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Abstract 

The types and compositions of oxygen functional groups on graphite surfaces are heavily subjected to 

the method in which the graphite is synthesized and processed in experiments, which makes the 

characterization difficult. The challenge even extends to the modeling of oxygenated graphite surfaces in 

computational studies. However, determination of both the types and composition of oxygen functional 

groups on graphite surfaces is of paramount importance as it plays a significantly important role in dictating 

the behaviors and performances of electrochemical systems. For example, the surface structure and 

composition of the graphitic anode used in lithium-ion batteries (LIBs) determines the quality of a solid 

electrolyte interphase (SEI) that forms at the electrode/electrolyte interface, which in turns substantially 

affects the stability and lifetime of the devices. To help predict the structure and the composition of the 

surface oxygen functional groups on graphite surfaces resulting from solution-based synthesis and 

modification processes, we analyze the adsorption of different oxygen functional groups at both edge and 

basal sites of graphite as a function of pH under which the solution-based processes may take place. A 

series of DFT calculations reveal that at room temperature and for a pH range from 0 to 14, the (112̅0) edge 

surface of graphite will be fully oxygenated, while the basal sites remain unsaturated. The oxygen functional 

groups at the edge sites are comprised of mostly hydroxyl and ketonic groups, with carboxyl and carbonyl 

groups are present only in small amounts. Furthermore, we observe transformation of carbonyl group into 

ketonic group in the presence of empty surface carbon sites, which further stabilize the graphite surface. 

Meanwhile, carboxyl groups are more stable when all surface sites within a carboxyl layer are all populated. 

We conclude that the population of oxygen groups that can be found at the edge surface of a graphite in the 

ascending order are carboxyl < carbonyl < hydroxyl < ketonic. On the contrary to the edge plane, a small 

amount of oxygen functional groups may be forced to adsorb on the basal surface upon application of an 

external potential. The adsorbed groups are found to prefer to cluster together on basal sites in a highly 

ordered fashion, while the edge surface does not show this preference for adsorption sites. 
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1. Introduction 

Graphite is a widely used material across a spectrum of applications, ranging from aircraft engines, 

coatings, carbon filters to electrochemical and energy storage systems. [1–3] Graphite has a hexagonal 

structure that belongs to the P63/mmc space group with cell parameters of a = b = 2.464 Å and c = 6.771 Å, 

with interlayer spacing of 3.354 Å. Graphite layers are stacked in an AB sequence, with the atoms of the 

B-layer are shifted by 1/3 of the lattice vectors a and b from the atoms of the A layers, and are mainly held 

together by London dispersion forces. The three-dimensional nature of graphite ensures the existence of 

multiple surfaces which determine its macroscopic crystal shape. However, the hexagonal symmetry of a 

graphite unit cell reduces the number of low-index surfaces to only five planes, namely: basal (0001), zigzag 

perpendicular (101̅0), zigzag tilt (101̅1), armchair perpendicular (112̅0) and armchair tilt (112̅1) facets. [4] 

Both basal and edge facets of graphite have been studied extensively. In terms of surface energy, the 

armchair terminations of edge graphite are ~1.6 J/m2 more stable than the zigzag terminations. Meanwhile, 

the surface energy of (0001) basal graphite is only 0.18 J/m2, which is the lowest of all terminations. 

Graphite surface functionalization changes the hybridization of the surface carbon atoms from planar 

sp2 to tetrahedral sp3 which makes a new p atomic orbital available to allow binding with functional groups. 

[5] One of the most common functional groups that are commonly found on a graphite surface are those 

containing oxygen functional groups such as hydroxyl (-C-OH), ketonic (-C=O), carboxyl (-C(-OH)=O), 

and carbonyl (-C(-H)=O) groups. [6–8]  However, different carbon-based materials (e.g.: graphite, 

graphene, nanotube, fullerene) have been found to incorporate different oxygen functional groups at 

different sites and at varying extents of oxidation when these oxygen-functionalized surfaces are 

synthesized. [9–11] For example, in the case of a graphene oxide, epoxide and hydroxyl functional groups 

are present in large amounts on the basal side of graphene oxide, while small amounts of carbonyl and 
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carboxyl groups are distributed at the edges of the layer. [12] Upon mild thermal treatment, the oxygen 

functional groups may migrate towards the edge of the graphene layer. [13] 

Unfortunately, the wide range of experimental methods and conditions in which graphite can be 

synthesized and processed make the determination of the exact structure and composition of oxygen 

functional groups on graphite surfaces difficult. The difficulty in experimental characterization of 

oxygenated graphite surfaces also extends to the modeling of oxygenated graphite surface in computational 

studies as both adsorption sites and extent of adsorption of these functional groups on graphite surfaces 

remain elusive. Despite this difficulty, a complete understanding of the graphite surface structure, including 

the composition of surface functionalization, is of paramount importance as it dictates the performance of 

the electrochemical devices in which graphite are employed. In the case of oxygenated graphite anode in 

LIBs for example, the types of oxygen functional groups present at the graphite surface has a significant 

impact on the structures, morphologies, and properties of the SEI. [14] The SEI formed then defines the 

lithium intercalation rate, the charge/discharge performance, and dendrite formation, [15] which in turn 

affects the quality and lifetime of the LIBs. [16,17]  

To address these knowledge gaps and help experimentalists to predict the structures of oxygenated 

graphite surfaces that have undergone solution-based synthesis and/or modification processes, we 

computationally investigated the composition of oxygen functional groups on graphite surfaces. We use the 

computational hydrogen electrode (CHE) [18] method to construct the surface Pourbaix diagram [19] to 

assess the stability of various oxygen functional groups at both edge and basal sites of a graphite surface 

over a range of pH. We cover the pH range of 0 – 14 to accommodate for different solution-based graphite 

synthesis and modification methods in which different solvents with different pH are employed, such as 

Staudenmaier’s method (concentrated sulfuric acid with fumic HNO3 and KClO3), Hoffman’s method 

(concentrated HNO3 and KClO3), Tour’s method (concentrated H3PO4 and KMnO4), Hummers’ method 

(NaNO3 and KMnO4), and Brodie’s method (HNO3 and KClO3). [20] We vary the size of area coverage of 
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oxygen functional groups on graphite surfaces [21] to quantify the propensity of a graphite surface to be 

covered by a specific oxygen group.  

Our calculations of the extent of surface coverage for each oxygen functional group on graphite surfaces 

reveal not only the composition of oxygen functional groups on graphite surfaces over a pH range of 0-14, 

but also new insights that help explain the competition between different oxygen functional groups for 

adsorption sites at the graphite surface. The new fundamental knowledge presented in this paper can be 

used not only to help guide experimental characterizations to quickly predict the surface structure of 

oxygenated graphite based on the pH of the solution the graphite was processed in, but also provide a solid 

foundation for realistic model of oxygenated graphite surface structure for future computational studies. 

The remainder of this paper is organized as follows: First, we provide the model systems used in our 

calculations and describe the procedure used to construct the surface Pourbaix diagram. We then present 

our results and discuss on our findings, along with the implication of different oxygenated graphite surfaces 

on the performance of various electrochemical systems that utilize graphite for one of their components, 

such as LIBs, sodium-ion batteries (NIBs), lithium-ion hybrid supercapacitors (LICs), and fuel cells. 

Finally, we highlight the importance of fine tuning the structure and composition of oxygen functional 

groups on the surface of graphite to obtain optimum performances of electrochemical systems.   

 

2. Computational Methods 

All calculations were carried out within the plane-wave density-functional-theory (DFT) framework as 

implemented in the NWChem code. [22] The exchange and correlation energies were calculated using the 

Perdew−Burke−Ernzerhof (PBE) functional within the generalized gradient approximation. [23] The PBE 

functional was corrected for dispersion interactions using the Grimme approach (PBE-D3 with BJ 

damping). [24] The usage of PBE-D3 with BJ damping functional on similar systems has also been broadly 

employed by other studies. [25–28] Furthermore, the suitability of using PBE-D3 with BJ damping to study 
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molecular adsorption on nanocarbon materials have been benchmarked against both experiments values 

and other functionals, including B3LYP, CCSD, and  MP2, where the errors were all reported to be within 

10%. [29–31] Hamann pseudopotentials were used for oxygen, carbon and hydrogen. [32,33] The 

Hamiltonian matrix was diagonalized through the Monkhorst Pack scheme, using a 2 × 2 × 1 k-mesh. [34] 

The kinetic cutoff energies of 60 and 120 Ry were applied to expand the Kohn−Sham electronic wave 

functions and charge density, respectively. Both adsorbates and the top two layers of the graphite surface 

were allowed to fully relax during structure optimizations, while the carbon atoms in the third graphite layer 

were fixed in the bulk position. A sample of NWChem input file used throughout this study which contains 

all of the aforementioned computational details is included as S1 in the Supporting Information (SI)  

The graphite surfaces were modelled as periodic slabs comprised of two and five atomic layers for 

(0001) basal plane and (112̅0) armchair edge, respectively, as adopted from the literature. [25,26,35,36] 

Both (0001) and (112̅0) facets are the low-index graphite surfaces with the lowest surface energies for basal 

and edge surfaces, respectively. [4] The employment of similar models for both basal and edge oxygenated 

graphite surfaces have also been broadly reported. [27,28] The graphite surfaces were modeled in a box of 

13.54 x 12.70 Å2 for (112̅0) edge and 9.78 x 12.70 Å2 for basal plane with a vacuum gap of at least 10 Å 

in the z-direction. [37] The adequacy of our simulation cell size has been thoroughly investigated and 

reported in our previous study. [16] Surfaces were functionalized with (C-OH/C-H), (C=O/2C-H), (O=C-

OH/CH3), and (O=C-H/C-H) pairs to represent hydroxyl, ketonic, carboxyl, and carbonyl oxygen functional 

groups as produced from a complete water dissociation, in accordance with the following reactions:  

Hydroxyl: H2O(l)   + * ⇋ HO*  +   H+(aq) +   e-   (1a) 

Ketonic: H2O(l)  + * ⇋ O*  + 2H+(aq) + 2e-   (1b) 

Carboxyl:    2H2O(l)  + * ⇋ O*OH + 3H+(aq) + 3e-   (1c) 

Carbonyl: H2O(l)   + * ⇋ O*H  +   H+(aq) +   e-   (1d)  
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where * denotes a graphite surface site and X* denotes the generalized adsorption of oxygen functional 

groups species on the surface. [38]  

The Gibbs free energy is defined by the following equation: 

G = U + pV – TS        (2a)   

where G is the Gibbs Free Energy of a thermodynamic system, which is related to the internal energy (U) 

and the entropy (S) of the system, while p, V, and T denote the pressure, volume, and temperature of the 

system of interest.  

For calculations that involve solids, the pV term was kept constant by fixing the size of the simulation box. 

However, the change in pressure and volume are negligible for solids, which simplifies the Gibbs free 

energy into: 

 G = U – TS         (2b)  

The internal energy is obtained by taking DFT energy calculations (EDFT) and including the thermal 

correction in the form of zero-point energy (ZPE), which changes the equation into:  

G = EDFT + ZPE – TS       (2c) 

Separate calculations of G for *, n H2O, and X* allow for the change in the Gibbs free energy due to the 

adsorption of oxygen functional groups (ΔG), that is defined as: 

ΔG = G(X*) – G(*) – G(n H2O)       (2d) 

All species formed through the splitting of water molecules as defined by reactions 1(a-d) were placed onto 

graphite surfaces. Proton chemisorption was modeled by the formation of C-H bonds with graphite surfaces 

in the cases of hydroxyl, ketonic, and carbonyl groups. In the case of carboxyl groups however, protons 

were adsorbed onto the surface through the formation of -CH3 group with a surface carbon atom to maintain 

the stoichiometry of the reaction.  
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To determine the relative free energy for each species in a chemical reaction, this value needs to be 

established against a reference cell, which is the standard hydrogen electrode (SHE). At standard conditions 

of pH = 0 and p(H2) = 1 bar, the SHE reaction: 

H+(aq) + e- ⇋ ½ H2(g)        (3) 

has ΔG° = 0 at 298 K. The electrical potential (U) for this reaction is set as: 

 USHE = 0 V          (4a) 

At equilibrium, the forward and reverse rates of reaction (3) are equal. The reverse reaction is termed the 

reversible hydrogen electrode (RHE). Extrapolation of the same equilibrium argument towards the 

electrical potential [18] results in URHE:  

URHE = USHE = 0 V        (4b) 

The value of URHE = 0 V applies at both pH=0 and when in equilibrium with SHE at all conditions. 

However, changes in the pH in which the reaction takes place also changes the electric potential of the 

system, which in turn affects the adsorption energies of the adsorbates. The relationships between the pH 

of a system and both URHE and USHE is defined in accordance with the following equation: 

URHE = USHE + 
𝑘𝐵 𝑇 (𝑙𝑛10) 𝑝𝐻

𝑒
        (4c) 

where the (kB T (ln10) pH) term describes the free energy in terms of H+ concentration, and e is the charge 

of the adsorbates. Combining these relationships, the Gibbs free energy for reaction (3) can be written as: 

ΔG = e URHE = e USHE + kB T (ln10) pH     (5) 

At 298 K (RTP), the surface is assumed to be in equilibrium with liquid water. Therefore, the extent of 

oxidation of water molecules and adsorption of various species on graphite can be determined by relating 

U and pH through the chemical potential of H+ and e-. The assumption that reaction (3) is in equilibrium so 
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that U = 0 V for both USHE and URHE at pH = 0 and p(H2) = 1 bar, permits formulating the reactions of 

oxygen functional groups for surface adsorption in 1(a-d) as: 

Hydroxyl: H2O(l)   + * ⇋ HO*  + ½ H2(g)   (6a) 

Ketonic: H2O(l)  + * ⇋ O*  +     H2(g)   (6b) 

Carboxyl:    2H2O(l)  + * ⇋ O*OH + 3∕2 H2(g)   (6c) 

Carbonyl: H2O(l)   + * ⇋ O*H  + ½ H2(g)   (6d) 

where the adsorption of hydrogen atoms is treated as adsorption of gaseous species rather than of protons. 

[18] The adsorption of molecular hydrogen molecules (H2(g)) are treated as spontaneous events, [39,40] 

and the change in the energies due to H2(g) molecules adsorbing on graphite are assumed to contribute a 

negligible amount to the overall energies.  

By combining equations (2d) and (5), the Gibbs free energy for oxygen group adsorptions on the 

graphite surface G(X*) at any pH and potential with p(H2) = 1 bar can then be calculated as a function of 

potential USHE and pH: 

ΔG(X*) = ΔG0(X*) - e USHE - kB T (ln10) pH     (7a) 

or in terms of RHE: 

ΔG(X*) = ΔG0(X*) - e URHE        (7b) 

where ΔG0(X*) is the Gibbs free energy for oxygen adsorption at pH= 0 and p(H2) = 1 bar, while the (kB T 

(ln10) pH) term corrects the free energy of H+ by the concentration dependence to the entropy. In the 

construction of the surface Pourbaix diagram, the contribution of electric field (ΔGfield) into G(X*) is usually 

ignored. [41] 

 The free energies (G(X*)) of graphite surfaces with a specific oxygen functional group at pH = 0 

are plotted against URHE for different coverages to determine the composition and the surface structure at a 
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given URHE. For each oxygenated surface group, the coverage with the lowest G(X*) corresponds to the 

most stable surface. Surface Pourbaix diagrams are then constructed by plotting URHE for different surface 

coverages over a range of pH. Based on equation (7a), graphite surfaces with different surface coverages 

are shown on surface Pourbaix diagrams as lines with a slope of 
−𝑘𝐵 𝑇 (𝑙𝑛10)

𝑒
. Our method for constructing 

surface Pourbaix diagrams for the adsorption of different oxygen functional groups on graphite as a function 

of surface coverage is an adaptation from a very similar method that is generally used for analyzing water 

splitting reactions. [42]  

 

3. Results and Discussion 

3.1 (112̅0) edge surface 

3.1.1 Preparation of the surface 

The (112̅0) edge surface has 48 surface carbon atoms within the simulation cell we used. Oxygen 

functional groups are placed onto the (112̅0) pristine graphite surface in increments of 1/8 of the surface 

area until all of the surface carbon atoms are covered by oxygen functional groups and hydrogen atoms in 

accordance with equations 6 (a-d) for hydroxyl, ketonic, and carbonyl groups, respectively. 24, 16, and 24 

water molecules are required to attain 100% surface coverage for hydroxyl, ketonic, and carbonyl groups, 

respectively. The atomic coordinates of 100% oxygenated graphite surfaces for hydroxyl, ketonic, carboxyl, 

and carbonyl edge graphite surfaces DFT optimized structures as obtained from the .cif files are given in 

S2 of the SI. Splitting water molecules into oxygen functional groups in accordance with equations 6(a-d) 

also resulted in the formation of hydrogen molecules (H2(g)). Hydrogen molecules are then manually 

adsorbed onto the graphite surface to bind with surface carbon atoms and form C-H constituents in the cases 

of hydroxyl, ketonic, and carbonyl groups. Adsorption of H2(g) molecules onto graphite surfaces to create 

H-terminated surfaces are treated as spontaneous events, [39,40] and the energy changes brought by H2(g) 

adsorption is assumed to be negligible.  
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In reality, functionalization of graphite surfaces with oxygen functional groups increases the d-spacing 

of graphite. [43] However, due to limitations within the DFT computational scheme, in which the d-spacing 

between graphite layers and the size of simulation cell are fixed, simulating a graphite surface with 100% 

coverage of pure carboxyl functional is not achievable. DFT optimizations of graphite surfaces with 100% 

coverage of pure carboxyl groups results in the formation of gaseous species that exhibit artificial defects 

on the graphite surfaces. These artificial defects arise due to the distance between graphite interlayers (~3.35 

Å) being too short to accommodate carboxyl groups that have a length of ~3.02 Å. The small gap left upon 

the adsorption of two carboxyl groups on two adjacent graphite layers is not enough to minimize the 

repulsive forces between the neighboring carboxyl groups of adjacent graphite layers. To minimize the 

repulsion, ketonic groups were introduced to provide sufficient gaps between carboxyl groups on the 

graphite surface. The carboxyl and ketonic groups were adsorbed on the surface of every other graphite 

layer in an alternating fashion, as shown in Figure 1a. Ketonic groups were chosen as filler in our simulation 

cells as ketonic groups are adsorbed on the graphite surface in atomic fashion as C=O/2C-H, thus 

eliminating competition for space with the carboxyl groups. Additionally, the presence of ketonic groups 

sandwiched between two layers of carboxyl groups was found to be essential to passivate the graphite layers 

to maintain the integrity and shape of graphite layers. In comparison, if carboxyl groups were only adsorbed 

on every other layer while the sandwiched layer were kept empty, carboxyl groups were found to bind to 

two adjacent graphite layers to form arches, as shown in Figure 1b. Therefore, we define the 100% surface 

coverage area in our carboxyl system as the adsorption of carboxyl and ketonic groups on the graphite 

surface in a 1:1 ratio. The 1:1 ratio of carboxyl:ketonic functional groups that constitute the carboxyl system 

in this paper is obtained by manually splitting 32 water molecules, in which 24 water molecules are split 

into 12 (OOH/3H) pairs to represent carboxyl functionals group as shown in equation 1c, and 8 water 

molecules that are adsorbed as (O/H/H) ketonic functional groups (equation 1b). The hydrogen atoms in 

the carboxyl system are manually adsorbed to the graphite surface to bind with the surface carbon as CH3 

instead to maintain the correct stoichiometry of the water molecules in the cell.  
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Figure 1: a) Our carboxyl system that is composed of carboxyl and ketonic groups in a 1:1 ratio, 

where carboxyl and ketonic groups are adsorbed on graphite in alternating layers to minimize 

repulsion between carboxyl groups of two adjacent graphite layers, and b) removal of ketonic groups 

in the alternating layers results in adjacent graphite layers forming arches that are capped by 

carboxyl groups. C, O, and H atoms are depicted in brown, red, and white, respectively. 

 

3.1.2 Generation of Pourbaix diagrams 

For all systems considered, the amount of adsorbed oxygen:hydrogen atoms are kept in a 1:2 ratio, to 

mimic the ratio of oxygen:hydrogen in water molecules. The effects of oxygenated surface area on the 

stabilities of oxygen functional groups on the graphite surface, and concomitantly, the extent of surface 

coverage area of each oxygenated functional is investigated through the calculation of the total adsorption 

free energies (ΔG) of oxygen functional groups. The ΔG associated with the total adsorption of oxygen 

functional groups on a (112̅0) graphite surface, that are proportional to the surface area, are reported in 

Table 1 as a function of surface coverage area.  

Table 1: The Gibbs free energies (ΔG) for adsorption of different oxygen functional groups on 

the graphite surface. ΔG is reported in eV, while surface coverage area (ML) is described as a 

fraction, where 8/8 denotes 100% coverage of graphite surface by oxygen functional groups in the 

cases of hydroxyl, ketonic, and carbonyl. For carboxyl, the 8/8 ML describes the graphite surface 

that is fully populated by carboxyl and ketonic group in a 1:1 ratio. 

Oxygen 

groups 

Surface Coverage Area (ML) 

8/8 7/8 6/8 5/8 4/8 3/8 2/8 1/8 

Hydroxyl -63.59 -56.21 -48.17 -40.42 -32.24 -24.61 -16.42 -8.43 

Ketonic -61.98 -54.70 -47.41 -40.09 -32.87 -24.68 -16.48 -8.26 
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Carboxyl -23.38 -20.73 -17.67 -22.18 -14.15 -8.27 -14.54 -9.98 

Carbonyl -22.78 -23.90 -18.51 -18.17 -12.14 -11.63 -7.60 -6.66 

It can be seen in Table 1 that the Gibbs free energies (ΔG) are negative for all oxygen functional groups, 

regardless of the fractional surface coverage area. The negative free energies imply that a bare graphite 

surface is very vulnerable to electron-accepting oxygen functional groups, which causes the adsorption of 

all oxygen functional groups on bare (112̅0) graphite surface to be spontaneous over all surface coverage 

areas. Table 1 also shows a general inverse relationship between the values of ΔG and the surface coverage 

area of oxygen functional groups, in which the values of ΔG across the same oxygen group become more 

negative with the population increase of oxygen groups on the graphite surface. For hydroxyl and ketonic 

functional groups, Table 1 shows that each 1/8 increase in the surface coverage area by these two functional 

groups is accompanied by, on average, about an 8 eV decrease in ΔG values.  

Meanwhile, the values of ΔG reported in Table 1 for carbonyl groups are seen to follow three distinctive 

trends: First, there is a general reciprocal relationship between values of ΔG and surface population. Second, 

the incremental increases in surface coverage area of carbonyl groups: 2/8 ML → 3/8 ML, 4/8 ML → 5/8, 

and 6/8 ML → 7/8 ML are accompanied by much bigger differences in ΔG values between the two data 

points involved in comparison to the less than 1 eV differences in the ΔG values of the incremental 

increases: 1/8 ML → 2/8 ML, 3/8 ML → 4/8, and 5/8 ML → 6/8 ML as shown by the plot in Figure 2a. 

The nonlinear trend in ΔG versus ML surface coverage area is due to the presence of empty surface sites 

on graphite layers on which the carbonyl groups are adsorbed. For datapoints with large ΔG value 

differences, at least one of the graphite layers in the systems are observed to consist of both carbonyl groups 

and empty surface sites. During DFT optimization, hydrogen atoms that belong to carbonyl groups leave 

the carbonyl group and move to the next available surface site on the same layer the carbonyl group is 

adsorbed on, depicted in Figure 2b.  
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Figure 2: a) Changes in ΔG values as function of surface carbonyl groups coverage area and b) 

the transformation of a carbonyl group into a ketonic group in the presence of an empty surface site 

on graphite layer that further stabilizes the graphite surface. C, O, and H atoms are depicted in 

brown, red, and white, respectively. 

The abstraction of hydrogen by the empty surface sites transforms the carbonyl groups into ketonic groups, 

which brings further stabilization to the system. However, the transformation from carbonyl into ketonic 

group, as illustrated in Figure 2b, only occurs when the empty site is located in the same graphite layer with 

the carbonyl group. The functional group transformation will not happen if the empty sites are located on 

different graphite layers, as the distance between graphite layers is much greater than the distance between 

two carbon atoms of the same layer (distance between two graphite layers is ~3.35 Å, while the distance 

between two carbon atoms on the surface of the same graphite layer is  ~1.42 Å). [44] Finally, it can also 

be seen in Table 1 that for carbonyl groups, the decrease in the values of ΔG become less prevalent with 
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the increase in surface coverage area. This suggests that the as the graphite surface becomes more populated 

by carbonyl groups, the graphite loses its sensitivity towards the amounts of adsorbed carbonyl groups.  

Furthermore, we would also like to point out that the ΔG values in Table 1 show that the ΔG value for 

the carbonyl system with 8/8 surface coverage area is less negative than the ΔG value for 7/8 surface 

coverage area. It thus implies that the carbonyl system with 8/8 ML surface coverage area is less stable than 

the 7/8 ML. Although comparison between the ΔG values of carbonyl at 8/8 ML and 7/8 ML seems to 

contradict the general trend of inverse relationship between ΔG values and functional groups surface 

population, it can be explained through the combination of the effect of both functional group 

transformation from carbonyl to ketonic group and the decrease in the difference of ΔG values that get 

smaller as surface population increases that is observed in the carbonyl system, as previously discussed. 

The 8/8 ML has 100% surface coverage area which means that there is no empty site to allow for functional 

group transformation from carbonyl to ketonic to stabilize the system and brings down its ΔG value, while 

the 7/8 ML system benefits from the presence of the empty surface sites. Additionally, the differences in 

the ΔG values between datapoints 1/8 ML → 2/8 ML, 3/8 ML → 4/8, and 5/8 ML → 6/8 ML get smaller 

as the carbonyl population on the surface increases. The difference in the ΔG values as the surface coverage 

area increases from 1/8 ML to 2/8 ML is 0.94 eV, which reduces to 0.51 eV and 0.34 eV for increases from 

3/8 ML to 4/8, and 5/8 ML to 6/8 ML, respectively. Based on these values, it is logical to expect that if the 

7/8 ML does not have empty surface sites for functional group transformations to happen, the difference in 

the ΔG values between 7/8 ML and 8/8 ML would be even smaller. 

In the model system we are using, each graphite layer consists of 6 surface carbon atoms, which means 

a maximum of 3 (OOH/3H) carboxyl group pairs can be adsorbed on a single graphite layer to saturate the 

layer. Carboxyl layers are sandwiched by a ketonic layer that are absorbed in (O/H/H) configuration as 

shown in Figure 1a to minimize repulsions between carboxyl groups of adjacent layers. Only two ketonic 

groups are required to attain a fully saturated graphite layer. Full saturation of at least one graphite layer by 

carboxyl groups are achieved at 2/8 ML, 4/8 ML, and 8/8 ML surface coverage area as shown in Table 2. 
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On the other hand, whenever a ketonic layer is introduced, the ketonic layers are kept fully saturated to 

minimize its effect in the ΔG evaluation of carboxyl groups. The compositions of carboxyl and ketonic 

functional groups that we employ to make up our carboxyl systems at each surface coverage area along 

with the indication of whether the carboxyl layers are fully saturated are given in Table 2. Note that two 

water molecules are required to form a carboxyl group. 

Table 2: Composition of carboxyl and ketonic groups at each surface coverage area and whether the 

graphite layers are fully saturated by carboxyl layers. On the other hand, a graphite layer in our 

computational model can only adsorb two ketonic groups. Ketonic layers that sandwich two carboxyl 

layers are kept fully saturated at all surface coverages to minimize the effect of ketonic groups in the 

evaluation of ΔG. 

Surface 

Coverage Area 

(ML) 

No. H
2
O 

No. of 

carboxyl 

groups 

No. of ketonic 

groups 

Full carboxyl 

layer 

Full ketonic 

layer 

1/8 4 1 2 No Yes 

2/8 8 3 2 Yes Yes 

3/8 12 5 2 No Yes 

4/8 16 6 4 Yes Yes 

5/8 20 7 6 No Yes 

6/8 24 8 8 No Yes 

7/8 28 10 8 No Yes 

8/8 32 12 8 Yes Yes 

 

Table 2 shows that two ketonic groups are introduced to make up a ketonic layer for 1/8 ML, 2/8 ML, and 

3/8 ML surface coverage areas. As the number of ketonic groups are the same in the 1/8 ML, 2/8 ML, and 

3/8 ML systems, straight comparison of ΔG values between the three systems may be made. The ΔG values 

presented in Table 1 show that the ΔG value of 2/8 ML, with a full strip of carboxyl layer, has the most 

negative ΔG out of these three surfaces. The same trend can be seen for 6/8 ML, 7/8 ML, and 8/8 ML 

surface coverage areas, where the most negative ΔG value belongs to the 8/8 ML, which does not have 

empty sites on carboxyl layers. These results imply that a fully saturated carboxyl layer stabilizes the 

carboxyl system, which is the opposite effect from the trend observed for the carbonyl surfaces.  

The difference in the effect brought by carbonyl and carboxyl functional groups on graphite surface 

stabilization may be explained by the difference in which these two functional groups attract electrons: 
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carbonyl is an electron donating group, while carboxyl is an electron withdrawing group. [45] As a 

consequence, contrasting behaviors are observed regarding the full layer adsorption of these two functional 

groups on graphite. At the edge surface of graphite, the delocalized electrons in graphite are broken into 

dangling bonds that results in negative partial charges at the surface. The adsorption of electron 

withdrawing carboxyl groups helps stabilizes the surface by taking the partial charges away from the 

graphite surface. As the result, a graphite layer with full carboxyl groups adsorption is more stable than 

those that are not. On the other hand, the adsorption of electron donating carbonyl groups leads to the 

accumulation of negative partial charge at the surface. The accumulated partial charge at graphite surface 

further destabilizes the system, which explains why graphite layer with empty active sites is more stable 

than the graphite layers where the active sites are fully occupied by carbonyl groups. 

We showed both in equations 1(a-d) and 6(a-d) that the formation of a carboxyl group requires for the 

decomposition of two water molecules, as opposed to the formation of all other oxygen functional groups 

considered (hydroxyl, ketonic, and carbonyl), which only require for the surface decomposition of one 

water molecule (equation 1a, b, d, respectively). Additionally, we have also mentioned that different 

amounts of water molecules are required by different functional groups to achieve 100 % surface coverages 

(24, 16, 32, and 24 for hydroxyl, ketonic, carboxyl, and carbonyl, respectively). Therefore, for comparison 

between the adsorption ΔG across different oxygen functional groups across the same surface coverage, 

these two factors need to be taken into consideration. Direct comparison can be made between the ΔG 

values for the same surface coverage in the case of hydroxyl vs. carbonyl, as both systems have the same 

number of water molecules required to achieve 100% surface coverages. It can be seen from Table 1 that 

the ΔG of the hydroxyl group is more negative than that of the carbonyl for all surface coverage areas. It 

thus implies that the adsorption of hydroxyl groups on (112̅0) graphite surface is much stronger than that 

of the carbonyls. However, for the comparison of ΔG values between oxygen functional groups where the 

100% surface coverages require different numbers of water molecules, such as hydroxyl/carbonyl vs 

ketonic vs carboxyl, the ΔG values reported in Table 1 need to be normalized against the number of water 
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molecules involved. Furthermore, for the comparison against the carboxyl group, the amount of ketonic 

groups that are present as fillers also needs to be taken into consideration. To aid the comparison of the ΔG 

values across different oxygen functional groups, the normalized ΔG values against the number of water 

molecules involved is given in Table 3.  

Table 3: The normalized ΔG values against the number of water molecules required to form oxygen 

functional groups adsorbed on the (11𝟐̅0) edge graphite surface. ΔG is reported in eV for up to 16 

water molecules, which when split into O/H/H to form a ketonic group and adsorbed on the surface 

of (11𝟐̅0) edge graphite defines the 100% coverage in our computational model. 

Oxygen 

groups 

Number of Water Molecules Adsorbed 

16 14 12 10 8 6 4 2 

Hydroxyl -42.39 -37.47 -32.11 -26.95 -21.49 -16.41 -10.95 -5.62 

Ketonic -61.98 -54.70 -47.41 -40.09 -32.87 -24.68 -16.48 -8.26 

Carboxyl -6.90 N/A -9.41 N/A -5.89 N/A N/A -1.72 

Carbonyl -15.19 -15.93 -12.34 -12.11 -8.09 -7.75 -5.07 -4.44 

 

The ΔG values for the adsorption of oxygen functional groups on the (112̅0) graphite surface reported 

in Table 3 are for up to 16 water molecules in the increment of 2 water molecules. The normalized ΔG 

values reported in Table 3 are maxed at 16 as this is the number of water molecules required to decompose 

as O/H/H to achieve 100% surface coverage in the ketonic system. We also chose two water molecules for 

our normalization base point as it is the minimum amount of water molecules required to form a carboxyl 

group. The ΔG values for the carboxyl system reported in Table 3 were obtained by subtracting the ΔG 

values of the ketonic groups that are present in our carboxyl system (c.f. Table 2) from the ΔG values of 

carboxyl reported in Table 1 to cancel the contribution of the ketonic groups into the overall ΔG values of 

the carboxyl system. For example, at 1/8 ML, our carboxyl system is comprised of one carboxyl group and 

two ketonic groups which we used as fillers. The ΔG value for carboxyl at 1/8 ML in Table 1 is -9.98 eV, 

whilst the ΔG value for two ketonic groups (also 1/8 ML in the ketonic system) is -8.26 eV. By subtracting 

the ΔG value of the ketonic from the ΔG of the carboxyl, we obtained -1.72 eV that we reported in Table 3 

as the ΔG adsorption of two water molecules as one carboxyl groups. 
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Table 3 shows that in an acidic solution (pH = 0), the ΔG values for per two water molecules for 

hydroxyl, ketonic, carboxyl, and carbonyl groups adsorptions are -5.62, -8.26, -1.72, -4.44 eV, respectively. 

As the decomposition of two water molecules on the (112̅0) edge graphite surface would lead to the 

formation of two hydroxyl, ketonic, and carbonyl groups, and one carboxyl group, to obtain ΔG values for 

the adsorption of one functional group, the values for two water molecules reported in Table 3 for hydroxyl, 

ketonic, and carbonyl groups need to be divided by two. We would then obtain the ΔG values for the 

adsorption of one hydroxyl, ketonic, carboxyl, and carbonyl group on the surface of (112̅0) graphite as -

2.81 eV, -4.13 eV, -1.72 eV, and -2.22 eV, respectively. Based on this result, we conclude that the 

adsorption strength of oxygen functional groups on (112̅0) graphite edge is in the following order: carboxyl 

< carbonyl < hydroxyl < ketonic.  

We also found that the adsorption sites of oxygen functional groups on graphite or the fashion in which 

they are added onto the surface does not affect the overall ΔG and its stability trends. The higher stability 

of ketonic and hydroxyl groups than carboxyl and carbonyl groups of the same coverage area on the surface 

of (112̅0) graphite are also observed on other surfaces, e.g., boron nitrides [46] and MXenes. [47] We also 

found that the ΔG of hydroxyl and carboxyl adsorption on (112̅0) graphite follows the general scaling 

relation of the adsorption of the two oxygen functional groups on various surfaces, where ΔG*OOH =  ΔG*OH 

+ 3.2 V (± 0.02 V). [48] Both ΔG and the strength of adsorption of oxygen functional groups on the surface 

of graphite therefore indicates the surface of (112̅0) graphite will have high coverage area of hydroxyl and 

ketonic groups. Furthermore, the adsorbed carboxyl and carbonyl groups on the edge sites of (112̅0) 

graphite may be further reduced into ketonic and hydroxyl groups, [49] which also adds into the high 

amount of surface hydroxyl and ketonic functional groups. The most stable graphite surfaces for hydroxyl, 

ketonic, carboxyl, and carbonyl groups at pH = 0 over a range of surface coverage areas are shown in  

Figure 3.  
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Figure 3: The most stable graphite surfaces for a) hydroxyl, b) ketonic, c) carboxyl, and d) 

carbonyl at pH = 0 over a range of surface coverage areas (denoted as ML). C, O, and H atoms are 

depicted in brown, red, and white, respectively. 
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Figure 3 shows that the USHE is the most negative at 1/8 ML for all oxygen functional groups studied. 

This result therefore indicates that at pH = 0, the most stable graphite surfaces are those that are decorated 

by the fewest surface oxygen functional groups. Across all oxygen functional groups, at 1/8 ML coverage 

area and under standard conditions, hydroxyl is the most stable oxygen group adsorbed on the graphite 

surface as the USHE of hydroxyl is the most negative. The negative USHE values that are as low as -22.47, -

16.52, -6.65, and -17.75 V are required to protect the graphite surface from being oxidized by hydroxyl, 

ketonic, carboxyl, and carbonyl groups, respectively. Above the potential that is required for protection of 

bare graphite (above -22.47 V), oxidation of water molecules takes place, and at least 1/8 of the graphite 

surface will be covered by hydroxyl. The ΔG for the adsorption of oxygen functional groups adsorption 

decreases even further with the increase in applied potential.  

Upon application of a very small positive external potential, the coverage area of oxygen functional 

groups on graphite surfaces are found to increase dramatically. The point of intersection between 1/8 ML 

lines with the 8/8 ML lines in Figure 3 also correspond to the amount of external potential required to 

change the surface coverage area for functional group from 1/8 ML to 8/8 ML. Therefore, the amount of 

external potential required to change the surface coverage area from 1/8 ML to 8/8 ML for hydroxyl, 

ketonic, carboxyl, and carbonyl are: 0.2 V, 0.15 V, 0.67 V, and 1.45 V, respectively. Meanwhile, an applied 

external potential of 1.23 V (URHE) is required for water oxidation reactions to take place spontaneously. 

Seeing that the amount of applied external potential required for water oxidation reactions to occur is higher 

than the USHE of hydroxyl, ketonic, and carboxyl at 8/8 ML, it can be concluded that these oxygen functional 

groups will have full surface coverage areas on (112̅0) graphite. In contrast, carbonyl groups will only 

occupy 1/8 of the (112̅0) graphite surface. 

Adsorption of oxygen functional groups on graphite transforms the sp2 orbital of the surface carbon 

atoms into sp3 hybridization, which destroys the aromaticity of the surface carbon rings and results in 

destabilization of the graphite layers. The adsorption induced destabilization is a local effect that 

accumulates with the increase in oxygen group surface coverage area. This relationship is manifested in 



21 
 

Figure 3, where it can be seen that for any given value of ΔG, the increase in surface coverage area for all 

oxygen functional groups considered are accompanied by the increase in the amount of external potential 

required (USHE). For example, at ΔG = 0 eV, ~20 V of external potential (USHE) is required to turn the 

hydroxyl surface from having 1/8 ML of surface coverage area to 8/8 ML full surface coverage area. The 

increase in USHE shows that the successive adsorption of oxygen functional groups at the surface of (112̅0) 

edge graphite is an endergonic process relative to the initial adsorption. 

Changes in the pH values also bring changes to the USHE, which in turn affect the overall ΔG values 

and the adsorption energies of the oxygen functional groups. [47] According to equation 5a, the change in 

pH of a system with the same oxygen functional group and surface coverage area shifts the USHE by 

−𝑘𝐵 𝑇 (𝑙𝑛10) 

𝑒∗𝑝𝐻
, which is 

−0.059 𝑉

𝑒∗𝑝𝐻
. [41] The plot of USHE over a range of pH for a system with the same surface 

coverage area is called a surface Pourbaix diagram. At any given pH, the most thermodynamically stable 

surface is indicated by the lowest USHE. Figure 4 shows the surface Pourbaix diagrams for the adsorption of 

hydroxyl, ketonic, carboxyl, and carbonyl groups of different coverage areas on a (112̅0) graphite surface.  
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Figure 4: Surface Pourbaix diagrams for a) hydroxyl, b) ketonic, c) carboxyl, and d) carbonyl 

oxygen functionalized graphite surfaces over a range of surface coverage areas (denoted as ML). C, 

O, and H atoms are depicted in brown, red, and white, respectively. 

As can be seen from Figure 4, the USHE of the adsorption of all oxygen functional groups with different 

surface coverage areas are negative for all pH values. Furthermore, the USHE decreases as the pH increases, 

which indicates that the ΔG associated with the adsorption energy of all oxygen functional groups also 
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decreases as the pH moves from acidic to basic. As a result, the graphite surface would be even more prone 

to oxygen group attacks in basic solution. The increase in pH results in the stronger adsorption and further 

stabilization of oxygen functional groups on the surface of graphite and the graphite surface would be highly 

decorated in basic solution in comparison to acidic solution.  

The Pourbaix diagrams in Figure 4 also highlight the difference in the ability of oxygen functional 

groups to affect the stability of the graphite surface. The discrete lines in the Pourbaix diagram for each 

calculated surface coverage area for hydroxyl (Figure 4a) and ketonic (Figure 4b) functional groups indicate 

the sensitivity of the graphite surface to the amount of adsorbed hydroxyl and ketonic groups. This finding 

reveals the ability of both hydroxyl and ketonic groups to affect the stability of the graphite quite 

substantially. On the contrary, graphite is less sensitive towards the change in the quantity of adsorbed 

carboxyl and carbonyl groups. For carboxyl adsorption, Figure 4c shows that the lines for 3/8ML, 4/8 ML, 

5/8 ML and 6/8 ML lay on top of each other, thus indicating that the stability of graphite that is covered by 

3/8ML, 4/8 ML, or 5/8 ML of carboxyl are similar. The same trend can also be seen for carbonyl functional 

groups in Figure 4d, where the surfaces with 4/8 ML and 5/8 ML are of similar stability, and the 6/8 ML 

surface is similar in stability to the 7/8 ML carbonyl surface. 

 

3.2 (0001) basal surface 

As the basal sites of graphite are also exposed to electrolyte/water/moisture, they may also be oxidized. 

However, due to the double bond in ketonic, carboxyl, and carbonyl functional groups, only hydroxyl 

functional groups are able to adsorb on pristine basal sites. We started our investigation into the extent of 

hydroxyl adsorption on a basal graphite surface from 100% surface coverage area of the basal graphite 

surface, which comprised of the adsorption of 24 OH/H pairs on 48 surface carbon atoms. However, upon 

DFT optimization, these OH/H pairs were found to leave the surface into the vacuum to form water 

molecules. The extent of hydroxyl groups adsorption on a basal graphite surface was probed by manually 
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reducing the amount of adsorbed OH/H pairs on a graphite surface until all the hydroxyls remained stable 

on the surface. We found that the adsorption of hydroxyl groups on the basal site of graphite is only possible 

in the dilute region, with the maximum adsorption occurring at 1/6 ML of surface coverage area. In our 

model, the 1/6 ML hydroxyl coverage area is manifested in the adsorption of 4 OH/H pairs on the basal 

sites of a single graphite layer. Both the stability of hydroxyl group adsorption on basal graphite and its 

corresponding Pourbaix diagram are shown in Figure 5a and Figure 5b, respectively. 
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Figure 5: a) The stability of hydroxyl group adsorption on basal (0001) graphite at pH=0 and b) 

the surface Pourbaix diagram for hydroxyl functionalized graphite surfaces. 

Figure 5a shows that the adsorption of even one hydroxyl group is already a very endergonic process, 

in which an external potential of ~20 V is required for the process to spontaneously occur. The increase in 

the pH does not have a significant effect in reducing the required external potential to assist the adsorption 

reaction, as shown in Figure 5b. As mentioned previously, though highly unfavorable, the basal surface of 

graphite (0001) is capable of holding up to 1/6 ML of hydroxyl groups.  

Although highly unfavorable, up to four hydroxyl groups can be adsorbed on the (0001) basal surface 

of graphite to make up the 1/6 ML of hydroxyl surface coverage area. Coincidentally, our simulation cell 

is comprised of four carbon rings in the x-direction, and all four hydroxyl pairs are found to adsorb on the 

surface carbon atoms available in a row along the x-direction of our simulation cell. The -OH constituents 

of the hydroxyl groups are adsorbed in a meta- configuration to each other, while the -H constituents are 

found to adsorb at the ortho- locations in between two -OH constituents. The adsorption of the four OH/H 

hydroxyl pairs on the basal sites of the (0001) graphite surface is shown in Figure 6a. The adsorption of the 

four OH/H pairs in an orderly fashion on the basal sites of the (0001) graphite surface results in the 

clustering of the adsorption of OH/H pairs. The clustering of the adsorption species on the basal sites leads 

to a more stable system with a lower total energy than if the adsorbed species were scattered on the basal 

surface, and is in accordance with previous computational studies. [51] However, as the consequence of the 

highly ordered clustered adsorption, the surface of the (0001) basal graphite becomes distorted, as shown 

in Figure 6b. The atomic coordinates of the DFT optimized structure of 4 OH/H pairs adsorption on basal 

hydroxyl surface as obtained from the .cif file is given in S2 of the SI.  
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Figure 6: a) The top view of the adsorption sites of 4 hydroxyl groups on the (0001) basal graphite, 

in which the -OH constituents are adsorbed in the meta- configuration to each other, while the -H 

constituents are adsorbed at the ortho- sites in between two -OH groups. b) The distorted structure 

of (0001) basal graphite as a result of the highly ordered adsorption of the four hydroxyl groups. C, 

O, and H atoms are depicted in brown, red, and white, respectively.  

The distorted structure of the graphite surface has also been detected in experiments where the defects are 

known as “wrinkles”. In the wrinkle sites, the graphite is consisted of two distinctive regions with two 

different C-C bond lengths: 1) aromatic regions, and 2) oxygen functional groups containing aliphatic 6-

membered rings. [52] The same distorted structure has also been observed on graphene, [53] in which the 

extent of deformation of the graphite structure by each oxygen group is quantified. We would also like to 

note that although other adsorption configurations of OH/H pairs on a basal graphite are possible, the 

change in ΔG due to differences in adsorption configurations are not significant to affect the overall trends 

and conclusions.  

In addition to the aforementioned oxygen functional groups, epoxy (-O-) group adsorptions and C=C 

double bond defects may also cause distortion to the graphite structure. Due to the vast combinations of the 

possible adsorption sites for both the epoxy and the hydrogen atoms in relation to the bridging epoxy group 

on the basal surface, the effect of epoxy group adsorption on graphite merits its own study. However, we 

do expect the adsorption of epoxy groups on the basal surface of graphite to also be in the dilute region 

with similar stability and behavior to those with hydroxyl functional groups that are shown here.  
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3.3 A Quick Overview on the Implication of Oxygenated Functional Groups on the Surface of Graphite 

Anode on the Formation of SEI and the Performances of LIBs and Other Electrochemical Systems 

Graphite is extensively used as the main component of the anode in lithium ion batteries (LIBs) due to 

its supreme stability and low cost. [54] However, for graphite to be suitable for usage as anode in LIBs, it 

needs to undergo several processes to improve its properties, such as surface functionalization and lithium 

intercalation. The incorporation of oxygen functional groups on the surface of a graphite anode have been 

found to be beneficial to the performance of LIBs, as it increases the power density, charging rate, and life 

cycles of LIBs. [55] Surface functionalization helps prevent graphite exfoliation, thereby bringing further 

stabilization to the anode. [56] Graphite surface functionalization with oxygen functional groups increases 

the d-spacing of graphite, which enables faster lithium intercalation [43] and therefore, hastens charging. 

Previous experimental work has also shown that the incorporation of oxygen functional groups significantly 

improves the energy density of the anode electrodes. [13] The presence of surface oxygen functional groups 

also stabilizes the electronic delocalization in the anode [57,58] by lowering the HOMO-LUMO bandgap 

between the graphite anode and solvent molecules. The lowering of the HOMO-LUMO bandgap is 

important in promoting the binding of electrolyte molecules onto the surface, which facilitates the formation 

of the solid electrolyte interphase (SEI) at the electrode/electrolyte interface that stabilizes LIBs. [53] 

Additionally, controlled oxidation of graphitic surfaces allows the fine tuning of the electronic, optical, and 

mechanical properties of the anode. [59]  

Although the positive effect brought by surface oxygen functional groups on the chemical processes 

within an LIB, ranging from the formation of an SEI, to the behavior of binder materials and the efficacy 

of additives have been commonly acknowledged, the literature on the differences in the effects brought by 

different oxygen functional groups on the aforementioned processes in LIBs is sparse. Furthermore, the 

current consensus in the battery community is that there is an ideal ratio range in which the effect of surface 

oxygen functional groups on the performance of an LIB is optimum. When the concentration of surface 
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oxygen functional groups is outside of the optimum range, the effect is detrimental to the performance of 

LIBs: low concentration of surface oxygen functional groups results in low energy density and anode 

disintegration, while the concentration of surface oxygen group that is beyond the optimum range lead to 

an increase in irreversible charge loss. [60]  

The operating pH of LIBs range between 7–14, subject to the materials of the electrodes, slurry 

components, and number of cycles. [50] In particular, the most commonly used anode in LIBs, LiC6, have 

the near-neutral pH at the electrode/electrolyte at the beginning of the charge/discharge cycle. [61] It is 

difficult to experimentally determine the exact anode surface structure and composition because of the easy 

buildup of the SEI that covers the anode surface after a few charge/discharge cycles of LIBs. [57] However, 

based on the surface Pourbaix diagrams of the oxygen functional groups shown for the edge surface in 

Figure 4, we conclude that at the operating temperature and pH of LIBs, the surface of edge graphite anode 

at the beginning of the charge/discharge cycle will be fully covered by oxygenated functional groups. In 

particular, the oxygen functional groups at the graphite (112̅0) surface would consist of a high fraction of 

hydroxyl and ketonic groups, while carboxyl and carbonyl groups will be present in a lower ratio. For 

example, under reaction conditions of pH = 14 and USHE = -6.0 V, the surface of (112̅0) graphite will be 

composed of 4/8 ML hydroxyl, 3/8 ML ketonic, while the combination of carboxyl and carbonyl functional 

groups will make up the last 1/8 ML of the graphite surface. On the other hand, the (0001) basal surface of 

the graphite anode will remain bare in LIBs based on the results we presented in Figure 5. The inability of 

the basal surface to be oxidized thus ensures that the distance between graphite layers remains at least ~3.35 

Å, for a smooth intercalation process of Li+ ions during charge/discharge. The findings presented in this 

paper on the stability of different oxygenated functional groups on the surface of a graphitic anode and the 

surface structure and composition of the anode can be used to rationally guide further design and 

optimization of graphite surfaces for electrochemical systems applications. To assist further advances in 

this field, we will give a quick overview on the effect of different surface oxygen functional groups on 

different chemical processes within an LIB and other electrochemical systems that also utilize graphite for 
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one of their components, such as sodium-ion batteries (NIBs), lithium-ion hybrid supercapacitors (LICs), 

and fuel cells.  

 

3.4 Perspective on the Importance of Fine Tuning the Compositions of Oxygenated Functional Groups on 

Graphite Surfaces 

In LIBs, the interfacial reactions between electrolyte and graphite anode dictate the structures and 

properties of the SEI. Our previous study has also reported that the type of surface oxygen groups at the 

edge sites of a graphitic anode determines the products of electrolyte decomposition reactions at the 

interface. [16] We have also observed the difference in the effects brought by different surface oxygen 

functional groups on the density profile and dynamic behavior of electrolytes, which substantially affect 

the kinetics and growth rate of an SEI. [14] In particular, hydroxyl and ketonic rich surfaces are found to 

assist in additive decomposition on the anode that results in the formation of a thinner, more flexible, and 

more superior SEI. Meanwhile, high concentration of carboxyl and carbonyl functional group surfaces lead 

to higher rates of gaseous species formation, which may accumulate and result in battery explosion. [62] 

However, both carboxyl and carbonyl functional groups play an important role in improving the 

electrochemical properties of LIBs, as the presence of both carboxyl and carbonyl functional groups 

enhances the reversible capacities of LIBs, which leads to LIBs with higher energy density. [63] 

Furthermore, carboxyl and carbonyl groups improve the mechanical properties of a graphite anode as they 

allow binder materials to bind to the anode both covalently and through hydrogen bonding, which leads to 

higher adhesion to the anode. [64,65] In comparison to hydroxyl and ketonic rich surfaces, carboxyl and 

carbonyl rich graphite anodes possess a more superior structural integrity, leading to LIBs with higher 

cyclabilities. [66] The competition between the stability and cyclability of LIBs in relation to the 

concentration of surface carboxyl and carbonyl groups shows the importance of fine tuning the graphite 

anode surface structure and composition so that the trade-off between the two properties can be carefully 

controlled.  
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To further complicate the matter, the type and concentration of the surface oxygen functional groups at 

the basal surface also require careful consideration. A very small concentration of surface hydroxyl groups 

at the basal sites is necessary to support the architecture of the anode and increase the structural interlayer 

spacing and improve the charge rate of LIBs. However, high concentration of basal hydroxyl groups is 

detrimental to the charge rate of LIBs due to strong coulombic attractions between basal hydroxyl groups 

and the neighboring graphite layers, which reduces the interlayer spacing and slows down the charging rate. 

[67] Additionally, the concentration of epoxy groups at the basal sites needs to be minimized, as it lowers 

the initial coulomb efficiency of LIBs, which negatively impacts the electrochemical properties. [63] 

Outside of LIBs, graphite can also be found on other electrochemical systems such as sodium-ion 

batteries (NIBs), lithium-ion hybrid supercapacitors (LICs), and fuel cells. The composition of oxygen 

functionalities at the surface of graphite in these systems also plays an important part in determining its 

performance. For example, in NIBs it is important that hydroxyl groups are adsorbed as clusters on graphene 

basal plane to avoid NaOH formation and phase separation. [68] In contrast to LIBs, the presence of epoxy 

groups is beneficial to the performance of NIBs as it acts as stable adsorption sites for sodium and enhances 

the adsorption energy. [69] On the other hand, the lifecycles of LICs are in direct correlation to the 

concentration of double bonds in the surface oxygen groups, as the double bonds in the surface oxygen 

groups induce lithium enolizations in LICs, which stabilizes the SEI and prevent counter ions intercalations 

that leads to graphite exfoliation. [70] Meanwhile, high concentration of hydroxyl and carboxyl functional 

groups help catalyze the oxygen reduction reactions (ORR) in fuel cells. [71] The differences in the effect 

brought by different surface oxygen functional groups at the surface of graphite on different electrochemical 

systems that has been briefly showcased here, along with the trade-off between various properties within 

an electrochemical system highlight the importance of fine tuning the structure and composition of oxygen 

functional groups on the surface of graphite to obtain optimum performances of electrochemical systems. 

 

4. Conclusions 
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We have investigated the stability of hydroxyl, ketonic, carboxyl, and carbonyl functional groups on 

both edge and basal sites of a graphite surface as a function of surface coverage area. A series of DFT 

calculations reveal that at room temperature and between the pH of 0-14, the armchair edge of a graphite 

surface will be fully functionalized by oxygen functional groups, while the basal sites will remain bare. 

Surface Pourbaix diagrams show that the oxygen functionals at the edge sites of graphite will be mostly 

composed of hydroxides and ketones, while carboxyl and carbonyl functional groups will only be present 

in small amounts. Furthermore, we observe the transformation of carbonyl groups into ketonic groups in 

the presence of empty surface carbon sites next to the adsorbed carbonyl groups. The transformation of 

carbonyl into ketonic groups will further stabilize the graphite surface. In contrast, carboxyl groups are 

more stable when all surface sites within a carboxyl layer are all populated. On the other hand, the 

adsorption of oxygen functional groups at the basal sites of graphite requires the application of an external 

potential. Due to its highly unfavorable thermodynamics, the adsorption of oxygen functional groups at the 

basal sites will only be in the dilute region.  

 Assessment of the stability of each functional group across different surface coverage areas shows a 

correlation between the stability and surface coverage area, where, in general, stability of a specific group 

increases as the surface coverage area increases. Our calculations also unveil the sensitivity of the edge 

sites to the change in the amount of adsorbed hydroxyl and ketonic functional groups. In the cases of 

carboxyl and carbonyl functional groups, the adsorption would only have a minor effect on the stability of 

graphite, unless the adsorbed amounts are in the extremes. We also found that the adsorption sites of oxygen 

functional groups do not affect the stability of edge graphite, while the basal surface prefers to have all the 

adsorbed groups cluster together in a highly ordered fashion. In the case of hydroxyl groups adsorbed on 

the graphite basal plane, the -OH constituents will adsorb on the basal surface in a meta- configuration 

relative to one another, while the -H constituents will occupy the ortho- sites. Seeing that different surface 

oxygen functional groups affect different aspects of various electrochemical systems in different ways, it is 

of utmost importance that the behavior of different oxygen functional groups on a graphite surface is 

thoroughly understood. The findings presented in this paper can be used not only to help guide experimental 
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characterizations to quickly predict the surface structure of oxygenated graphite based on the pH of the 

solution the graphite was processed in, but also provide a solid foundation for realistic model of oxygenated 

graphite surface structure for future computational studies. In the future, this information could be used for 

rational modification of the graphite/electrolyte interface design to obtain greater control and further 

improve the performances of electrochemical devices. 
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