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Abstract 30 

Polychlorinated dibenzo-p-dioxins (PCDDs) are highly toxic to humans. The search for novel 31 

and effective methods and materials for detecting or removing these gas pollutants is 32 

becoming more important and urgent. With its high specific surface area, abundance, and 33 

variety of potential applications, phosphorene has attracted much research interest. In this 34 

study, density functional theory was used to study the interactions between a doped 35 

phosphorene sheet and a tetrachlorodibenzo-p-dioxin (TCDD) molecule. The initial 36 

configurations of the TCDD and metallic (Ca or Ti) or nonmetallic (S and Se) dopants were 37 

investigated during the TCDD–phosphorene interaction study. Adsorption energy, isosurface 38 

of electron density difference, and density of states analysis were utilized to explore the 39 

interactions between TCDD and phosphorene. The results indicated that Ca dopant 40 

effectively improved the interaction between TCDD and phosphorene. Se dopant reduced the 41 

interaction between TCDD and phosphorene. Combining interactions between TCDD and the 42 

pristine, Ca-doped, and Se-doped phosphorenes, phosphorene could be a promising candidate 43 

for TCDD sensing and removal. 44 

Keywords: Phosphorene, doping, Density functional theory, TCDD 45 

 46 

 47 

 48 
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Introduction 50 

Dioxins are a family of structurally and chemically related polyhalogenated aromatic 51 

hydrocarbons. They are mainly constituted of polychlorinated dibenzo-p-dioxins (PCDDs or 52 

dioxins), dibenzofurans (PCDFs or furans), and the ‘dioxin-like’ biphenyls (PCBs). Dioxins 53 

were first reported and found in incinerator fly ash samples in the 1978 (Buser et al., 1978a, 54 

1978b, 1978c). Due to their significant negative effect on human health and living 55 

environments, they have been studied widely in several fields, such as medicine and health, 56 

environment, water resources, food, and engineering (Rifai et al., 2015, Ruyck et al., 2014; 57 

Allison et al., 1989). Among dioxins, 2, 3, 7, 8-tetrachlorodibenzo -p-dioxin (TCDD) has 58 

been identified as the most toxic. It consists of two benzene rings linked by two oxygen 59 

atoms and having four chlorine atoms attached around the rings. Much research has been 60 

focused on studying the negative effects of TCDD on human health. It has been demonstrated 61 

that subchronic TCDD exposure of adult mice results in hypertension, cardiac hypertrophy, 62 

and reduced nitric oxide (NO)-mediated vasodilation (Walker et al., 2010). The detailed 63 

effects of TCDD on bone materials has been studied through nanoindentation methods 64 

(Finnilä et al., 2010). It was confirmed that persistent exposure to TCDD had adverse effects 65 

on bone size, strength, and mineralization. Miyazaki et al. (2016), investigating the effects of 66 

TCDD on the blood-brain barrier, confirmed that TCDD had adverse effects on the fetal 67 

central nervous system. Fracchiolla et al. (2016) reviewed the literature concerning the effects 68 

of TCDD on hematopoiesis and hematologic diseases. 69 

Considering the dioxins’ adverse effects, many countries have carried out related 70 

research to establish the relationships between the amount of pollution amount and health and 71 

environment. Shaw et al. (2013) studied serum samples of 12 firefighters after a fire event in 72 

San Francisco. The amounts of various organic pollutants including dioxins were measured 73 

and the evaluated rates of cancers were noted. Flow regimen, transport of sediments, and clay 74 

content play important roles in the fate of organic pollutants including dioxins in the 75 

environment (Kruse et al., 2014). However, besides addressing the harm caused by TCDD, an 76 

imperative is to seek proper remediation technology. Ghosh et al. (2016) reviewed the 77 

technologies for the removal of dioxins and furans from incinerator flue gases. They 78 

concluded that hybridizing several methods to deal with the problem might be sustained 79 
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trends. For example, a combination of good combustion practice and end-pipe treatment 80 

would be more effective better than either single method. Petronijevic et al. (2015) reviewed 81 

methods for the determination of dioxins and dioxin-like compounds. They considered that, 82 

with the development of biochemical technologies such as peptide design and chemical 83 

analysis, resolution of these matters would enable accepted criteria to be met. Kulkarni et al. 84 

(2008) reviewed remediation methods for dioxins. They concluded that the use of 85 

supercritical water, liquefied gas, and biodegradation, along with chemical pre-treatment, was 86 

desirable for the development of sustainable methods of treatment. According to reviews 87 

seeking to reduce the adverse effect of dioxins, the amount of dioxin production could be 88 

controlled by the use of better combustion conditions and some industrial post-treatment 89 

technologies that can be applied to filter or adsorb the organic pollutions (Marklund et al., 90 

2001, 2007). 91 

Due to their high specific surface area, nanomaterials are regarded as adsorbents. The 92 

interactions between TCDD and some nanomaterials have been studied by theoretical 93 

methods with the aim of designing and developing efficient TCDD detection and removal 94 

materials. Few experimental and theoretical studies exist of the interactions between dioxins 95 

and adsorbents, features that can be very important for extending our understanding of dioxin 96 

removal and our design of efficient and facial dioxin adsorbents. We have investigated the 97 

interactions between TCDD and metal doped graphene sheets (Zhang et al., 2013). Ganji et al. 98 

(2015, 2017) studied the interactions between TCDD and carbon nanotubes or boron nitride 99 

nanotubes, and effects of some dopants such as Al and Ni have been explored. Lin et al. 100 

(2016) studied the adsorption of several dioxins onto nanographite using a laboratory scale 101 

fixed-bed adsorption system. It was concluded that the removal efficiency of dioxin 102 

decreased linearly as the temperature increased. The interaction mechanisms between dioxins 103 

and nanographites might be π-π interactions. Currently, 2D nanomaterials area attracting 104 

much research attention because of their extensive excellent properties. With the success of 105 

graphene studies, various kinds of 2D materials have been discovered and fabricated in 106 

laboratories. These include MXenes, hexagonal boron nitride (h-BN), and elemental 107 

analogues of carbon, such as silicene, germanene, and stanene (Lay et al., 2012; Naguib et al., 108 

2014; Rubio et al., 2014; Roknabadi et al., 2015). Recently, phosphorene has attracted much 109 
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interest by virtue of its many natural properties, such as tunable band gap, biocompatibility, 110 

and high in-plane anisotropic properties. Unlike graphene, elemental atoms of phosphorene 111 

are not sp2-bonded. Furthermore, phosphorene sheet is not flat but rather wrinkled, with 112 

chemically bonded double layers. Considerable potential applications in gas sensor and 113 

adsorbents for phosphorene combining both high specific surface area and natural 114 

semiconducting properties have been reported (Chen et al., 2014; Ye et al., 2014; Hong et al., 115 

2015). Although the study of phosphorene is in the very early stage, numerous studies 116 

indicate potential for its use in nanoelectronic and biomedical applications, gas sensors, to 117 

name a few (Smith et al., 2015; Shapter et al., 2016). It is worth noting that phosphorene is 118 

unstable in ambient conditions, although it has shown many interesting properties (Island et 119 

al. 2015).  120 

There is no doubt that like other 2D nanomaterials, phosphorene, especially when doped 121 

with some elements, induces improvement of adsorption sensitivity of some pollutant 122 

molecules. No research reports of adsorption of the highly toxic TCDD on pristine and doped 123 

phosphorene sheets have been found. In this study, density functional theory method (DFT) 124 

was utilized to systematically study the adsorption behavior of TCDD on pristine and doped 125 

phosphorene. Our study aims to stretch our understanding of the interaction mechanisms of 126 

TCDD/phosphorene and to explore the use of this promising material for detecting and even 127 

capturing highly toxic dioxins in the environment. 128 

 129 

2. Computational details 130 

All the simulations in this study were performed by the DFT program Dmol3 in 131 

Materials Studio (Accelrys, San Diego, CA) wherein the physical wave functions were 132 

expanded in terms of numerical basis sets (Delley et al., 1990, 2000, 2002). The DNP double 133 

numerical basis set, which is comparable to the 6-31G** basis set, was utilized during the 134 

simulation. The core electrons were treated with DFT semicore pseudopotentials. The 135 

exchange-correlation energy was calculated using the Perdew-Burke-Ernzerhof generalized 136 

gradient approximation (Perdew et al., 1996). Special point sampling integration over the 137 

Brillouin zone was employed using the Monkhorst–Pack schemes with a 4 × 4 × 1 k-point 138 

mesh (Monkhorst et al., 1976). A Fermi smearing of 0.005 Ha (1 Ha = 27.21 eV) and a global 139 
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orbital cutoff of 8 Å were used. The convergence criteria for the geometric optimization and 140 

energy calculation were set as follows: (1) a self-consistent field tolerance of 1.0 × 10−6 141 

Ha/atom; (2) an energy tolerance of 1.0 × 10−5 Ha/atom; (3) a maximum force tolerance of 142 

0.002 Ha/Å; and (4) a maximum displacement tolerance of 0.005 Å. Dmol3 program gives 143 

highly accurate results with fairly low computational cost. During all calculations, the effect 144 

of van der Waals (vdW) interaction was considered by using the empirical correction method 145 

proposed by Tkatchenko and Scheffler (2009).  146 

To understand how the TCDD molecule is adsorbed on phosphorene, we first 147 

investigated the most stable adsorption site of TCDD on phosphorene by considering various 148 

initial configurations of TCDD on pristine phosphorene. Generally, three types of 149 

configuration were considered, namely TCDD lying on phosphorene, TCDD standing on 150 

phosphorene with H atoms, and TCDD standing on phosphorene with Cl atoms. For each 151 

type, we considered two directions, that is, TCDD along and vertical to the armchair direction 152 

of the phosphorene (see Figures 1 and SI). Meanwhile, we considered four different initial 153 

distances (3.4 Å, 4.0 Å, 4.7 Å and 5.4 Å) between the TCDD and phosphorene for TCDD 154 

lying on phosphorene, to investigate the influence of the initial distance on the interactions 155 

(see Figures 2 and SI).  156 

 157 

 158 

Figure 1. Ball and stick models of TCDD–phosphorene interaction systems: (a) TCDD lying 159 

on phosphorene; (b) TCDD standing on phosphorene with a bridging oxygen atom; (c) 160 
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TCDD standing on phosphorene with two chlorine atoms. 161 

A model of pristine phosphorene containing 130 phosphorus atoms was built and is 162 

shown in Figure 2(a). Its area was about 19.9 Å×21.9 Å. A periodic boundary condition was 163 

employed to model the phosphorene surface and a vacuum slab 30 Å in thickness was added 164 

perpendicular to the phosphorene surface to avoid the interactions induced by periodic 165 

structures. Doped phosphorene models were built by replacing one of the phosphorus atoms 166 

at the very top of a DFT-optimized phosphorene sheet by either a Ca, Ti, S, or Se atom. The 167 

same optimization procedures were utilized to deal with these doped phosphorene models. 168 

The optimized doped phosphorene models are shown in Figure 2. It can be seen that the 169 

locations of the upper and lower P atoms in phosphorene differ from their original positions 170 

after doping, especially with Ca and Ti doping. In the Ca and Ti doped systems, an apparent 171 

internal distortion in the phosphorene layer can be observed. P atoms that are nearest to the 172 

doping atoms are apparently displaced from their original positions. The bond length between 173 

the dopants and the nearest P atoms increases, as also shown in Table 2. It can also be found 174 

that doped Ca and Ti atoms behave somewhat differently, in that the doped Ca atom tends to 175 

move out of the phosphorene layer, whereas the Ti atom tends to be inserted into the 176 

phosphorene layer. The binding energy between the dopants and the phosphorene was 177 

calculated (see Table S1). Our results are similar to reports from Hong et al. (2015).  178 
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 179 

Figure 2: Ball and stick models of pristine and different doped phosphorenes: (a) top view of 180 

pristine phosphorene; (b) side view of pristine phosphorene; (c) side view of Ca doped 181 

phosphorene; (d) side view of Ti-doped phosphorene; (e) side view of S-doped phosphorene; 182 

(f) side view of Se-doped phosphorene. 183 

 184 

The adsorption energy (adsE ), indicating the intensity of interaction between a TCDD 185 

molecule and phosphorene surfaces, was derived according to Equation (1): 186 

ads phosphorene TCDD phosphorene TCDDE E E E += + −                                       (1) 187 
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where phosphorene TCDDE + , phosphoreneE , and TCDDE  represent the total energy of the interaction 188 

system, the energy of the phosphorene, and the energy of the TCDD molecule, respectively. A 189 

positive adsE  corresponds to a stable adsorption and a more positive adsE  results in a more 190 

stable adsorption system. The electron density difference was utilized to study the change in 191 

electron density during adsorption, calculated by subtracting the electron density of the 192 

isolated TCDD molecule (TCDDρ ) and the phosphorene surface (phosphoreneρ ) from the total 193 

electron density of the system (phosphorene TCDDρ + ), as shown in Equation (2):  194 

phosphorene TCDD TCDD phosphoreneρ ρ ρ ρ+∆ = − −                                    (2) 195 

Density of states (DOS) and partial density of states (PDOS) analysis can be effective 196 

methods of exploring the interactions between TCDD molecules and phosphorene at the 197 

electronic level. Hirshfeld population analysis was used to carry out the charge transference 198 

details during the TCDD adsorption system.  199 

 200 

3. Results and discussion 201 

3.1 TCDD on pristine phosphorene  202 

Figure 1 shows the optimized phosphorene sheet model in the TCDD–phosphorene 203 

interaction study. Comparison of the bond lengths of P-P or dopants-P in the current model 204 

and the reports of others indicated that our optimized models were consistent with other 205 

findings. According to previous study, the initial configuration of a molecule can regulate the 206 

interaction between it and the substrate. Here, a TCDD molecule was adsorbed onto pristine 207 

phosphorene, but various different initial configurations of TCDD on phosphorene were also 208 

considered in the calculations, as shown in Table S2. It can be found that the interactions 209 

between the TCDD and phosphorene bear little relationship to the orientation of the TCDD to 210 

phosphorene, along or vertical to the armchair of the phosphorene. Also, the initial distance 211 

between the TCDD and phosphorene have little effect on the interactions between TCDD and 212 

phosphorene (see Table S3). Nevertheless, the initial orientation of TCDD on phosphorene 213 

can be more important.  214 

 215 
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Table 1 Adsorption energy between TCDD and different phosphorenes. 216 

 
Total 

energy 
Energy of 
substrates 

Energy of 
TCDD 

Adsorption 
energy (ha) 

Adsorption energy 
(eV) 

TCDD lying on 
phosphorene 

-43398.59 -40948.78 -2449.79 0.029 0.78 

TCDD standing on 
phosphorene with 
O 

-43398.59 -40948.79 -2449.78 0.021 0.56 

TCDD standing on 
phosphorene with 
Cl 

-43398.55 -40948.79 -2449.78 -0.030 -0.82 

TCDD lying on 
Ca–phosphorene 

-43734.81 -41284.99 -2449.78 0.045 1.21 

TCDD lying on 
Ti–phosphorene 

-43128.63 -40678.83 -2449.78 0.024 0.64 

TCDD lying on S– 
phosphorene 

-43455.39 -41005.58 -2449.79 0.024 0.66 

TCDD lying on Se– 
phosphorene 

-43428.60 -40978.81 -2449.784645 0.0122466 0.33 

 217 

Table 1 lists the adsE  of phosphorene-TCDD systems. It can be found that the initial 218 

orientations of TCDD clearly affect the interactions between the TCDD and the phosphorene. 219 

Among the three initial configurations, the adsE  is largest when the TCDD lies on the 220 

phosphorene and the adsE  is smallest when the TCDD stands on the phosphorene with two 221 

Cl atoms. The results were the same as those for TCDD–graphene and TCDD–BN nanotube 222 

systems. According to our previous study, the adsE  between TCDD molecule and graphene 223 

was in the range of 0.3 eV - 0.4 eV. The adsE  between TCDD molecule and graphene could 224 

be improved to the range of 0.8 eV -1.9 eV by Ti or Ag doping. The effect of Ni dopant on 225 

the interactions between TCDD and BN nanotubes has been studied by the DFT method 226 

(Zhang et al., 2017), who found that Ni dopant improved the adsE  between TCDD molecule 227 

and BN nanotubes from the range of 0.2 eV - 0.3 eV to the range of 0.7 eV - 1.4 eV. 228 

Comparisons of interactions between TCDD and pristine graphene, BN nanotube and 229 

phosphorene showed that pristine phosphorene exhibited outstanding ability to capture a 230 
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TCDD molecule with adsE  of 0.78 eV. Further detailed studies are needed to discover 231 

whether this is a general principle for other molecules. Another phenomenon in the 232 

TCDD–phosphorene system can be found in the case of TCDD standing on phosphorene with 233 

a bridging oxygen atom, as shown in Figures 1(b) and 1(e). The TCDD molecule trends to lie 234 

on the phosphorene sheet. Although the stable configuration of TCDD on phosphorene is 235 

lying down, the TCDD molecule could sustain its initial configuration on both pristine 236 

graphenes sheet and BN nanotubes. The strong interaction between a lying TCDD molecule 237 

and a phosphorene sheet could also be demonstrated by electron density difference analysis. 238 

Figure 4 shows the isosurface of the electron density difference for TCDD–phosphorene 239 

systems. Apparent electrons transferring between the TCDD molecule and the pristine 240 

phosphorene can be intuitively observed for TCDD both lying and standing with bridging 241 

oxygen. Compared with those two cases, few instances of electrons transferring could be 242 

found for the case of TCDD standing on phosphorene with two Cl atoms. The phenomenon 243 

could also be confirmed by the configuration variations of phosphorene (see Figure 1 and 244 

Table 2). The height of pristine phosphorene changed from 2.17 Å to 3.28 Å and 3.02 Å 245 

respectively for the former two cases. In other words, the strong interaction between TCDD 246 

and pristine phosphorene bent the phosphorene. Nevertheless, when TCDD was standing on 247 

phosphorene with two chlorine atoms, the phosphorene would retained its original 248 

configuration. Thus, TCDD lying on a substrate was chosen for the subsequent studies. 249 

Figure 3 shows the isosurface of electron density difference of TCDD–pristine phosphorene 250 

systems. It can be found that there is a greater accumulation of electrons with TCDD lying or 251 

standing with O atoms on phosphorene than with TCDD standing with Cl on phosphorene. 252 

That finding indicates the stronger interactions between TCDD and phosphorene with the 253 

lying configuration. 254 

 255 

 256 

 257 

Table 2. Bond length (B) and height (H) values of pristine and doped phosphorenes 258 

interacting with/without a TCDD molecule (Å) 259 
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Pristine Ca Ti S Se 

Lying Standing Standing 

Without 

TCDD 

With 

TCDD 

Without 

TCDD 

With 

TCDD 

Without 

TCDD 

With 

TCDD 

Without 

TCDD 

With 

TCDD 

B1 2.22 2.22 2.22 2.78 2.77 2.47 2.47 2.17 2.16 2.33 2.32 

B2 2.22 2.22 2.22 2.78 2.78 2.47 2.47 2.17 2.16 2.33 2. 32 

B3 2.28 2.28 2.28 2.93 2.99 2.39 2.39 3.17 2.96 3.21 3.06 

Height without TCDD  2.17 2.17 2.17 - 3.1 - 3.5 - 3.0 - 3.1 

Height with TCDD   3.28 3.02 2.18 - 3.3 - 3.9 - 3.5 - 3.0 

 260 

 261 

Figure 3. Isosurface of electron density differences for TCDD–pristine phosphorene systems. 262 

Charge accumulation and depletion are represented by red and light blue colors respectively. 263 

(a) TCDD lying on phosphorene; (b) TCDD standing on phosphorene with a bridging oxygen 264 

atom, and (c) TCDD standing on phosphorene with two chlorine atoms (Isovalue: 0.004). 265 

 266 

3.2 TCDD on doped phosphorenes 267 

Figure 4 shows the configurations of the TCDD–doped phosphorene interaction systems 268 

before and after DFT optimization procedures. Ca- or Ti-doped phosphorene exhibit different 269 

capture ability for TCDD molecule. For the Ca-doped phosphorene, the adsE  between the 270 

TCDD and phosphorene is obviously improved from 0.78 eV to 1.2 eV with an increment of 271 

~ 54%. For the Ti-doped phosphorene, the adsE  between the TCDD and phosphorene is 272 
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similar to that of TCDD with pristine phosphorene. 273 

 274 

Figure 4. Ball and stick models of the TCDD–doped phosphorene systems with initial 275 

configurations of (a) Ca-, (b) Ti-, (c) S-, and (d) Se-doped and DFT-optimized configurations 276 

of (e) Ca-, (f) Ti-, (g) S-, and (h) Se-doped phosphorene sheet with a TCDD molecule.  277 

 278 

These findings indicate that metallic dopants, especially Ca doping, can be effective for 279 

improving the interaction between adsorbate and graphene. The different effects of Ca-doped 280 

phosphorene and Ti-doped phosphorene on the TCDD capture can be intuitively explored in 281 

electron density difference analysis, as shown in Figure 5. During the TCDD adsorption, 282 

charges transferred from it to the both Ca- and Ti-doped phosphorene. For the Ca-doped 283 

phosphorene, most charges transferred from the TCDD to the doping Ca atom. For the 284 

Ti-doped phosphorene, on the other hand, charges only transferred from the TCDD to the 285 

surface phosphorous atoms of phosphorene. The results of the Hirshfeld population analysis 286 

are listed in Table 3, from which it can be found that more charges transferred from TCDD to 287 

doped Ca than to any of the other three dopants. 288 
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 289 

Table 3 Hirshfeld population results of dopants and TCDD molecule before and after TCDD 290 

adsorption (Unit: ∣e∣). 291 

Atoms Before After Molecule Before After 

Ca  1.35 0.23 TCDD 0 0.28 

Ti 0.07 0.07 TCDD 0 0.022 

S -0.046 -0.035 TCDD 0 -0.01 

Se 0.035 0.052 TCDD 0 -0.007 

 292 

 293 

Figure 5. Isosurface of electron density difference for TCDD–doped phosphorene systems. 294 

Charge accumulation and depletion are represented by red and light blue, respectively. (a) 295 

TCDD–Ca-doped phosphorene, (b) TCDD–Ti-doped phosphorene, (c) TCDD–S-doped 296 

phosphorene, (d) TCDD–Se-doped phosphorene (isosurface value: 0.02 electrons per Å3). 297 

 298 

Figures 6 and 7 show the DOS and PDOS analyses for the TCDD–phosphorene systems. 299 

Obvious differences between the TCDD–phosphorene and TCDD–doped phosphorene 300 

systems can be found in the DOS results. It can be found from Figure 6f that a nature band 301 

gap (about 0.78 eV) exists for the pristine phosphorene. The peak overlapping can be found 302 

between adsorbate and phosphorene substrate for both TCDD–pristine phosphorene and 303 
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TCDD–Ca-doped phosphorene in the range of -1 eV to 1 eV. Nevertheless, differences can be 304 

found in the ranges for all five TCDD–phosphorene systems when the energy range is limited 305 

to -3 eV to 2 eV; indeed, it can be found that the doping states appear with the Ca-, Ti-, S-, 306 

and Se-doped phosphorene around the Femi energy level, where Ca-doped phosphorene 307 

displays the highest peak. To obtain deeper understanding of the difference between the 308 

TCDD–phosphorene systems, PDOS analysis of between the doped atoms (Ca, Ti, S, and Se) 309 

of phosphorene and the bridging oxygen atom in TCDD was undertaken. From Figure 7, a 310 

trend of s and p orbital overlapping can be found in the TCDD–Ca-doped phosphorene 311 

system. That might be the reason why doped Ca improved the interactions between TCDD 312 

and phosphorene, whereas doped Ti did not have that effect.  313 

 314 

 315 

Figure 6. DOS for different TCDD–phosphorene systems. 316 
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 317 

Figure 7. PDOS for different TCDD–phosphorene systems. 318 

Compared with the metallic dopants, S and Se also exhibited different ability to capture 319 

TCDD. The adsE  between TCDD and S- or Se-doped phosphorene was about 0.66 eV and 320 

0.33 eV. In other words, S doping did not affect the phosphorene’s TCDD capture ability, 321 

whereas Se doping reduced the phosphorene’s TCDD capture ability. Those phenomena 322 

could also be intuitively observed in Figures 5(c) and 5(d). The results of DOS and PDOS 323 

still corresponded with the adsorption energy calculation and isosurface of electron density 324 

difference.  325 

 326 

4. Conclusions 327 

In summary, this study performed a search for TCDD capture materials in phosphorene 328 

based materials by first-principles calculations. The initial configurations of TCDD with the 329 

different dopants (Ca, Ti, S, and Se) were considered. The findings indicated that pristine 330 

phosphorene had the highest TCDD capture ability of general nanomaterials such as pristine 331 

graphene and BN nanotube. The initial configurations of the TCDD affected the interactions 332 

between it and phosphorene. The interaction between TCDD and phosphorene could be 333 

improved by Ca doping and be reduced by Se doping, whereas Ti doping and S doping had 334 

little effect on the interactions between TCDD and phosphorene. Phosphorene could be a 335 
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promising candidate for TCDD sensing and removal. These results might be important for the 336 

development of new technology for detecting and removing dioxin pollution.  337 
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Highlights: 
 

� The adsorption of TCDD on pristine and Ca-, Ti-, S- and Se - doped phosphorene 

have been investigated by DFT calculations. 

� Pristine phosphorene exhibits outstanding capture ability for TCDD than pristine 

graphene and BN nanotubes. 

� Ca-doping could improve the TCDD capture ability of phosphorene while Se 

doping would reduce the TCDD capture ability of phosphorene. 

� Phosphorene based materials are expected to be potential materials for TCDD 

detecting or removing. 




