds most strongly on DV and the 
corresponding Eb is -9.01 eV, which is enhanced by about 3 times. 
The stability of these composites follows the order Ru13/DV > 95 

Ru13/5577 > Ru13/SV > Ru13/555777 > Ru13/555567777. It is 
apparent that there is a strong dependence of the Eb on the 
structure of rGO support. It is also notable that the Eb of 
Ru13/555567777 differs with that on Ru13/555777 by only 0.09 
eV, while they differ by about 4.0 eV when compared with those 100 

of Ru13/SV, Ru13/DV and Ru13/5577. This can be understood by 
the different interfacial structures formed and the amount of 
charge transfer from the Ru NP to the support. 
 Unlike Pt13 NP supported on graphene, which demonstrates 
severe morphological change and adapts low symmetry open 105 

structures upon deposition due to the low Pt-Pt cohesive energy 
and large Pt-graphene interfacial lattice mismatch,32, 33 the 
deposited icosahedral Ru13 particle is only deformed slightly to 
form plausible interaction with the rGO support when monitored 
by the minimum and maximum Ru–Ru distance.68 The elongation  110 
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Fig. 2 The optimized structures and the corresponding contour plots of 
the differential charge density of Ru/SV, Ru/DV, Ru/5577, Ru/555777 
and Ru/555567777 composites. The interfacial Ru atoms with Ru-C 
distances less than 3.00 Å are shown as the insets in the left panel. The 5 

contour level for the differential charge density is ± 0.005 a.u. 

of Ru- Ru distance in the deposited NPs is within 0.16 Å, while 
there is no observable change in the minimum Ru-Ru distance. 
Even for the most stable Ru/DV composite, the variation of Ru-
Ru distance upon deposition is within 0.08 Å. This implies that 10 

the deposition will not significantly alter the structure of the Ru 
NPs. while the large Eb of Ru NPs on the defective graphene will 
further contribute to the additional stability of the NPs 
electronically. This is also supported by the high stability of Ru 
NPs of less than 2 nm in size supported on rGO can survive after 15 

heat treatment at 973 K.68 
To highlight how the rGO support, or more specific, the 

interfacial structures promote the stability of these composites, 
further analysis was carried out. The electronic structure of the 
interfacial atoms was explored first to evidence the nature of the 20 

interaction among them. Among the most plausible structures of 
these composites, the minimum Ru-C distance falls in the range 
from 1.97 to 2.14 Å, which is typical for the formation of Ru-C 
bonds. Taking the Ru/DV as an example, DOS analysis was 
performed to investigate the interaction among the interfacial Ru 25 

and C atoms (Fig. 3). The DOS curves of the interfacial Ru atom 
and C atoms overlap over a large energy range, from ~-8.0 eV to 
the Fermi level (EF). In particular, strong resonance peaks are  

 
Fig. 3 DOS (a) and contour plots of bonding states (b and c) among 30 

interfacial C and Ru atoms of Ru/DV composite. In (b) and (c), defective 
graphene is in front of the Ru NP to show the interfacial interaction. 

found among the C-sp states and Ru-sp and Ru-d states at ~-3.8 
eV (Fig. 3b) and -2.7 eV (Fig. 3c). These, together with localized 
wavefunctions on the interfacial atoms in the contour plots of the 35 

wavefunction in these energy ranges (in Fig. 3b and 3c), indicate 
the interaction among these states. Further differential charge 
density analysis shows that there are localized charge 
accumulation regions formed between the interfacial Ru and C 
atoms (Fig. 2, right panel), proving the covalent character these 40 

Ru- C interactions.  Therefore, the strong Eb of Ru NP over rGO 
can be partially attributed to the covalent interfacial Ru-C 
interaction, but will also be strongly dependent on the Ru/rGO 
interfacial structure. 
 For the Ru/SV, Ru/DV and Ru/5577 composites, one of the Ru 45 

atoms is embedded into the carbon lattice and the interfacial 
structures are different from those of Ru/555777 and 
Ru/555567777. Driven by the exothermic formation of the new 
Ru-C bonds and to gain additional stability, the barrier for 
reconstruction of the rGO support will be significantly lowered in 50 

existence of deposited Ru atoms. Consequently, the elongated C-
C bonds in SV, DV and 5577 to minimize the number of dangling 
bonds around the defects are further distorted to accommodate Ru 
atoms and stabilize them by formation of plausible Ru-C bonds in 
the final deposition structures. At the Ru/SV interface, except the 55 

embedded one, 2 of the 4 interfacial Ru atoms take the C=C 
bridge site while the remaining one stands right above a C atom 
at the defect site. The Ru1-Ru11 distance is found elongated by 
0.16 Å to match the interaction (Fig. 2). As for Ru/DV, there are 
6 interfacial atoms, one is embedded to interact with 4 C atoms at 60 

the defect, while 2 of the remaining sit on C=C bridge sites and 
the others form shared interactions with at least 3 adjacent C 
atoms surrounding the defect sites. The breaking of 1 additional 
C-C bond and formation of more Ru-C interactions make Ru/DV 
more stable than Ru/SV. Similar reconstruction is also observed 65 

in Ru/5577, where one of the C5 rings and one distorted C6 ring 
on the opposite direction are broken to minimize the tension at 
the defect sites. In this way, 1 C7 ring, 1 C5 ring and 2 C6 rings 
act as the edge of the defect for embedding of Ru atom within a 
4-coordinated site. Due to the differences in structure, or more 70 

specific, the difference in bond angle between the combination of 
a C5 ring and C7 ring and 2 C6 rings that constrains the formation  
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Table 2 The Bader charge (qB) and excess Bader charge (∆qB) over the isolated Ru13 NP and the composites. 

No.a 

Isolated SV DV 555777 555567777 5577 

qB
b qB

b ∆qB
c qB

b ∆qB
c qB

b ∆qB
c qB

b ∆qB
c qB

b ∆qB
c 

(e) (e) (e) (e) (e) (e) (e) (e) (e) (e) (e) 

1 8.03 7.51 -0.52 7.82 -0.21 7.74 -0.29 7.72 -0.30 7.44 -0.59 
2 8.03 7.88 -0.14 7.42 -0.60 7.75 -0.28 7.94 -0.08 7.82 -0.21 
3 7.96 8.02 0.06 7.77 -0.20 7.98 0.01 8.05 0.09 8.05 0.09 
4 8.08 8.06 -0.02 8.03 -0.05 8.00 -0.08 7.98 -0.09 8.03 -0.05 
5 8.02 7.83 -0.20 8.03 0.00 7.97 -0.05 7.95 -0.07 7.87 -0.16 
6 8.03 8.02 -0.01 8.01 -0.01 8.03 0.00 7.78 -0.24 7.85 -0.18 
7 8.03 7.99 -0.04 7.86 -0.17 7.98 -0.05 7.72 -0.30 7.81 -0.22 
8 8.04 8.04 0.00 7.82 -0.22 8.02 -0.02 8.01 -0.02 8.02 -0.02 
9 8.04 8.01 -0.04 8.03 -0.02 8.04 -0.01 8.03 -0.01 8.03 -0.01 

10 8.02 8.05 0.03 8.03 0.00 8.01 -0.01 8.01 -0.02 8.04 0.01 
11 8.09 7.82 -0.27 7.82 -0.27 7.79 -0.30 8.02 -0.07 7.84 -0.25 
12 8.06 8.00 -0.06 8.05 -0.01 8.03 -0.03 8.01 -0.05 8.04 -0.02 
13 7.57 7.73 0.16 7.71 0.15 7.71 0.14 7.72 0.15 7.68 0.11 

            
Ru NP 104.00 102.95 -1.05 102.40 -1.60 103.03 -0.97 102.95 -1.05 102.50 -1.50 

a Please see Fig.2 for the numbering of Ru atoms. b Only the 4d and 5s electrons of Ru atoms are considered as valence electrons, so the qB is 8.00 e for an 
isolated Ru atom. As charge transfer among Ru atoms is normal in small NPs, the qB is not 8 even in isolated Ru13. 

c The amount of charge transfer on 5 

individual Ru atom is calculated as the difference in qB before and after deposition. A negative ∆qB means charge transfer from the Ru atom and a positive 
∆qB implies the Ru atom gains charge. 

of Ru-C bonds, the Ru /5577 composite is less stable by 0.29 eV 
than Ru/DV, but is still more stable than Ru/SV by about 1.32 eV. 
    In contrast to SV, DV and 5577, there is no such significant 10 

reconstruction of the support or embedding of Ru atom over 
555777 and 555567777. At the interface, one of the 3 Ru atoms 
sits above the center of the C5 ring and the remaining 2 Ru atoms 
occupies 2 C=C bridge sites of the same C6 ring (555567777) or 
C7 ring (555777) to balance the Ru-Ru and the Ru-C interactions 15 

(Fig. 2). As the C7 ring is charge depleting, the C6 ring is charge 
neutral and the C5 ring is charge accumulating when embedded in 
graphenic lattice, the Ru particle binds more strongly by 0.09 eV 
on 555567777 than 555777. To this end, the large binding of Ru 
NP over SV, DV and 5577 supports can be attributed to the 20 

different Ru - C interaction formed between the Ru NPs and the 
C atoms around the local defect site, involving the cleavage of C–
C bond and formation of the new Ru-C bonds and is strongly 
dependent on the interfacial structures.  
 The formation of the Ru-C bonds is also accompanied with 25 

charge transfer. The Bader analysis was performed to quantify the 
total charge transfer at the Ru NP-support interface. As for the 
freestanding Ru13 particle, charge is transferred from the center 
Ru atom to the surface atoms, and the Bader charge on outermost 
Ru atoms differs slightly. In contrast, the formation of new Ru–C 30 

bonds upon deposition leads to obvious charge accumulation 
region at the interface and charge redistribution inside the particle, 
as evidenced by the contour plots of the differential charge 
density (Fig. 2) and the Bader analysis (Table 2). Regardless of 
the support, the direction of charge transfer is from the Ru13 35 

particle to the support. The amounts of charge transfer also shows 
a strong dependence on the rGO supports and are more 
significant over those composites with Ru atom embedded into 
the graphene basal lattice. In Ru13/SV, the amount of charge 
transfer from Ru13 to SV is 1.05 |e| and is 0.55 |e| less than that of 40 

the Ru13/DV. The amounts of charge transfer between Ru NP and 
other rGO support fall in the range from 0.97 |e| to 1.60 |e|. The 

lowest amount of charge transfer of 0.97 |e| is observed on 
Ru/555777, which is also of the least Eb. It is also immediately 
apparent that there is a positive correlation between the Eb of the 45 

composites and the ∆qB. The higher the stability of composites, 
the larger the amounts of interfacial charge transfer. (Fig. 4) In 
this sense, the differences in the amount of charge transfer among 
these Ru/rGO composites can be ascribed to the different 
interfacial structures and interactions formed upon Ru NP 50 

deposition. 
    Due to the formation of the interfacial Ru-C interactions, the 
slight distortion in Ru NP is observed with the maximum value 
only at the interface while the level of distortion decreases 
quickly with the distance of Ru atoms from the surface. Our 55 

recent findings showed that Ru NPs can be stabilized by SV due 
to hybridization the between the dsp states of Ru NPs and the 
dangling bonds at the graphene defect sites.29, 30 As the interfacial 
structures of the considered composites are similar to those of 
Ru/SV and Pd/SV, the previously discussed stabilization 60 

mechanism by controlled TM atomic diffusion facilitated by the 
interfacial electronic structure can be expected to hold.12, 30, 68 

  
Fig. 4 The correlation between the amount of charge transfer from Ru NP 
to the rGO support (∆qB) and the binding energy of the Ru NPs onto 65 

support (Eb). The dashed line is guide to the eye. 
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The electronic structure and reactivity of Ru/rGO composites 

The electronic structure of these Ru/rGO composites was further 
analyzed to highlight the interference of interfacial interaction 
(Fig. 5). It is immediately apparent that the DOS peaks of Ru-d 
states are broadened upon deposition and those of Ru-d, Ru-sp 5 

and C-sp states resonance strongly within the range from -6.0 eV 
to EF showing the new interactions are formed among them. At 
the same time, the sharp spikes in the vicinity around the EF in 
Fig. 1, arising from the localized dangling bonds or defect states 
on the C atoms at the defect sites, disappear upon deposition of 10 

the Ru NP. At the same time, the broadening of the DOS of C-sp 
states is obvious, which is a sign for the enhanced hybridization 
among the states of interfacial C and Ru atoms. This is also 
consistent with the Bader and differential charge density analysis. 
The distribution of DOS of Ru-d states is dependent on the rGO 15 

supports, which is the consequence of the differences in the 
formed interfacial interaction.  
 A more quantitative analysis on the shift of the d-band center 
of the deposited Ru NPs with respect to the freestanding NP was 
performed to investigate the impact of the interfacial interaction 20 

on the electronic structure of the deposited Ru NPs. The energy 
levels of d-states were aligned by the vacuum levels of the 
corresponding NP/composites and the results were compared 
directly to those of the freestanding NP to determine the shift of 
the d-band of Ru NPs upon deposition. (Table 3) The averaged εd 25 

values of the Ru particles on SV, 555777, DV, 555576666 and 
5577 are -5.35, -5.40 eV, -5.25 eV, -5.42 eV and -5.33 eV with 
respect to the vacuum, respectively. In contrast to the averaged εd 
of the freestanding Ru NP of -5.45 eV, the εd  of the deposited Ru 
NPs are all shifted upward, showing the impact of supports on the 30 

electronic structure of the composites. Taking the Ru/5577 as an 
example, the shift of εd of each Ru atoms fall in the range from -
0.80 eV to 0.15 eV while the largest shift appears on the 
embedded Ru atom, which is downshifted by 0.80 eV from the EF. 
This is a sign of weakening of the interaction among Ru atoms as 35 

 

 
Fig. 5 The PDOS of Ru/SV, Ru/DV, Ru/5577, Ru/555777 and 
Ru/555567777 composites (See Fig.S2 for DOS projected to different 
spins.). 40 

Table 3 Electronic structures of Ru13/rGO composites. 

 εd'
a EF

b EVAC
c Wf 

d εd
e ∆εd

 f 
 (eV) (eV) (eV) (eV) (eV) (eV) 

Ru13 -1.41 -3.56 0.49 4.04 -5.45  
Ru13/SV -1.17 -1.83 2.34 4.18 -5.35 0.10 
Ru13/555777 -1.06 -1.94 2.41 4.34 -5.40 0.05 
Ru13/DV -1.09 -1.82 2.34 4.16 -5.25 0.20 
Ru13/555567777 -1.08 -1.94 2.40 4.34 -5.42 0.03 
Ru13/5577 -1.12 -1.89 2.32 4.21 -5.33 0.12 

a. Calculated averaged d-band center of the freestanding Ru NP and 
composites with respect to the corresponding Fermi level. b. Calculated 
Fermi levels of the freestanding Ru NP and composites with respect to the 
vacuum level. c. Calculated vacuum levels of the freestanding Ru NP and 45 

composites. d. The workfunction of the Ru NP or composites calculated as 
the difference between the Fermi level and the corresponding vacuum 
level. e. The averaged d-band centers of the Ru NP or Ru/rGO composites 
aligned by the vacuum levels. f. The change of averaged d-band centers of 
Ru/rGO composites respect to the freestanding Ru NP, aligned by the 50 

vacuum levels. 

new Ru-C bonds are formed at the interface by the transfer of Ru-
dsp electrons of the NPs surface into the dangling bonds or 
defective states of the rGO support. As this charge transfer 
process is thermodynamically driven and new bonds are formed 55 

at lower energy levels among the interfacial atoms, the d-band of 
the embedded Ru atom is shifted downward. Consequently, 
interactions among the Ru atoms are altered, which makes the 
interactions among Ru atoms far from the interface stronger than 
those of Ru atoms around the interface. To catch up with this 60 

change, the Ru atoms are deformed slightly to balance the Ru-Ru 
and Ru-C interactions and gain additional stability. This will 
induce further charge transfer among Ru atoms and change their 
d-band levels. Therefore, except the embedded atom, εd of the 
other Ru atoms retain or become even shifted upward, while the 65 

averaged εd of the Ru NPs is also upshifted as compared with the 
freestanding counterpart. The calculated εd was plotted vs. the 
binding of Ru NP onto various rGO supports  to highlight the 
important contribution of the interfacial interaction on the 
electronic structure of deposited Ru NPs. (Fig. 6) It is 70 

immediately apparent that there is also a positive correlation 
between the Eb of the composites and the εd. The higher the Eb of 
composites, the higher the energy level of εd. The important role 
of the interfacial interaction on tuning the electronic properties of 
the deposited Ru NPs is thus visualized. Furthermore, the 75 

differences in electronic structure of these Ru/rGO composites 
can be ascribed to the different interfacial structures and 
interactions formed upon Ru NP deposition. 

 
Fig. 6 Calculated averaged d-band center of the deposited Ru NPs (εd) 80 

plotted versus the and the binding energy of the Ru NPs onto supports 
(Eb). The dashed line is guide to the eye. 
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Fig. 7 Calculated O adsorption energies (Ead) over Ru/rGO composites 
plotted versus d-band center with respect to vacuum (εd). The dashed line 
is to guide the eye. 

 5 

It has already been proved that energy level of the d-band center 
of ultrafine TM NPs is an effective indicator for the reactivity and 
can be compared directly with those of the bulk truncated 
surfaces.29, 82 According to the “d-band model” of Hammer and 
Norskov et al. that correlates the reactivity and catalytic activity 10 

to εd, this upshifted d-band center suggests a higher activity of 
Ru/rGO composites as compared with the freestanding Ru NPs.83 
To visualize the promotion effect of the rGO supports on 
reactivity of these composites, the O adsorption, which is 
essential for various reactions including oxygen reduction, 15 

hydrogen evolution and etc., was selected as the model reaction. 
As it has already been shown over extended surface of transition 
metals84 and alloys85 that the O Ead will decreases linearly with 
the increasing O coverage due to repulsive interaction among 
absorbed negatively charged O atoms, we focused on the initial O 20 

atomic adsorption over these composites. In the most plausible O 
adsorption structure, the O stands on the bridge site between 2 
adjacent Ru atoms. To avoid the potential interference and 
involvement of the states of the support and set the lower bound 
of the promotion effect, we only consider the O adsorption on the 25 

bridge site that is far from the interface. 
 The calculated Ead of a single O atom is -3.55 eV over 
freestanding Ru NP. As the d-band center of the composites is 
shifted after deposition, the O Ead is further enhanced by -0.23 eV 
and -0.32 eV to -3.78 eV and -3.87 eV over Ru/SV and Ru/DV 30 

composites, respectively. Similar enhancement of O adsorption is 
also observed on Ru/5577, Ru/555777, Ru/555567777 
composites, while the O Ead all falls in the range from -3.55 eV to 
-3.87 eV. The calculated Ead were plotted versus εd in Fig. 7, 
demonstrating a clear linear relationship. In this sense, the 35 

enhanced Ead can be directly correlated with the shift of εd that 
originates from the different type of interfacial interactions 
formed within these composites. As the O Ead is all enhanced 
over these Ru/rGO composites, these composites are expected to 
show improved catalytic activity and excellent environmental 40 

tolerance in those reactions requires adsorbed O atom as an 
intermediate. The strong dependence of the O Ead on the shift of 
εd, which originates from the different interfacial interaction 
formed, also demonstrates the effectiveness of manipulating 
defect structures on rGO in tuning the electronic structure of the 45 

deposited TM particles, and the possibility of improving the 
catalytic performance of rGO supported TM nanocatalysts 
through defect engineering of the support material. 

Conclusions 

We systematically investigated the electronic structure of Ru NPs 50 

deposited on various local structures on rGO support by first-
principles-based calculations. We showed that Ru prefers to bind 
directly with the graphenic support and various defective 
structures on rGO can act as strong trapping sites for Ru NPs and 
inhibit their aggregation. We also showed that this interaction, 55 

which correlates with the interfacial structures and the charge 
transfer, tunes averaged d-band center of the composites and 
contributes to improved reactivity of these composites. Further 
study reveals that the performance of the composites against 
oxygen adsorption correlates well with the shift of the d-band 60 

center of the deposited Ru NPs, which originates from the 
covalent interfacial Ru-C interaction and is determined by the 
defect structures on rGO support. These findings paved the way 
for developments of new transition metal/rGO composites with 
high stability and superior catalytic performance by defect 65 

engineering of the support materials through controlled 
modification. These TM/rGO composites can be fabricated, in 
principle, by co-reduction of the electron-beam radiated rGO 
sample in aqueous solution of TM cations, during which the 
newly generated defects will first react to get passivated with O-70 

containing functional groups to anchor TM ions and then get 
reduced to form mature interaction with the TM NPs right at the 
defect sites. The size of TM NPs will not change the dominating 
role of support and the interfacial interaction. Unlike NPs of sp 
metals, where the impact of quantum size effect would be 75 

significant due to free-electron like behaviour of s and p 
electrons, the reactivity of TM NPs are determined by their 
localized d states. Various experimental works have shown that 
the support material and the interfacial interaction can 
significantly impact the catalytic performance of the TM NPs. 80 

For example, Ru NPs of similar size distribution (2-15 nm) and 
morphology supported on different support materials showed 
different catalytic performance in NH3 decomposition and this 
difference can only be attributed to the support materials and the 
interfacial interaction.86 In this sense, the impact of defective rGO 85 

support would be still significant when the size of TM NP goes 
up. 
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