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Abstract 17 

 18 

Using density functional theory calculations of periodic slabs, within the generalised gradient 19 

approximation, this study provides optimised structures for all plausible terminations of 20 

copper(II) chloride surfaces along the three low-index orientations.  The ab initio atomistic 21 

thermodynamic approach serves to construct a thermodynamic stability diagram for CuCl2 22 

configurations as a function of chemical potential of chlorine ( ( , )ClΔ T p ).  We observe a 23 

shift in thermodynamic stability ordering at around ( , )ClΔ T p  = -1.0 eV between a copper-24 

chlorine terminated (001) surface (i.e., (001)CuCl), and a (001) chlorine-covered surface (i.e., 25 

(001)Cl).  This conclusion accords with experimental observations that report CuCl-bulk like 26 

structures, acting as prerequisite for the formation of CuCl2-bulk like arrangements in the 27 

course of copper chlorination.  Profound stabilities and optimised structures of (001)CuCl 28 

and (001)Cl configurations are discussed within the context of the functionality of CuCl2 as 29 

the chief chlorination and condensation catalyst of aromatic pollutants under conditions 30 

relevant to their formation in thermal systems, i.e. 400 – 1000 K, total operating pressure of 31 

1.0 atm and pCl2 = 10
-6

 – 10
-4

 atm (1.0 – 100.0 ppm).   32 

 33 

34 
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1. Introduction  35 

 36 

The interaction of chlorine with copper has been in the centre of mounting experimental and 37 

theoretical research, as a consequence of the importance of this interaction for formation of 38 

aromatic pollutants.  In situ surface analytical techniques [1,2] surveyed adsorption of 39 

chlorine on clean copper surfaces and subsequent diffusion of chlorine into the copper bulk.  40 

Results from scanning tunnelling microscopy (STM) [3] confirmed the formation of a c(2×2) 41 

chemisorbed chlorine layer immediately upon the exposure of a Cu(100) surface to a gaseous 42 

Cl2.  Along the same line of enquiry, several studies [4-6] have pointed out the formation of a 43 

thin copper(I) chloride (CuCl) film from adsorption of chlorine on a Cu(100) surface.   De 44 

Micco et al. [4] performed a thermogravimetric (TG) study on copper chlorination under 45 

different temperature conditions.  Their Ellingham diagrams projected the formation of CuCl 46 

as the initial copper chlorination product.  Copper(II) chloride (CuCl2) was regarded as the 47 

predominant final species in the Cu(100)/Cl system [7].  Mechanistically, formation of CuCl 48 

is often considered as prerequisite to the appearance of CuCl2 [4,7,8].  Evolution of CuCl2 via 49 

direct substitutional chlorine adsorption was found to incur a considerable thermodynamic 50 

penalty if compared with the more preferred surface adsorption [9].  Li et al. [10] observed a 51 

nominal coverage of 4/5 ML corresponding to (1×5)-Cl/Cu(110) structures.  LEED 52 

measurements by Walter et al. [11] demonstrated that adsorption of chlorine on a Cu(111) 53 

commences with the sublimation of CuCl and CuCl2 species.   54 

 55 

Theoretically, Suleiman et al. [12] proposed a shape of copper nano-structure surrounded by 56 

a gaseous chlorine environment, by performing the Wulff construction.  But under practical 57 

values of the chemical potential of chlorine, bulk CuCl constitutes the thermodynamically 58 

most stable copper-chlorine configuration.  Thus, consensus of opinions from experimental 59 
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measurements and theoretical predictions illustrates that, copper chlorides resemble limiting 60 

cases for adsorption of chlorine on copper surfaces. 61 

 62 

CuCl2, in particular, has been demonstrated to be a potent chlorinating catalyst in the course 63 

of the formation of chlorinated aromatics, most notably a group of the notorious dioxin-like 64 

species [13].  The majority of copper content in fly ash exists as CuCl2 [14].  In 65 

heterogeneous formation of dioxins, CuCl2 plays a prominent role, not only as a chlorine 66 

source, but also in mediating the occurrence of prominent chemical reactions [15].  CuCl2 is a 67 

primary intermediate in the so-called Deacon reaction [16-18] which converts the inert HCl 68 

gases into the active Cl2 chlorination species.  Despite the importance of CuCl2 as a final 69 

product from the interaction of gaseous chlorine with copper surfaces and its role in the 70 

formation of chlorinated organic pollutants, the literature lacks an atomic-based description 71 

of CuCl2 surfaces.  To this end, the aim of this contribution is to examine structures of all 72 

plausible terminations of CuCl2 surfaces and to assess their thermodynamic stability under 73 

practical operational conditions, relevant to the role of CuCl2 as the most crucial chlorination 74 

catalysts in combustion systems. 75 

 76 

 77 

2. Computational details 78 

 79 

2.1.  Structural optimisation 80 

 81 

All structural and energetic calculations comprise the spin-polarised PAW-GGA functional 82 

[19] as implemented in the VASP code [20].  We simulate various CuCl2 surfaces using 2 by 83 

2 surface supercells consisting of 10 to 23 symmetric-slab layers (containing 26 to 58 atoms).  84 
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The presence of two outermost layers in symmetric slabs (i.e., symmetrical staking sequence) 85 

largely minimises effects of dipole moment that might accumulate along the z-direction [21].  86 

Chlorine-terminated surfaces may exhibit a weak polar characteristic, however, utilisation of 87 

symmetric slabs eliminates any surface deformation derived by dipole moment perpendicular 88 

to the surface.  All atomic layers are allowed to relax while keeping the innermost 1-3 layers 89 

fixed at their bulk positions.  Vertical vacuum regions of 12.0 Å to 20.0 Å separate the 90 

adjacent slabs along the two sides of symmetric slabs.  Energy cut-off is set at 400 eV in all 91 

simulations and the Monkhorst-Pack (MP) [22] grids serve to perform the Brillouin zone 92 

(BZ) integration.  MP schemes generate 9-10 k-points in the irreducible part of the BZ for all 93 

surfaces.  An energy cut-off of 500 eV and 16 k-points change the total energy of the (001)Cl 94 

surface (see Section 3.2) marginally by 26.3 meV, i.e. 0.30 %.  The precision of total energies 95 

and forces on each ion converge to 10
−4

 eV and 0.02 eV Å
−1

, respectively. 96 

 97 

 98 

2.2. Thermodynamic stability 99 

 100 

We construct a thermodynamic stability phase diagram encompassing all CuCl2 101 

configurations based on the approach of ab initio atomistic thermodynamics.  Literature 102 

provides detailed descriptions pertinent to this approach [23-26].  Herein, we briefly refer to 103 

the governing equations.  In this formalism, surface free energies, at a given temperature and 104 

pressure, ( , )T P , linearly relate to the chemical potential of chlorine,
Cl( , )T P , via: 105 

 106 

 (1)
 107 

 108 

 109 

2

Bulk

Cu CuCl Cl Cu Cl

1
( , ) ( , ) ( , ) ( - 2 ) ( , )

2

SurfT P G T P N g T P N N T P
A
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where A, (0K,1 atm)SurfG , 
2

Bulk

CuClg , NCu and NCl signify surface area, calculated Gibbs energy 110 

of a CuCl2 surface, Gibbs energy of bulk CuCl2 per unit formula and numbers of copper and 111 

chlorine atoms in the CuCl2 surface, in that order.  Finally, 
Cl( , )T P  is expressed as: 112 

 113 

      (2)
  114 

 115 

where ( , )ClΔ T p  and 
2ClE  refer to the change in chlorine chemical potential and the internal 116 

energy of an isolated chlorine molecule, respectively.  Values of the chlorine chemical 117 

potential are estimated from standard thermodynamic tables [27]. 118 

 119 

The two Gibbs terms in Equation (1) comprise enthalpic (H) and entropic (S) terms: 120 

 121 

G H TS                     (3) 122 

 123 

The total H value of a system comprises contribution from total energy of the system at 0 K 124 

and 1 atm, (E
tot

), vibrational energy (F
vib

) and a pressure-volume term (PV).  Thus, Equation 125 

3 can be written as: 126 

 127 

tot vibG E F PV TS                   (4) 128 

 129 

Electronic structure calculations provide the value of the E
tot

 term, typically at 0 K and 0 atm.  130 

By applying a simple dimensional analysis on the PV term, it is revealed that, its contribution 131 

to the total G value will be less than 0.1 meV/Å
2
.  This value is a rather negligible if 132 

compared with the magnitude of E
tot

.  Thus, the PV term in Equation (4) could be safely 133 

ignored.  In well-ordered configurations, such as solid state systems, the contribution of the 134 

TS term is minimal and can be neglected as well.  Consensus of theoretical predictions from 135 

the literature [25,28] points out that the contribution of the F
vib

 falls within ± 5.0 meV/Å
2
, a 136 

2Cl( , ) ( , ) 1/ 2Cl ClT p Δ T p E  
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value still negligible with respect to the E
tot

 term.  It follows that, Equation (4) for a solid 137 

surface can be written as: 138 

 139 

totG E           (5) 140 

 141 

Finally, substitution of Equation (5) in Equation (1) results in the following governing 142 

equation of the ab initio atomistic thermodynamics: 143 

 144 

2

tot Bulk

Cu CuCl Cl Cu Cl

1
( , ) (0 K,1 atm) (0 K,1 atm) ( - 2 ) ( , )

2
T P E N E N N T P

A
         (6) 145 

 146 

 147 

3. Results and discussion 148 

 149 

3.1.  Bulk CuCl2 150 

 151 

A unit cell of bulk CuCl2 exists as a base-centred monoclinic Bravais lattice, in which each 152 

Cu atom lies at the centre of an axially distorted octahedral arrangement composed of six 153 

chlorine atoms; see Figure 1. Optimisation of bulk CuCl2 unit cell is carried out by deploying 154 

a 6×6×6 MP automatic generation of k-points and an energy cut-off at 600 eV.  Figure 1 155 

depicts an optimised structure of a CuCl2 unit cell.  Our estimated lattice constants (7.201 Å, 156 

3.371 Å and 7.356 Å) are in a relatively good agreement with corresponding experimental 157 

measurements (6.900 Å, 3.300 Å and 6.820 Å) [29] and other theoretical predictions (7.520 158 

Å, 3.3350 Å and 7.290 Å) [30].  The noticeable difference between calculated and 159 

experimental c lattice constant attributes to the fundamental shortcoming of DFT functionals 160 

in describing states that encompasses long-range interactions [31]. Figure 1 lists the nearest 161 
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bulk Cu/Cl distances in addition to Cl-Cl (4.207 Å) and Cu-Cu (7.356 Å) intra-layer 162 

spacings.   163 

 164 

 165 

3.2. Geometries of CuCl2 surfaces  166 

 167 

We consider all plausible CuCl2 surface configurations.  Surface terminations of CuCl2 afford 168 

seven non-equivalent low-index orientations, namely, (100), (010), (001), (110), (101), (011) 169 

and (111).  The (001) and (110) surfaces exhibit two distinct terminations depending on 170 

whether they end with only Cl atoms or a combination of Cl and Cu atoms in their outermost 171 

layers.  In the subsequent discussion, surfaces carry labels with respect to their orientations 172 

and atomic-type termination.  For example, (011)CuCl and (001)Cl surfaces denote 173 

constructions that are truncated with both Cl/Cu atoms and only Cl atoms in their outermost 174 

layers, respectively.  Figures 2 and 3 portray optimised structures of CuCl2 with prominent 175 

atomic distances and relaxations pertinent to intra-layer Cu-Cu/Cl-Cu spacings presented in 176 

Table 1.  The comparison between bulk data (Figure 1) and surface geometries (Table 1) 177 

reveals that, all CuCl2 surfaces exhibit, to large extent, analogous geometrical features of bulk 178 

CuCl2; i.e., surface reconstructions and relaxations are minimal in all surfaces.  Generally, all 179 

Cu/Cl distances are within 8.5 % of their corresponding bulk distances, see Table 1.  180 

Optimised structures of the (001)CuCl and (110)CuCl configurations indicate that Cu-181 

terminated surfaces are not stable.  Both surfaces initially contain only Cu atoms at their 182 

topmost layers, whereas their optimised minimum energy structures display a downward 183 

displacement of Cu atoms forming Cu/Cl-terminated surfaces.  The (010)CuCl surface, in 184 

particular, exhibits adjacent vertically separated rows of chlorine and copper.  Copper and 185 

chlorine atoms in the (001)CuCl and (100)CuCl surface lie in a horizontal plane 186 
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characterising a CuCl surface-like configuration, while the (101)CuCl and (110)CuCl 187 

constitute Cu-Cl inclined sheets.  The tendency of CuCl2 surface to exist either as chlorine or 188 

chlorine-copper terminated-configurations suggests a weak polar-induced behaviour of these 189 

surfaces.  One deduces from numbers in Table 1 that, intra-layer Cu-Cu and Cl-Cl spacings in 190 

all surfaces deviate marginally from their corresponding bulk values Supplementary 191 

Information (SI) provides Cartesian coordinates of all CuCl2 surfaces.  192 

 193 

 194 

3.3 Stability phase diagram 195 

 196 

In practical scenarios, ( , )ClΔ T P  lay between two limits, namely chlorine-lean and chlorine-197 

rich boundaries [25,26].  In physical terminology, a chlorine-lean limit denotes the 198 

commencement of the formation of a CuCl2 bulk upon the presence of copper bulk in a phase 199 

reservoir of chlorine gas, whereas a chlorine-rich limit signifies condensation of gaseous Cl2 200 

molecule.  As a well- defined estimate, the later term is considered to be half of the total 201 

energy of a chlorine molecule.  On the scale of ( , )ClΔ T P , chlorine-lean and chlorine-rich 202 

conditions are assigned a value of ∆fH
o
298 for CuCl2 (i.e. -2.28 eV) [32] and a zero.  Table 2 203 

lists values of ( , )T P at the considered boundaries.  Between these two physically-204 

meaningful limits, equilibrium calculations yield results of practical significance.  Figure 4 205 

explores trends in ( , )T P  with the gradual increase in ( , )ClΔ T P .  Under very dilute 206 

chlorine content and up to ( , )ClΔ T P  of -1.0 eV, the stability of the (001)CuCl is easily 207 

recognised.  Over the narrow ( , )ClΔ T P  range of -1.0 eV to 0.5 eV, the fully chlorine-208 

covered (001)Cl surface becomes thermodynamically the most stable configuration. 209 

 210 
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The transition to the stable configuration from the (001)CuCl surface to the (001)Cl is 211 

intuitively very appealing.  It infers two focal points.  Firstly, reactive surface Cu atoms in the 212 

(001)CuCl are able to adsorb more chlorine atoms at experimentally accessible conditions; 213 

thus, shuttling between Cu(I) and Cu(II) oxidation states.  Secondly, the transitions from 214 

CuCl-bulk like structure of (001)CuCl to the CuCl2-bulk like structure of (001)Cl is 215 

consistent with the experimental findings [4,7] that CuCl bulk constitutes a prerequisite, or an 216 

intermediate, for the formation of CuCl2.  In a recent theoretical study, Suleiman et al. [9] 217 

indicated that, a (001)Cl-like structure could potentially be formed via a 2ML substitutional 218 

chlorine adsorption.  While the latter configuration appeared to be less stable than the surface 219 

adsorption, the authors concluded that its formation might still be kinetically accessible under 220 

very rich chlorine conditions. 221 

 222 

Beyond ( , )ClΔ T P  of 0.5 eV (i.e. ~ onset of unrealistic values), the stability ordering is 223 

predicted to be dominated by the (110)Cl termination.  Surprisingly, the three most stable 224 

surfaces are chlorine deficient (i.e. their R (Cl/Cu) ≤ 1.0).  This indicates that the profound 225 

stability of the (001)Cl surface over the viable ( , )ClΔ T p  range (-1.0 – 0.0 eV) stems from 226 

its chlorine-covered termination rather than its total chlorine content.  The high stability of 227 

the chlorine-covered (001)Cl and (110)Cl terminations at experimentally accessible 228 

conditions of ( , )ClΔ T P  agrees well with findings of ab initio atomistic studies that have 229 

consistently concluded that the oxygen-covered terminations afford the most stable surfaces 230 

of CuO [33] and PdO [34]. 231 

 232 

 233 

 234 

 235 
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3.4 Implications for catalytic chlorination of aromatic compounds 236 

 237 

As demonstrated earlier, CuCl2 species are the chief chlorination catalysts of aromatic 238 

compounds.  CuCl2 acts as a chlorinating agent in the two heterogeneous pathways of the 239 

formation of dioxins: de novo synthesis (i.e. oxidation of the carbon matrix) and catalytically-240 

mediated coupling of gas phase precursors.  Thus, it is insightful to magnify the phase 241 

diagram presented in Figure 4 to demonstrate conditions relevant to the chlorination 242 

mechanism of dioxins.  Formation and subsequent chlorination of dioxins compounds occur 243 

in a temperature window of 400 K-1000 K (typically, from 500 K to 750 K) [15].  To the best 244 

of our knowledge, no literature data exist that provide direct measurements for the 245 

concentrations of Cl2 in thermal systems relevant to formation of dioxins, such as municipal 246 

waste incinerations (MWI).  Thermodynamic equilibrium calculations from literature [27] as 247 

well as our own computations reveal that the total chlorine speciation occurs mainly as Cl2.  248 

However, kinetics calculations predict that, the chlorine content predominantly transforms 249 

into HCl (~ 95.0%) and that Cl2 contributes by only ~ 1.0% to the overall chlorine speciation 250 

[28]. 251 

 252 

In their experimental study on the formation of dioxins from MWI, Wikström et al. [29] 253 

utilised a Cl2 concentration in the range of 50 ppm – 400 ppm to account for the load of 254 

molecular chlorine. On the other hand, concentration of HCl during combustion of various 255 

types of coal varies between 25.0 ppm and 110.0 ppm [28].  With the presence of potent 256 

chlorine sources in a typical municipal waste incinerator, such as NaCl and polyvinyl 257 

chloride (PVC), one could assume the concentration of HCl in MWI to be significantly 258 

higher than that in coal combustion.  Accordingly, it is sensible to assume that Cl2 259 

concentrations in MWI could reach as high as 100 ppm throughout the above-mentioned 260 
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temperature window.  Nevertheless, to account for the plausible significant variations in the 261 

actual Cl2 content in a conventional MWI operation, we plot a T-dependent stability phase 262 

diagram for the three most stable CuCl2 surfaces using two PCl2 values, 1 ppm (10
-6

 atm) and 263 

100 ppm (10
-4

 atm).  Figure 5a and Figure 5b depict ( , )T P  for the three most stable 264 

surfaces as a function of temperature at 1.0 ppm and 100.0 ppm, correspondingly. 265 

 266 

Interestingly, narrow ( , )ClΔ T P  ranges in Figure 5a (-1.69 eV - -0.62 eV) and Figure 4b (-267 

1.49 eV - 0.53 eV) coincide with the transition in thermodynamic stability reported in Figure 268 

3.  Clearly, the (001)Cl surface remains more stable than the (110)Cl structure up to ~ 800 K 269 

and PCl2 = 1.0 ppm.  The transition temperature reduces to ~ 740 K upon an increase of 270 

chlorine concentration to 100.0 ppm.  However, note that, the very narrow range of 271 

( , )T P for the three surfaces in Figure 5 is most likely to be within the accuracy margin of 272 

our calculations and that the nanoparticles with their shapes defined by the three surfaces co-273 

exist under these T-P conditions. 274 

 275 

The effect of exact surface functionality of CuCl2 on the chlorination mechanisms of organic 276 

pollutants remains not fully demonstrated.  Optimised structures of nanoparticles constrained 277 

by the three most stable surfaces, i.e., (001)Cl, (110)Cl and (001)CuCl, could provide 278 

insightful elucidation into previously suggested reaction pathways [15,17].  For instance, 279 

atoms in the (001)Cl structure are easily accessible to incoming gas phase molecules and 280 

radicals: 281 
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Direct abstraction

Phenyl radical
Chlorobenzene

Scheme 1

 282 

 283 

On the other hand, adsorption of molecular oxygen on CuCl2 surface, as the first step in 284 

oxychlorination cycle, would have been hindered if the CuCl2 surface had not been fully 285 

covered with chlorine.  The presence of surface Cu atoms in the (001)CuCl could facilitate 286 

the formation of an oxychloride; i.e., a key intermediate in the oxychlorination cycle: 287 

 288 

Adsorption and dissociation of O2

Scheme 2

Oxychloride (CuO.CuCl2)

 289 

 290 

 291 

 292 
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4. Conclusions  293 

 294 

We have shown that, optimised structures of all CuCl2 surface terminations resemble the 295 

corresponding geometries of bulk CuCl2.  Initial arrangements terminated with only Cu atoms 296 

in their topmost layers experience a downward replacement of Cu atoms indicating that Cu-297 

truncated surfaces of CuCl2 are not stable.  We found that, three structures dominate the T-p 298 

stability diagram of CuCl2; namely, (001)CuCl at ( , )ClΔ T P  ≤ -1.0 eV, (001)Cl for 299 

( , )ClΔ T P  between -1.0 eV and 0.50 eV and (110)Cl for ( , )ClΔ T P  ≥ 0.5 eV.  Under the 300 

relevant T-p conditions, practical systems are expected to contain nano-particles of CuCl2 301 

terminated with the three types of surfaces.  Thus, (001)CuCl, (001)Cl and (110)Cl surfaces 302 

play a key role as the main chlorination and condensation catalysts during the formation of 303 

aromatic pollutants.  304 

 305 

 306 
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Table 1: Selected distances (in Å) and surface relaxations (with respect to bulk Cu-Cu and 366 

Cl-Cu intra-layer spacings).  367 

  Cu-Cl Cu-Cu Cl-Cl Cu-Cu (%) Cl-Cl (%) 

(100)Cl 2.308, 3.315 3.371 3.371 0.67 1.69 

(110)Cl 2.295 3.371, 3.975 3.151   

(001)CuCl 2.234, 3.193 3.371 3.371   

(110)CuCl 2.351 3.372 3.371   

(010)CuCl 2.323 3.746 3.206 0.00 -0.71 

(100)CuCl 2.295, 3.418 3.371 3.371 0.95 5.85 

(101)CuCl 2.294, 3.151 3.371 3.371 0.95 5.85 

(111)CuCl 2.291, 3.143 3.984 3.14 8.22 -0.36 

(011)CuCl 2.321 3.371 3.122   

 368 

369 
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 370 

Table 2: Surface adsorption energies and chlorine/copper ratios.  371 

 
2(eV/A )  

Surface R (Cl/Cu) 

Chlorine-lean 

limit 

Chlorine-rich 

limit 

(100)Cl 2.0 0.00 0.00 

(110)Cl 2.2 -0.21 0.14 

(001)CuCl 1.6 0.88 0.13 

(110)CuCl 1.8 0.58 0.23 

(010)CuCl 2.0 0.07 0.07 

(100)CuCl 1.9 0.20 0.02 

(101)CuCl 2.2 -0.08 0.14 

(111)CuCl 2.0 0.09 0.09 

(011)CuCl 2.1 0.00 0.08 

 372 

373 
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 374 

                375 

Figure 1: Optimised CuCl2 unit cell.  Distances are in Å.  Chlorine atoms are denoted by 376 

larger green-coloured spheres.   377 
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(110)Cl
Top viewSide view

(110)CuCl

Side view
Top view

Top view

(001)Cl (001)CuCl

Top view

Side view
Side view

 378 

 379 

Figure 2: Optimised geometries of (110)Cl, (110)CuCl, (001)Cl and (001)CuCl CuCl2 380 

surfaces.  Chlorine atoms are denoted by larger green-coloured spheres.   381 
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(010)Cl
Top viewSide view

(011)CuCl

Side view

Top view

(101)CuCl

Side view

Top view

(100)CuCl

Top viewSide view

(111)CuCl

Side view Top view

 390 

Figure 3: Optimised geometries of (010)CuCl, (011)CuCl, (101)CuCl, (100)CuCl and 391 

(111)CuCl surfaces.  Chlorine atoms are denoted by larger green-coloured spheres.   392 

 393 
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Figure 4. Surface free energies of CuCl2 surfaces as a function of the chemical potential of 396 

chlorine. 397 
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Figure 5. Surface free energies of the three most stable CuCl2 configurations at PCl2 = 1.0 407 

ppm (a) and PCl2 = 100.0 ppm (b).  408 
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