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ABSTRACT  
By means of vibrational spectroscopy and density functional theory (DFT), we investigate CO adsorption on 

phosphorene-based systems. We find stable CO adsorption at room temperature on both phosphorene and 

bulk black phosphorus. The adsorption energy and the vibrational spectrum have been calculated for several 

possible configurations of the CO overlayer. We find that the vibrational spectrum is characterized by two 

different C-O stretching energies. The experimental data are in good agreement with the prediction of the 

DFT model and unveil the unusual C-O vibrational band at 165-180 meV, activated by the lateral interactions 

in the CO overlayer.  
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1 Introduction 

 

Recently, black phosphorus (BP) has attracted great 

interest[1] since the presence of a narrow band gap 

makes it a more suitable candidate compared to 

graphene for an abundant number of device 

applications (flexible electronics [2] , 

nanoresonators [3], Terahertz photodetection [4], 

charge trap memories[5], AM demodulators [2]). A 

single BP layer is named phosphorene[6]. The bulk 

crystal of BP has a phosphorene surface termination. 

Thus, the surface of BP is the archetype of a 

supported phosphorene system. 

The chemical reactivity of free-standing 

phosphorene and bulk crystals of BP deserves 

particular attention for understanding the pitfalls of 

phosphorene-based devices arising from chemical 

stability in ambient conditions[7-9] and, moreover, 

for exploring its possible use in catalysis[10] and as 

gas sensor [11, 12]. 

While oxidation processes have been recently 
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explored [9, 13-15], the reactivity of phosphorene 

toward CO is hitherto unclear. First-principle 

calculations found that CO weakly interacts with 

phosphorene [16], even if no experimental studies 

have been carried out yet. Several possible reactions 

would be possible[17], if CO could be stably 

adsorbed on phosphorene-based systems.  

High-resolution electron energy loss spectroscopy 

(HREELS) is an effective tool for investigating 

adsorption at solid surfaces, also in consideration of 

its versatility for both vibrational and electronic 

excitations. From the analysis of the C-O 

intramolecular vibration, it is possible to infer 

information on CO-substrate interaction, its related 

charge transfer and, moreover, on adsorption sites 

[18]. 

Herein, we report on CO interaction with 

phosphorene-based systems at room temperature 

by means of HREELS experiments and density 

functional theory (DFT) calculations. Contrarily to 

previous reports, we here provide evidence of stable 

CO adsorption at room temperature. We 

demonstrate that CO adsorption occurs with the 

formation of pairs and rows, whose vibrational 

spectrum is characterized by an unusually weak 

C-O intramolecular bond. In contrast with the case 

of CO adsorption on metal surfaces, the interaction 

between CO molecules already starts with CO pairs. 

The total binding energy per molecule remains 

almost unmodified with coverage.  

2 Experimental methods 

The BP single crystal was synthesized using a 

chemical vapor transport method. A mixture of red 

phosphorus, AuSn, and SnI4 powder with mole ratio 

1000:100:1 was sealed into an evacuated quartz tube. 

The tube is then placed into a double-zone tube 

furnace with temperature set at 870 K and 770 K for 

the hot and cold end, respectively. Large single 

crystals can be obtained after one week of transport. 

Grown BP samples exhibit ambipolar behavior, a 

gate-dependent metal–insulator transition, and 

mobility up to 4000 cm2 V−1 s−1, as reported elsewhere 

[7]. Figure 1a shows a selected-area electron 

diffraction (SAED) pattern of our grown samples, 

acquired with transmission electron microscopy at 

Tulane University, USA. Exfoliated BP samples show 

atomic flatness and large-scale terraces, as evidenced 

by atomic force microscopy (AFM) experiments, 

reported in Figure 1b.  

 

Figure 1. (a) SAED pattern of BP. Panel (b) shows an 

AFM image, which puts in evidence the existence of 

large-scale terraces in exfoliated BP samples. 

 

HREELS experiments have been carried out in an 

ultra-high vacuum (UHV) chamber operating at a 

base pressure of 5∙10-9 Pa at University of Calabria, 

Italy. The sample has been exfoliated in situ via 

micromechanical cleavage under UHV conditions. 

Surface cleanliness and structural order have been 

assessed via a combination of X-ray photoelectron 

spectroscopy (XPS) and Auger electron spectroscopy 

(AES) and low-energy electron diffraction (LEED) 

measurements, respectively. HREELS spectra have 

been measured by using an electron energy loss 

spectrometer (Delta 0.5, SPECS) with an angular 

acceptance of ±0.5°. The energy resolution of the 

spectrometer has been degraded to 5 meV, so as to 

increase the signal-to-noise ratio of loss peaks. Both 

CO exposure and HREELS experiments have been 

performed at room temperature. 

 
3 Results and discussion 
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Figure 2 Side and top views of optimized atomic 

structure of single (a) and pair (b) of CO molecules on 

phosphorene. Panel (c) and (d) represent CO rows 

aligned along one direction of phosphorene. In 

panels (e) and (f) two different types of uniform 

coverage are reported.  

The atomic structure and energetics of various 

configurations of CO on phosphorene have been 

studied by DFT using the QUANTUM-ESPRESSO 

code [19] and the GGA–PBE + van der Waals (vdW) 

approximation, feasible for the description of the 

adsorption of molecules on surfaces [20, 21] with the 

employment of ultrasoft pseudopotentials [22].  We 

used energy cutoffs of 25 Ry and 400 Ry for the 

plane-wave expansion of the wave functions and the 

charge density, respectively, and the 6×6×1 

Monkhorst-Pack k-point grid for the Brillouin 

sampling [23]. For the modeling of the surface of BP, 

we used a rectangular supercell of monolayer 

phosphorene containing 72 phosphorus atoms (see 

Figure 2), previously employed for studying the 

covalent functionalization of phosphorene[24]. For 

the case of adsorption of a single CO molecule on 

phosphorene, we performed calculations with 

optimization of both the atomic positions and lattice 

parameters. We find deviation from standard values 

(a = 3.34 Å, b = 4.57 Å) of less than 0.8%. Based on 

this finding, in further modeling we omitted the 

optimization of lattice parameters. Adsorption 

energies were calculated by the standard formula:  

Eads = [(Epure phosphorene + nECO) – Ephosphorene+nCO]/n. 

 

To estimate the energy of the CO-CO interaction, 

we take the optimized atomic structure of the 

investigated configuration. The difference between 

the total energy per adsorbed CO molecule and the 

free-standing CO molecule is defined as the energy 

of CO-CO interaction. Vibrational frequencies were 

calculated by stretching CO molecules along the 

carbon-oxygen bond by 0.04 Å. Energy difference 

was also calculated in the upstretched case. Various 

amounts of CO on phosphorene from single 

molecules to full coverage were modelled (Figure 2, 

panels a-f). The adsorption energies and the CO-CO 

interaction energies for each configuration are 

reported in Table I where the distance of CO 

molecules from the surface plane is also given.  
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Figure 3 PDOS of (a,b) 3p orbitals of phosphorus 

atoms adjacent to single CO molecule and 1.1 nm 

far from adsorbed CO molecule, and (c) CO in 

various adsorption configurations (single – Fig. 2a, 

pair – Fig. 2b, row – Fig. 2d and full monolayer, 

denoted as “layer” – Fig. 2f).   

Similarly to CO adsorption on metal substrates [18], 

in the case of CO/phosphorene different possible 

adsorption sites over phosphorus atoms of the 

surface exist: on-top of a single substrate atom, 

bridge between two atoms of substrate and over the 

center of the void between atoms (i.e. top, bridge 

and hole positions). We have examined all these 

configurations, finding that adsorption over the 

hole (Figure 2a) is more energetically favorable (by 

more than 20 meV) compared with the on-top 

adsorption site. Conversely, CO adsorption in the 

bridge site is unstable. Interestingly, we note that in 

contrast to adsorption on metal substrates[18], the 

axis of adsorbed CO molecules significantly 

deviates from the surface normal. This can be 

explained by considering that, for the case of 

CO/phosphorene, carbon orbitals are bound with 

lone pairs of 3p orbitals of phosphorus, which is 

located above and below of phosphorene plane (see 

detailed discussion in Ref. [24]), while in the case of 

CO adsorption on metal surfaces, the d bands of the 

underlying metal substrate have a key role in the 

formation of the CO-metal bond [25]. The 

adsorption of CO molecules influences the 

electronic structure of pz orbitals (lone pairs) 

around the Fermi level (Fig. 3a). In addition, CO 

adsorption modifies the electronic structure of pz 

and py orbitals (Fig. 3b) participating in the 

formation of σ-bonds within the phosphorene layer.  

 

 

Table I Values of the CO adsorption energy and the 

CO-CO interaction energy for the various 

configurations reported in Figure 2. The distance of 

CO molecules from the surface plane is also 

reported. 

 

 

 

 

Configuration Eads 

(meV) 

ECO-CO 

(meV) 

dCO-plane 

(nm) 

Vibrational 

energy 

(meV) 

A 106.2  0.269 259 

B 106.7 7.6 0.252 220 and 
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165 

C 72.6 1 0.271 220  

D 104.4 2.4 0.270 220 and 

165 

E 88.6 15.3 0.268 165-168 

F 99.3 22.8 0.265 162-170 

The electronic structure of a single CO molecule 

adsorbed on phosphorene (Fig. 3c) is close to that of 

free-standing CO molecules. Correspondingly, the 

C-O vibrational energy for single CO molecule is 

259 meV, i.e. an energy similar to that of CO in the 

gas phase (266.7 meV [26]). For evaluating the role 

of defects, such as grain-boundaries, we performed 

calculations of CO adsorption in vicinity of 

Stone-Wales defects in phosphorene monolayer. 

Obtained values of the CO-plane distance, the 

binding energy and the vibrational energy are 

almost the same as in the case of pristine 

phosphorene (0.266 nm, 108.4 meV and 262 meV, 

respectively). Thus, we can affirm that the presence 

of defects in phosphorene plays insignificant role in 

CO adsorption.  

As next step, we modeled the adsorption of two CO 

molecules and examined different configurations of 

pairs. We find that the more energetically favorable 

configuration of the CO pair is the one shown on 

Figure 2b. The random adsorption of CO pairs is less 

favorable by 11-20 meV, depending on the 

configuration. The C-O vibrational band in CO pairs 

is composed of two normal modes. The first 

component arises from the mutual interaction 

between CO molecules, which shifts C-O energy 

from 259 to 220 meV. The adsorption of one CO 

molecule onto a site, where it can interact with lone 

pairs of two P atoms, implies a stronger 

CO-phosphorene bond, with a consequent softening 

of the intramolecular C-O bond. Therefore, the C-O 

vibrational energy of CO pairs has a band with lower 

frequencies. Interestingly, the C-O vibrational energy 

softens down to 165 meV, pointing to an unusually 

strong CO-substrate interaction. This induces 

changes in both 3p orbitals of P participating in the 

P-CO bond and in P-P bonds (Fig. 3a,b), which are 

responsible of the lateral interaction between CO 

molecules adsorbed on phosphorene (Fig. 3c).  The 

significant influence of chemisorption of adsorbed 

species on the electronic structure of phosphorene 

was previously discussed in several papers reporting 

the superb capabilities of phosphorene for gas 

detection[11, 12, 27]. 

Such a low C-O vibrational energy deserves 

particular attention. For strongly bonded CO 

molecules in four-fold adsorption sites on metals, 

the C-O energy is ~210 meV [18]. Values as low as 

~180 meV have been reported for complexes formed 

by CO molecules and alkali atoms [28].  The 

absence of noticeable changes in the distance 

between CO molecules and the phosphorene plane 

(dCO-plane) and, moreover, in adsorption energies (see 

Table I)  indicates that the softening of vibrational 

modes is not related to modifications in the atomic 

structure of CO-phosphorene bonds.    

We suggest that the occurrence of a C-O mode at 

165 meV in CO/phoshorene indicates the 

population of antibonding orbitals of CO molecules, 

activated by the charge transfer with the bulk BP. 

For evaluating the role of CO-CO coupling, the most 

energetically favorable pair configuration along one 

of the axis of phosphorene (Figure 2d) is taken as 

unit to form a CO row and then one of “sublattices” 

of CO is removed from the row (Figure 2c). 

Calculations of vibrational frequencies indicate the 

presence of a single mode at 220 meV, which is 

accompanied by another vibration at 165 meV only 

in the case of dense adsorption of CO molecules 

(Figure 2d), i.e. whenever the CO-CO interaction 

energy becomes not negligible or, likewise, 

whenever the CO-CO distance is sufficiently low.  

As a final step, we studied the effects of the full CO 

coverage of the phosphorene substrate, obtained by 

multiplying the row of CO molecules shown on 
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Figure 2d. For the case of the most dense CO 

coverage (Figure 2f), we obtain vibrational modes at 

162-170 meV, corresponding to the largest values of 

CO-CO binding energies. Removal of one 

“sublattice” from the dense structure of panel (f) 

gives the configuration in panel (e), which is 

characterized by almost the same values of 

vibrational energies and rather high energies of 

CO-CO interaction (see Table I). Strikingly, the 

optimized orientation of CO molecules in the 

configuration (e) is the same of that in panel (f), i.e. 

the molecular orientation survives regardless the 

removal of one CO sublattice. 

To check the validity of the employment of 

monolayer phosphorene as a model system for the 

surface of BP, we performed additional calculations 

for adsorption of single CO molecule on bi- and 

trilayer phosphorene. Negligible increasing of 

binding energy between CO and phosphorene 

(Eads=112 and 114 meV respectively) was found on 

bilayer phosphorene. Thus, we can conclude that 

monolayer phosphorene is a quite feasible model 

for describing adsorption on the surface of BP. 

However, it should be noticed that the value of the 

vibrational frequency of C-O intramolecular 

stretching of a single CO molecule on bi- and 

trilayer phosphorene decreased to 248 and 245 meV 

respectively. Therefore, it is expected that single CO 

molecule on bulk BP could have even inferior C-O 

stretching energy. 

To validate theoretical results, HREELS experiments 

on CO adsorbed on BP at room temperature have 

been performed. The BP sample was grown and 

characterized by means of experimental methods 

described in details in the Electronic Supplementary 

Information. 

Figure 4a shows the vibrational data of a BP sample 

saturated with CO at room temperature. The CO 

coverage has been estimated by a calibration 

procedure using X-ray photoelectron spectroscopy 

and Auger electron spectroscopy to be ~0.12 ML (1 

ML here is defined as the ratio between the number 

of adsorbed species and the number of the atoms in 

the outermost surface layer). 

The vibrational spectrum of the clean surface is 

featureless, while CO exposure induces the 

appearance of a broad band arising from C-O 

intramolecular stretching vibrations. After the 

subtraction of an exponential background (Figure 

4b), the resulting spectra have been fitted with two 

Gaussian line-shapes peaked at 178 and 235 meV. 

The surface is saturated with CO for doses around 

10 L and no variation of the vibrational spectrum 

has been recorded even upon large CO doses.  

The presence of a splitting should be related to the 

existence of CO rows in the CO overstructure. The 

vibrational band corresponding to the structure in 

Figure 2d well reproduces the experimental result. 

We point out that in UHV conditions and at room 

temperature the CO coverage does not exceed ~0.12 

ML. Thus, we cannot reproduce the configuration 

in panels (e) and (f) of Figure 2 and, as a 

consequence, we do not observe a single C-O peak 

at 162-170 meV, which characterizes the vibrational 

spectrum of a full monolayer of CO on 

phosphorene (Figure 2f).  

Plenty of non-equivalent adsorption sites exist for 

CO on phosphorene surfaces. Thus, CO molecules 

on phosphorene do not self-organize in ordered 

patterns. For this reason, the experimental 

vibrational band is very broad. The adsorption of 

the first CO molecule significantly changes the 

binding energy between different sites and 

neighbor molecules: slightly different binding 

energies imply slightly different C-O bond strength 

and, as result, different frequencies. 
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Figure 4 (a) HREELS spectra for clean BP and the 

CO-saturated BP surface, successively annealed at 

350 and 500 K. The sample has been exposed to 1, 

10 and 104 L of CO (1 L=1 torr∙s) at room 

temperature. The top and the bottom axis report 

values of vibrational energies in cm-1 and meV, 

respectively. (b)  After background subtraction 

with a polynomial function, the resulting 

vibrational spectra have been fitted by Gaussian 

line-shapes. 

 

 

Upon annealing at 350 K, the area of the whole 

region of the C-O intramolecular stretching 

decreased by 21%, thus indicating the partial 

desorption of CO molecules induced by sample 

heating. In particular, the area of the C-O mode at 

higher energy decreases by 53% and its frequency 

red-shifted by 4 meV. Conversely, the area of the 

peak at 178 meV increases by 82%, pointing to a 

heating-induced rearrangement of CO rows. 

Annealing also induces the emergence of a feature 

at 199 meV.  

Further heating at 500 K induces the disappearance 

of all spectral features in the band of C-O 

intramolecular stretching, therefore indicating the 

total desorption of CO molecules from the BP 

surface. 

Previously, it has been reported that CO adsorption 

on phosphorene induces a 0.03 e charge transfer 

with an adsorption strength of 0.325 eV/unit cell 

[12]. A weak binding energy of CO with 

phosphorene has been reported in Ref. [12]. By 

contrast, our theoretical and experimental results 

support stable adsorption of CO on phosphorene. 

Recently, scanning tunneling microscopy (STM) has 

been used for imaging a hexagonal adlayer with P13 

clusters with (4√3 × 4√3)–R30° symmetry grown on 

Pt(111) [29]. Therein [29], it has been reported that the 

hexagonal phosphorus adlayer is quite unreactive 

toward CO. While it is quite expected that the 

sticking coefficient of CO on the P13 clusters on 

Pt(111) could be reduced with respect to transition 

metals, our results also disagree with findings in 

Ref. [29]. However, the chemical reactivity of 

hexagonal P13 clusters could be different with 

respect to that of phosphorene. The weak CO 

adsorption on P13 clusters is mainly determined by 

both the geometric structure and the orbital 

ordering, while the presence of the underlying 

metal substrate plays minor role. In the case of 

free-standing phosphorene, four orbitals with lone 

pairs are almost crossing over the hole region. The 

interaction of eight electrons in the four lone pairs 

of phosphorene with one CO molecule provides 

rather high value of CO binding energies, with 

subsequent softening of the C-O bond. In the case of 

a hexagonal phosphorus overlayer supported by a 
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metal substrate, CO interacts with 4-6 electrons of 

phosphorene orbitals (2 spins of xz, yz, and z2 

orbitals). As a result, the binding energy is smaller 

by about 1.5 times and also the softening of the C-O 

intramolecular bond is reduced compared with the 

case of free-standing phosphorene. In the case of P13, 

three P4 tetrahedral clusters with one P in the center 

exist. All orbitals with lone pairs are strictly 

oriented along the line center of the P tetrahedron. 

Thus, CO could interact only with one orbital (only 

2 electrons) with consequently weak P13-CO 

bonding. 

Finally, we can suggest that the strong bonding 

between CO and phosphorene can be used also for 

CO-induced chemical scission of phosphorene 

nanoribbons [30]. 

 
4 Conclusions 

We have demonstrated that CO stably adsorbs on 

phosphorene at room temperature. Our results 

indicate that different CO overstructures coexist on 

the phosphorene surface. Configurations with 

similar adsorption energies are characterized by 

different vibrational spectra, with the emergence of 

an unusual band at 165-180 meV, activated in 

conditions enhancing lateral interactions between 

CO adsorbed molecules. Our results pave the way 

for phosphorene-based catalysis and for engineering 

molecularly assembled capping layers on the 

phosphorene surface for its protection from 

oxidation.  
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