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ABSTRACT OF THE THESIS 

Exploring the Stability of Square Planar Carbon in Surface Carbides of Co, Ni, and 

Beyond 

by 

Anjanikumar Nandula 

Master of Science in Chemistry 

University of California, Los Angeles, 2015 

Professor Anastassia N. Alexandrova, Chair 

 

 Cobalt and Nickel surface carbides both exhibit an interestingly high degree of 

stability, even higher than graphite-like carbon species in these transition metals. The 

anomalous geometry of these carbides has been the source of much debate: carbon 

prefers square planar (D4h) configuration and forces a spontaneous p4g clock surface 

reconstruction. A model, motivated by chemical bonding analysis, for these systems is 

presented that elucidates the unusual structure, stability, and the impetus for 

reconstruction. Carbon promotes a cluster-like aromaticity on the transition metal (100) 

surface and this aromaticity is so powerful that electrons are spontaneously taken from 

the void M4 squares to ensure it. Moreover, this model predicts many new transition 

metal and main group element surface alloys, which feature high stability, square-planar 

coordination, aromaticity, and a predictable degree of surface reconstruction. 
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CHAPTER 1: Introduction to Thesis 

Since its inception in the 1920’s, Fischer-Tropsch synthesis (FTS) continues to be 

an integral method in the synthesis of long-chain hydrocarbons. Traditionally catalyzed 

by iron, nickel, or cobalt catalysts, FTS converts hydrogen gas and carbon monoxide into 

hydrocarbons and water as per Eq. 1. 

    2𝑛 + 1 𝐻! + 𝑛  𝐶𝑂 → 𝐶!𝐻!!!!𝑛𝐻!𝑂  (1) 

However these catalysts are prone to deactivation and consequently need to be improved. 

Perhaps the most intriguing finding is the square planar (D4h) coordination of adsorbed 

carbon on the transition metal  (TM) surface.[1,2] Current arguments for the existence of 

this anomalous carbon species suggest a need for strong electron delocalization as a result 

of electropositive σ-donor/π-acceptor ligands, ionicity of the carbon ligand bond, and 

aromaticity.[3-19] These justifications 

have generally found acceptance in the 

cluster community, where the gas-phase 

Al4C2- cluster has long served as the 

paradigm for square planar tetra-

coordinated carbon.[18,19] The question 

then lingers, to what extent can the 

aforementioned methods and ideologies 

be applied to extended surfaces? 

While square planar carbon is 

intriguing in its own right, perhaps even 

more striking is its role in the p4g “clock” surface reconstruction of the TM (100) 

Figure 1. Square planar C in reconstructed and 
unreconstructed Co monolayers and slabs. Binding energies 
are reported in kJ/mol. Values without parentheses are 
calculated using the RPBE functional while those in 
parenthesis are from the PBE functional.[23] 
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surface.[20-22] As shown in Figure 1, p4g surface reconstruction involves the coordinated 

rotation of two squares on the (100) surface, at ½ ML coverage with C. The result is a 

shortening of the M-M bond in the void square. The observation of adsorbent mediated 

surface reconstruction is not unprecedented; yet the rationalization of this phenomenon 

from an electron count and molecular orbital approach has been limited. 

The following analysis, in Chapters 2 and 3, is in no way comprehensive and is 

instead an attempt to provide a novel analysis of intriguing systems by bridging the gap 

between the solid-state physics and chemistry communities. While there has been 

contention between these parties both in the past and present, the aim of analyses like the 

ones presented below is illustrate the relevance of both schools of thought. The analysis 

in Chapter 2 begins with monolayer systems, where the simplicity of the unit cell affords 

easier analysis of the electronic structure and properties. Chapter 3 focuses on 

extrapolating meaningful trends in fields of surface chemistry, 2D materials, and beyond. 

Finally, Chapter 3 ends with some conclusions and predictions about the potential impact 

of this research in materials chemistry. 
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CHAPTER 2: The Extraordinary Stability of Monolayer Carbides 

2.1 Introduction 

This chapter focuses on 

the chemistry, structure, and 

stability of 24 transition-

metal/main-group alloy 

monolayers.  It was 

hypothesized that the analysis 

of a half saturated (1/2 ML) 

monolayer would serve as an 

instructive model. The reasons 

for this approach are twofold: 

i) The monolayer 

reconstructs similar 

to the slab with 

comparable energetics [23] 

ii) The similarity in binding energies of carbon to the p4g square are comparable 

in both the slab and monolayer [20] 

Of the 24 monolayer systems considered (Co (100), Rh (100), Ni (100), Pd (100), 

Cu (100), and Ag (100) substrates with B, C, N, O adsorbents), all, with the exception of 

Ni2O, Pd2O, Cu2O, and Ag2O, were found to have structural minima that correspond to 

some degree of reconstruction.[23] It should be noted that even prior to adsorption, all of 

these (100) surfaces exhibit a propensity for spontaneous surface reconstruction, as 

Figure 2. Reconstruction energetics as a function of (A) adsorbent p 
electrons and (B) substrate d electrons[23] 
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shown below in Figure 3.[23] Furthermore, with regard the checkerboard pattern of the 

(1/2) ML saturation concentration, a comparative stability study was performed with the 

dopant atoms placed in alternate rows (instead of a checkerboard). It was determined that 

this row structure was indeed less stable than the checkerboard pattern. Consequently, all 

further analysis is performed in the context of the checkerboard (1/2) ML saturation 

concentration. 

	  

Figure 3. Clean surface reconstruction. 
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2.2 Building the Unit Cell 

 A full discussion of all relevant numerical parameters and computational 

techniques is provided in section 3.5. This section exists merely to illustrate the design of 

the initial monolayer unit cell. A 2x2x1 fcc (100) unit cell was created with two dopant 

atoms (B, C, N, O) placed both in the square planar site and diagonally across from the 

square planar site, resulting in a checkerboard absorption pattern on the transition metals 

(Co, Ni, Cu, Rh, Pd, Ag). Initially, single point calculations were performed for forced 

artificial reconstruction angles for the purposes of mapping the potential energy surface. 

All 24 structures were subsequently relaxed to determine the optimal reconstruction 

angle. It is worth noting 

that even clean surfaces, 

without dopants, exhibited 

some propensity for 

reconstruction. 

2.3 Results and 

Discussions 

 As shown in 

Figure 2, the extent of p4g 

reconstruction diminishes 

upon the addition of either 

p-electrons from the 

adsorbent or d-electrons 

from the metal substrate. 

Figure 4. (A) Molecular orbitals that contribute to triple aromaticity in Al4C2- (B) 
Analogous Bloch states in a Co4C subunit (C) Bloch states of the Co2C plotted at the 
gamma point corresponding to the states illustrated in (B).[23] 
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The binding energies of the main group element also change significantly before and 

after reconstruction; this information is listed in Table 1 below. 

System	   Unreconstructed	  B.E.	  (kJ/mol)	   Reconstructed	  B.E.	  (kJ/mol)	  
CoB	   -‐485.28	   -‐523.81	  
CoC	   -‐740.32	   -‐758.26	  
CoN	   -‐990.73	   -‐632.03	  
CoO	   -‐604.63	   -‐586.54	  
CuB	   -‐415.43	   -‐426.35	  
CuC	   -‐701.37	   -‐552.29	  
CuN	   -‐802.22	   -‐479.25	  
CuO	   -‐728.56	   -‐536.49	  
NiB	   -‐528.68	   -‐545.98	  
NiC	   -‐773.31	   -‐772.62	  
NiN	   -‐652.55	   -‐622.34	  
NiO	   -‐624.02	   -‐595.84	  
PdB	   -‐605.19	   -‐616.39	  
PdC	   -‐721.86	   -‐720.80	  
PdN	   -‐516.81	   -‐506.68	  
PdO	   -‐468.37	   -‐468.37	  
RhB	   -‐596.29	   -‐629.09	  
RhC	   -‐746.55	   -‐766.19	  
RhN	   -‐591.91	   -‐595.72	  
RhO	   -‐502.69	   -‐501.02	  
AgB	   -‐341.90	   -‐358.62	  
AgC	   -‐391.95	   -‐381.82	  
AgN	   -‐234.03	   -‐265.90	  
AgO	   -‐378.60	   -‐378.60	  

Table 1. Binding energies of the main group element to the transition metal (per atom) for the monolayer 
systems. 

It is believed that the void metal square serves as an electron reservoir: donating and 

taking electrons as necessary so as to establish σ-aromaticity in the adsorbed square.[23] 

By removing electrons from antibonding states in the void metal square, the system 

enhances the bonding interaction between metal atoms. This induces a Peierls instability, 

which is the impetus for this surface reconstruction.[23] This trend is intriguing and can be 

rationalized via two distinct chemical bonding techniques: Bloch state analysis and 

COHP curves.  
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 A cluster-like 

approximation affords 

us the use of localized 

bonding motifs. 

Figure 4 depicts the 

atomic orbitals that 

contribute to 

aromaticity in the 

Al4C2- cluster and 

their solid-state d-

orbital analogues in 

the Co2C system. 

Notice that the 

delocalized π-state in 

Figure 4 C 

demonstrates Hückel-like aromaticity with n=0 while the 2s, 2px, and 2py states on C 

form σ-radial states analogous to the n=1 aromatic states found in Al4C2-.[18,19] 

Consequently, the Co4C subunit seems to exhibit a periodic form of double-aromaticity. 

Note that bonding states involving C may decrease in energy by up to 2.83 eV.[23] While 

Co2C was used as an illustrative example, all systems analyzed in this study have 

occupied Bloch states analogous to those shown above.[23] The full set of Bloch states for 

Co2C (reconstructed and unreconstructed) are shown below in Figure 6. 

 

Figure 5. (A) Bloch states and (B) COHP curves (integral to EF in red) for Co2C, Ni2C, 
and Cu2C monolayers [23] 
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Figure 6. Bloch states, unreconstructed and reconstructed, for the Co2C monolayer. 

 Furthermore, an LCAO decomposition of the Bloch states can be performed 

resulting in a pseudo-molecular orbital diagram. An example is provided in Figure 7, 

below, for Co2C. The diagram is instructive in depicting how the relative energies of the 

Bloch states are rearranged upon reconstruction. Note that the carbon binding states are 
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relatively low in energy, and the states that cause an increase in antibonding character of 

the void square metal-metal bond are destabilized. 
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Figure 7. Pseudo-molecular orbital diagram for Co2C reconstruction. 

 In 1963, Roald Hoffman proposed a rather novel approach to analyzing chemical 

bonding in the solid state through Crystal Orbital Overlap (COOP) curves.[24] For 
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technical reasons not addressed here, COOP curves see little use in modern 

computational chemistry and have been eschewed for Crystal Orbital Hamilton 

Population  (COHP) curves.[25-27] In this method, the pDOS is weighted by its 

corresponding Hamiltonian element and the band structure energy is partitioned into 

bonding, nonbonding, and antibonding states.[25-27] The integral up to the Fermi level of a 

COHP curve scales as the bond energy.[25-27] Figure 5 shows the COHP curves, and their 

corresponding integrals and Bloch states, for the Co2C, Ni2C, and Cu2C monolayers. 

Reconstruction diminishes upon the addition of substrate d-electrons as a result of 

populating 

antibonding 

states. The 

integrated COHP 

values for the 

rest of the 

systems are 

provided in Table 2. Note that the trend reported is predominantly conserved across the 

systems analyzed in this study with a few exceptions (Pd).[23]  Figure 8, below, illustrates 

the effect of the main group element on the COHP curves and their integrated value for a 

given transition metal (in this case Cobalt). 

Table 2. A table of all integrated COHP values[23]. 
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Figure 8. COHP curves and their integrated values (in red) for reconstructed Co2B, Co2C, and Co2N. 
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CHAPTER 3: 2D Materials, Slabs, and Beyond 

3.1  Introduction 

 The following section seeks to bridge the analysis performed above with 

experimental systems. Monolayers provided an instructive model that afforded the 

simplicity of the Bloch state and COHP techniques; however, real systems suffer a 

variety of spurious effects caused by an innumerable amount of external perturbations. In 

industrial synthesis, these monolayers are mostly likely to grow on their respective 

transition metal supports; consequently, it follows that their stability, binding energies, 

and extent of reconstruction should be scrutinized in this context. While the introduction 

of the transition metal support seems like yet another perturbation that may mitigate or 

even eradicate the trends described above, this is not the case. Strikingly, the trends 

discovered in the monolayer systems are more or less preserved on the slabs. 

Furthermore, preliminary results suggest that these novel alloys may perform as robust 

2D materials. While there is still plentiful analysis being conducted on this topic, at first 

glance the potential energy surface generated by layer sliding seems to be relatively flat. 

However the topology of these surfaces is inconsistent between different materials and no 

consistent trends have yet been discovered. 

3.2  Building the Unit Cell 

 A full discussion of the numerical parameters and their implementation is given in 

section 3.5; this section exists only to illustrate how the slabs were initially constructed. 

A clean, unadulterated, 2x2x5 fcc unit cell was created with the (100) surface exposed. A 

vacuum layer of approximately 15 Å was placed above the slab. Dopant atoms (B,C,N,O) 

were introduced into the square planar and octahedral sites of all 6 transition metals (Co, 
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Ni, Cu, Rh, Pd, Ag). All structures were subsequently relaxed. Finally, a reconstructed 

monolayer was placed on top of a clean 2x2x4 slab (stretched to match the lattice 

parameters) and the structure was subsequently relaxed. The energetic minimum of all 

structures described above was used for all further analysis. Table 3, below, lists the 

binding energies of the main group element in the octahedral vs. square planar systems 

while Table 4 lists which slabs reconstruct and the distance of the main group element 

from the slab surface. 

System	   Sqr	  Plr.	  (kJ/mol)	   Octhdrl	  (kJ/mol)	  
AgB	   -‐415.34	   -‐399.93	  
AgC	   -‐389.37	   -‐386.42	  
AgN	   -‐241.03	   -‐241.09	  
AgO	   -‐333.54	   -‐333.63	  
CoB	   -‐758.27	   -‐840.37	  
CoC	   -‐790.93	   -‐915.06	  
CoN	   -‐774.18	   -‐774.15	  
CoO	   -‐549.91	   -‐549.91	  
CuB	   -‐578.80	   -‐541.84	  
CuC	   -‐553.82	   -‐530.59	  
CuN	   -‐411.18	   -‐411.06	  
CuO	   -‐447.62	   -‐447.67	  
NiB	   -‐735.95	   -‐651.34	  
NiC	   -‐743.10	   -‐709.43	  
NiN	   -‐528.65	   -‐528.74	  
NiO	   -‐501.41	   -‐501.32	  
PdB	   -‐718.47	   -‐703.56	  
PdC	   -‐703.34	   -‐683.09	  
PdN	   -‐428.30	   -‐408.35	  
PdO	   -‐368.63	   -‐368.07	  
RhB	   -‐715.85	   -‐865.26	  
RhC	   -‐762.89	   -‐734.64	  
RhN	   -‐504.56	   -‐504.53	  
RhO	   -‐449.03	   -‐448.27	  

Table 3. Binding energies of the main group element in square planar vs. octahedral slabs (per atom). 
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Slab	   Reconstruct?	   Vert.	  Disp.	  of	  Adatom,	  Å	  	  
Co2B	   Rec.	   0.452	  

Co2C	   Rec.	   0.2062	  

Co2N	   Unrec.	   0.538	  

Co2O	   Unrec.	   0.879	  

Ni2B	   Rec.	   -‐1.0318	  

Ni2C	   Rec.	   0.1816	  

Ni2N	   Unrec.	   0.5569	  

Ni2O	   Unrec.	   0.8511	  

Cu2B	   Rec.	   -‐0.995	  

Cu2C	   Rec.	   0	  

Cu2N	   Unrec.	   0.2332	  

Cu2O	   Unrec.	   0.7588	  

Rh2B*	   Rec.	   0.3872	  

Rh2C*	   Rec.	   0.1559	  

Rh2N	   Unrec.	   0.6109	  

Rh2O	   Unrec.	   0.7801	  

Pd2B	  	   Rec.	   0.6274	  

Pd2C	   Rec.	   -‐0.281	  

Pd2N	   Rec.	   -‐0.2904	  

Pd2O	   Unrec.	   0.88529	  

Ag2B	   Rec.	   -‐0.8755	  

Ag2C	   Unrec.	   0	  

Ag2N	   Unrec.	   0.2396	  

Ag2O	   Unrec.	   0.797	  
Table 4. Slabs that reconstruct and the displacement of the main group element from the surface (negative values 
indicate that the main group element lies below the top layer of the slab). 

3.3  Results and Discussions 

The discussion is now extended to the slab. Figure 9 below reveals all of the 

optimized geometries of the slabs considered in this study. While borides still undergo 

the maximum amount of reconstruction, they also cause significant distortions to the 

planarity of the top monolayer; they tend to prefer the octahedral sites.[23] C lies slightly 
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above the monolayer in d8 systems, goes subsurface in Pd, and is planar in d10 systems.[23] 

Nitrides and oxides in general do not reconstruct, with the exception of Pd2N, where the 

N atom goes subsurface and causes significant distortions much like a boride.[23] In 

general, Rhodium is an outlier in the slab trends described above. Not only does Rh 

prefer a non-aromatic arrangement of the absorbed C atoms (at ½ ML coverage where the 

C atoms are arranged in rows instead of a checkerboard), its overall stability is greater 

when the top most layer is unreconstructed. This is startling given that the monolayer 

models of Rh2B and Rh2C reconstruct spontaneously. Despite these anomalies, a few 

general chemical trends can still be reported: slab binding energies decrease as the 

number of d-electrons increases, binding energies are lower in second row TM’s (longer 

bonds à smaller overlap à weaker bonding), and adsorbent binding on a reconstructed 

Figure 9. Optimized geometries of all 24 systems 
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slab is favorable as the number of d-electrons increases. It is hypothesized that the gain in 

coordination number is stabilizing at first, but steric interactions begin to dominate as the 

d-band fills. Table 5, below, lists the relative stabilities of the octahedral vs. square planar 

slabs. 

System	  
Sqr	  Plnr	  
(kJ/mol)	  

Octhdrl	  
(kJ/mol)	  

AgB	   -‐5787.36	   -‐5730.31	  
AgC	   -‐5998.88	   -‐5996.70	  
AgN	   -‐6079.60	   -‐6079.61	  
AgO	   -‐5971.83	   -‐5971.83	  
CoB	   -‐13809.12	   -‐13545.69	  
CoC	   -‐14299.21	   -‐14273.89	  
CoN	   -‐14314.09	   -‐14314.03	  
CoO	   -‐13981.96	   -‐13981.97	  
CuB	   -‐7516.38	   -‐7368.74	  
CuC	   -‐7757.08	   -‐7744.56	  
CuN	   -‐7873.00	   -‐78723.00	  
CuO	   -‐7656.59	   -‐7656.59	  
NiB	   -‐11067.67	   -‐10791.65	  
NiC	   -‐11425.61	   -‐11385.05	  
NiN	   -‐11389.27	   -‐11389.24	  
NiO	   -‐11046.88	   -‐11046.84	  
PdB	   -‐10572.20	   -‐10503.08	  
PdC	   -‐10812.20	   -‐10752.68	  
PdN	   -‐10630.23	   -‐10602.08	  
PdO	   -‐10267.35	   -‐10266.04	  
RhB	   -‐14101.82	   -‐14127.26	  
RhC	   -‐14430.11	   -‐14436.10	  
RhN	   -‐14334.45	   -‐14334.45	  
RhO	   -‐13957.63	   -‐13957.44	  

Table 5. Relative stabilities of the square planar vs. octahedral slabs. 

 Given the highly 2D bonding character of both the monolayers and the topmost 

reconstructed layer of the slabs, it was hypothesized that the binding energies of these 

monolayers to each other should be small. In an effort to corroborate this hypothesis, a 

reconstructed carbide monolayer was placed upon another reconstructed monolayer 

carbide such that all the atoms were perfectly eclipsed. Then, the top most monolayer was 

shift by 1/4th the Bravais lattice vector in both the x and y directions. Single point 
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calculations were performed at each of these 16 total geometries (4x4) and potential 

energy surfaces were calculated 

for this gliding motion. Figure 

10, on the right, depicts the 

potential energy surface for 

double layer Co2C, however all 

carbides were analyzed. Note the 

slight asymmetry in the surface: 

given the identical geometry of 

systems reflected across the 

diagonal, this should not happen. This asymmetry is also observed in the Cu2C system. 

The group is currently working to rectify this anomaly. Regardless, it is clear from Figure 

10 that the energy gain (or loss) from layer gliding is minimal, implying that these 

materials are in fact robust 2D materials. Currently, calculations are being done to 

analyze the extent to which these potential energy surfaces are altered by an underlying 

TM slab. In the calculations involving the slab, the final geometries are all relaxed as 

opposed to merely performing single point calculations. 

 Analysis of Bloch states and COHP curves has revealed a striking correlation 

between total electron count, the bonding character of the void square metal-metal bond, 

and the extent of surface reconstruction in these fascinating materials. Cluster-like 

aromatic character was observed in the Co4C subunit of the monolayer and it is believed, 

due to the similarity in all of the Bloch states of these systems, that a similar aromaticity 

manifests in all of the other systems considered here. Furthermore, COHP analysis allows 

Figure 10. Double layer Co2C potential energy surface (units in 
eV). 
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for the quantification of the bonding interaction between metal atoms along the void 

square diagonal. The observation that antibonding character increases as the total number 

of electrons increases necessarily implies a smaller impetus for surface reconstruction. 

Furthermore, the consistent finding of a low energy gliding mechanism in the double 

layer systems further suggests highly localized in plane bonding; allowing for the use of 

these materials in 2D systems. 

3.4  Conclusions & Outlook 

One of the most glaring assumptions made concerns the matching of the 

reconstructed monolayer lattice constant to the bulk TM lattice constant.  Surface 

reconstruction may cause a net expansion or contraction of the surface layer, resulting in 

a lattice mismatch between the two regimes. The group is currently working on the 

construction of a bulk super cell with a stepped reconstructed monolayer on top. Also, 

phonon calculations need to be performed for both the monolayers and slabs to confirm 

that these structures are actually minima on their respective potential energy surfaces. 

Furthermore, under the highly reactive conditions of FTS, other spurious adsorption 

events may occur that may significantly alter the structure of the surface and the surface, 

which, in turn, may alter the elementary steps necessary for successful long-chain 

hydrocarbon synthesis. For example, CO diffusion is an integral step in the FTS 

mechanism; the adsorption of these surface species may significantly inhibit CO’s 

diffusion pathway. In short, the effects of these materials on the overall efficiency of the 

synthesis mechanism need to be addressed in some detail.  

 There are numerous avenues down which future research may travel. For 

example, the calculation of accurate band structures using PW-TDDFT would be 
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instructive in determining the potential semiconducting nature of these reconstructed 

monolayers. Should a band gap exist, and be traversable under experimentally accessible 

conditions, these materials could be revolutionary in the field of 2D materials and 

atomically thin semiconductors. The current aim is to apply an electric field across the 

surface and observe the tuning of the band gap as function of electric field strength. 

Furthermore, given the bond polarization effects of strong electric fields, it is 

hypothesized that the extent of reconstruction can also be parameterized by the strength 

of the incident electrical field. Also, the fcc (100) surface analyzed in this study is an 

instructive example of surface reconstruction and adsorbent mediated effects but the 

analysis needs to be extended to multiple surface facets and defects to more realistically 

model FTS conditions. Some studies have suggested the reversal of surface 

reconstruction by the absorption of Group I metals; understanding how the concentration 

of these metals and their preferred absorption sites on the fcc (100) surface may provide 

an extra parameter with which reconstruction, and its consequent electronic properties, 

may be tuned.[36] While the similar energies of the structures formed upon layer gliding 

suggests that these materials are highly two-dimensional, it is possible that their potential 

energy surfaces are extremely corrugated. In this event, the barriers for transitioning to 

the geometries detailed above may be immensely high. Consequently it could be 

instructive to perform transition state searches to further illuminate the potential energy 

surface. The possibilities with chemistry this unique and exotic are virtually limitless and 

materials of these sorts may well be instrumental in the next generation of 2D p-n 

junctions, transistors, and capacitors.  
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3.5       Computational Details 

All calculations were performed using plane-wave DFT and the RPBE[28.29] 

functional in the VASP[30-33] computational suite.] A (5x5x1) Monkhorst-Pack k-point 

mesh was used for all calculations and the plane-wave cutoff energy was 450 eV. A 

vacuum gap of three times the lattice constant was used between monolayers. The 

monolayers were modeled with 2x2x1 fcc (100) unit cells. Slabs were constructed with 

2x2x5 fcc(100) unit cells with the bottom three layers frozen. All Bloch states were 

calculated using the Quantum Espresso[34] package and the PBE functional. COHP 

analysis was done in LOBSTER[25,26] and the results were visualized with wxDragon.[35] 
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