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Abstract 

 The reaction mechanism of nitric oxide (NO) reduction to nitrous oxide (N2O) and N2 

catalyzed by Cr-phthalocyanine sheet (CrPc) was investigated by periodic density functional 

theory (DFT). The results showed that direct NO dissociation on the catalyst is inhibited by large 

energy barrier owing to the difficulty on the direct cleavage of the strong NO bond. The dimer 

manner in which the two NO come to play is more preferred via the three competitive 

mechanistic pathways consisting of two Langmuir-Hinshelwood (LH1 and LH2) and one Eley-

Rideal (ER). N2O is produced from LH1 and ER with the activation barriers (Ea) of 0.35 and 

1.17 eV, respectively, while N2 is a product from LH2 with the Ea of 0.57 eV. All the three 

pathways are highly exothermic process. Based on the energetic aspect, LH1 is the kinetically 

and exothermically most favorable pathway (Ea of the rate-determining step is 0.35 eV). 

Therefore, we predict that NO can be easily reduced by CrPc at mild condition. In environmental 

implication, CrPc would be a promising catalyst for abatement of NO at low temperature.   
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1. Introduction 

    The emission of hazardous gases from various sources such as the combustion of fuel, 

vehicles and industrial processes has caused increasing environmental problems.1 Among them, 

nitrogen oxide (NO) as the most prominent pollutant, which is mainly emitted from the 

exhausts,2 has long been known as one of the serious pollutants. It has manifold devastating 

effects on the atmosphere (ozone depletion) and ecosystems (source of acid rain) as well as on 

human health (harmful to the respiratory systems).3 With these problems directly impacting on 

environment and human as well as to meet the criteria of all stringent emission regulations made 

by leading countries around the world, therefore, engineers, catalysis researchers, and 

environmental scientists have been challenging to develop more efficient engines and better 

deNOx technologies. Therefore, designing effectively catalytic materials in the deNOx systems 

that can remove or reduce NO molecules from the atmosphere have been intensively pursued. 

Noble transition metal catalysts such as Pt, Pd, Rh, and Au are commonly used for NO 

reduction.4-11  However, these metals are generally expensive and toxic that might limit their 

large-scale application uses. Moreover, the O atom produced from the dissociation of NO 

strongly adsorbs on the catalysts which poisons the catalysts and thereby limiting the low-

temperature activity especially for Pt-based catalysts.12, 13 To overcome these problems, 

alternative catalytic materials have been exploring. Density functional theory (DFT) method has 

been used as a tool for searching of the potential candidates for NO decomposition. Recently, 

silicon-doped graphene14, nitrogen-doped graphene15, silicene16, and metal phthalocyanines 

(MPcs)17 have been suggested. By theoretical study, Zhang et al.15 showed that the catalytic 

reduction of NO on the metal-free silicon-doped graphene is favorable through the NO dimer 
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mechanism. Xu et al.16 reported that the removal of NO is feasible using  silicene as an effective 

catalyst and two mechanisms for NO reaction were provided with a direct dissociation 

mechanism and a dimer mechanism. The (NO)2 dimer formation on silicene was found to be 

both thermodynamics and kinetics and more favorable than the direct dissociation which is in 

agreement with the study by Zhang et al.15, although the catalytic materials being considered are 

different.   

        MPcs have interesting properties because of their precisely-controlled distribution of central 

metal atoms. Uniform dispersion of metals on Pc can overcome the problem of metal clustering 

which is usually found in other substrates. The magnetic and catalytic properties of Pc have been 

intensively studied by DFT calculations.7 Very recently, Wang et al. 18 used DFT calculations to 

search for low-cost catalyst for oxygen reduction reaction. They predicted that Fe-

phthalocyanine (FePc) monolayer presents the good catalytic performance.18 For the application 

to NOx gases, Nguyen et al17 studied NO adsorption on MPc (M=Fe, Mn, Co) as potential sensor 

devices for detecting NO gas. They found that the electronic structures of metal atoms were very 

important in shaping the ground-state electronic near the Fermi level to accommodate the 

incoming NO gas. NO can strongly chemisorb to the metal atom with an N-bound configuration 

(M---NO) with the attribution of hybridization of the π* orbitals of NO and the d-orbitals of 

those transition metals. Park et al.19 also elucidated chemisorption nature of NO with copper 

phthalocyanine (CuPc) supported with graphene by scanning tunneling microscopy (STM) and 

DFT calculations. They suggested the functionalization of graphene with MPc would be a 

potential candidate for NO sensing platform.  However, Nguyen et al.17 and Park et al.19 did not 

further investigate the possible NO reduction mechanism on those MPcs.  
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 Using DFT calculations Li and Sun20 predicted that CrPc monolayer was a potential 

candidate for low-temperature CO oxidation. This CrPc catalyst is superior to other noble metals 

or metal loaded on carbon substrates in both catalytic activity and withstanding to CO and O 

poisoning. The calculated activation barrier of the rate-limiting step of the CO oxidation is very 

low at 0.55 eV (see Table 1), which is comparable to those of TiO2(110) or MgO(110) supported 

Au nanoparticles model (0.35~0.75 eV)21, 22 or free-standing Au nanoparticles (0.46~1.03 eV)7, 23 

using the same level of theory. The recent successes in theoretical prediction on mechanisms of 

the CO oxidation catalyzed by the CrPc sheet by Li and Sun20 as well as the potential candidate 

of MPc for NO chemical sensors17 mentioned above have inspired us to employ the CrPc as the 

candidate catalyst for NO reduction. To the best of our knowledge, its corresponding reaction 

mechanisms have not been investigated yet. With this inspiration then important questions arise 

naturally: can CrPc be used as a catalyst for NO reduction? If it can, is the mechanism similar to 

the reduction of NO on silicon-doped graphene14  or NO on silicene16 or the oxidation of CO on 

CrPc?20 Can the NO reduction by CrPc be proceeded under low temperature range? Therefore in 

this work, we will provide the systematic answers to these questions by using the periodic DFT 

calculations.   

 

2. Method of calculation 

The spin-polarized DFT calculations were performed using the Dmol3 module24, 25 of Material 

Studio 8.0. The geometry optimizations, charge analysis, transition state locating and vibrational 

mode analysis were performed using the generalized gradient approximation (GGA) of 

Perdew−Burke−Ernzerholf (PBE) functional26 for the exchange-correlation terms. The double 

numerical plus polarization (DNP) basis set25 was employed with the real space global orbital 
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cutoff radius as 4.8 Å and the smearing of electronic occupations was set to be 5.0 x 10-3 Ha for 

ensuring the high quality results. All-electron calculations were performed for the C, N, O, and H 

atoms, and relativistic effect included effective potential was used to represent core electrons of 

the Cr atom. During the geometry optimizations, no symmetry constraints were imposed and the 

threshold was set to be 1.0 x 10-5 Ha in energy, 2.0 x 10-3 Ha Å-1 in force, 5.0 x 10-3 Å. All self-

consistent field (SCF) calculations were carried out with the convergence criterion of 1.0 x 10-5 

Ha. 

We set the z-direction perpendicular and the x and y directions parallel to the plane of the 

CrPc monolayer, and adopted a supercell length of 15 Å in the z direction to avoid the artificial 

interaction of periodic images, see Figure 1. The Brillouin zone was sampled with a 5 x 5 x 1 k-

points. The transition state (TS) was searched by using the linear synchronous transit (LST) 

method, followed by repeated conjugated gradient (CG) refinements, and then quadratic 

synchronous transit (QST) maximizations27 and repeated CG refinements until the TS is located. 

The nudged elastic band (NEB) method28 was further employed to obtain the minimum energy 

pathway (MEP). The vibrational frequency calculation was performed on the obtained TS 

structure to ensure that it has only one imaginary frequency corresponding to the reaction 

coordinate. 

In order to find the stable sites of NO on CrPc, the adsorption energy of different orientation 

of NO and adsorption sites (a metal, N or C) were performed. The calculated results show that 

the NO molecule strongly adsorbs on the metal site but weakly adsorbs on other non-metal sites. 

For NO adsorption on metal site of CrPc, the adsorption energies of the most stable positions of 

N-bound and O-bound orientations were calculated based on the following expression: 

∆E = ECrPc+NO − (ECrPc + ENO), where ECrPc+NO, ECrPc, and ENO are the total energies of the 
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CrPc−NO complex system,   the free CrPc monolayer and   the free NO molecule in the gas 

phase, respectively.  

 

Figure 1. (a) CrPc monolayer and (b) unit cell of CrPc. The dark gray, blue, white and light blue 

balls represent C, N, H, and Cr atoms, respectively. 

 

3. Results and Discussion 

3.1 Adsorption of NO molecules on CrPc monolayer 

NO adsorption on CrPc is determined in this part. Structural parameters and electronic charge 

properties were analyzed. In the bare CrPc sheet, the distances between the Cr atom and the four 

neighboring N atoms (Cr−N) are equivalent at 1.98 Å, which is in good agreement with previous 

studies.20 The nature of electronic structure was analyzed in terms of the highest occupied 

molecular orbitals (HOMO) and the lowest unoccupied molecular orbitals (LUMO) of both CrPc 

and NO. The results are illustrated in Figure 2. The LUMO displays the strong d-orbital 

characteristics of the Cr atom, allowing an incoming electron to occupy this state. Therefore, 

with incoming electron from NO molecule, the strong forming bonds between N and O atoms of 

NO to the Cr atom of CrPc are considered.  
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Figure 2 HOMOs and LUMOs of CrPc catalyst and nitric oxide. 

 

  The most stable structures of N-bound and O-bound modes of adsorbed NO on CrPc are 

depicted in Figure 3. In Figures 3a-b, the most stable orientation of both modes is linear and the 

N−O bond is elongated from 1.16 Å (in free NO) to 1.18 and 1.19 Å for N-bound and O-bound 

modes, respectively. The N−Cr bond (1.67 Å) is found to be shorter than O−Cr bond (1.78 Å) 

due to the larger binding energy of N-bound (-2.07 eV) compared to that of O-bound (-0.37 

eV).The bonding interaction between NO molecule and CrPc can be described by the interaction 

between the LUMO of CrPc on the dπ and the 2π* orbitals of NO is favored as illustrated in 

Figure 2, which is similar to the interaction of NO on MnPc.17 The N or O terminal of NO 

molecule can bind with Cr on the CrPc monolayer through the favorable symmetrical orbital. 

Figures 3c-d show the electron density difference plot of N- and O-bound adsorption modes. The 

yellow and purple colors represent electron depletion and accumulation after adsorption, 

respectively. At the N-bound mode (Figure 3c), it clearly demonstrates that after NO adsorbed on 

CrPc, electron density of the N=O bond is decreased while that of the intermolecular interaction 

area (N---Cr) is increased as seen by the yellow and purple regions, respectively. These 
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correspond to the elongating and shortening of the bonds described above. The same behavior is 

found for the O-bound mode. The larger purple region at the intermolecular area of the N-bound 

mode compared with the O-bond mode supports the shorter N−Cr bond than the O-Cr bond, and 

results in the stronger binding energy of the N-bound mode. Furthermore, the binding strength of 

N-bound mode of NO on CrPc is comparable to the N-bound mode of NO with other MPc such 

as MnPc-NO (Ead=-1.73 eV), FePc-NO (Ead=-1.90 eV), and CoPc-NO (Ead=-1.55 eV), calculated 

by DFT method.17  The O-bound mode has not been reported before on MPcs because its binding 

strength is quite weak. However, our study indicates that this O-bound mode becomes very 

important toward NO reduction when two NO molecules come to play together on the CrPc 

catalyst via a dimer mechanism as discussed in next section. 

 

 

Figure 3 Structures of (a) N-bound and (b) O-bound modes of nitric oxide adsorbed on CrPc 

catalyst, and their corresponding electron density difference (c) and (d). Yellow and purple 

regions represent electron density depletion and accumulation, respectively.  
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To understand insight into the electronic properties of CrPc while it adsorbs NO 

molecule, the partial density of states (PDOS) for the N-bound mode of NO adsorbed on the 

CrPc are calculated. Figure 4 clearly shows that there is a strong hybridization between the Cr-d 

orbitals and NO orbitals in both spin-up and spin-down states which supports the electron density 

results above. Especially, in the spin-down states the 2π* orbital of NO molecule is dominantly 

occupied. This confirms that CrPc can activate NO molecule and sufficiently facilitate the further 

reaction. 

 

 

Figure 4 (a) Partial density of states (PDOS) of the NO adsorbed on CrPc monolayer and 
corresponding optimized structure on (b) top view and (c) side view 

 

 The possible ways of NO adsorption onto CrPc are presented in Figure 5. This step is 

considered as the important step because it controls the further step of the reaction pathway 

namely Langmuir-Hinshelwood (LH) and Eley-Rideal (ER) mechanisms. The formation of NO 

dimer on the metal-based catalytic materials during the NO reduction has been reported in 
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previous studies,14-16, 29-34 in which the formation of gas-phase NO dimer from monomeric NO 

was first characterized by Dinerman and Ewing in 1970.35 As depicted in Figure 5, two different 

dimer-intermediates are formed from the three different adsorption aspects denoted as initial 

states (IS), IS1 for O-bound and O-bound interaction (Figure 5a, later leading to LH1 and LH2 

pathways), IS2 for N-bound and N-bound interaction (Figure 5b, later leading to ER pathway), 

and IS3 for N-bound and O-bound interaction (Figure 5c). It is noted that only IS1 and IS2 can 

lead to the stable dimer intermediates, Int1 and Int2, respectively. Under thermal equilibrium 

IS3 can easily be converted to IS2, leading to the formation of Int2. The similarity and the 

differences between Int1 and Int2 structures are compared. As a result, NO molecules in these 

two intermediates similarly interact through a N−N bond.  Differently, the five-membered ring of 

both N−O to CrPc is formed in the case of Int1 while opened one side of the N−O is observed in 

the case of Int2. The further detailed information on NO reduction via the three pathways (LH1, 

LH2 and ER) will be discussed in the next section.    
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Figure 5.  Coadsorption of two NO molecules on CrPc catalyst (a) O-bound and O-bound, (b) N-

bound and N-bound, and (c) N-bound and O-bound. 

3.2 Reduction of NO molecules on CrPc monolayer 

 The NO reduction mechanisms in many catalysts were proposed in previous reports14, 30, 32, 36-

38  which the reduction can occur through two possible reaction manners: (1) the direct NO 

dissociation, giving N and O adatoms;  and (2) the dimer manner for NO reduction on a catalyst 

in which two adsorbed NO molecules interact with each other, yielding N2O or N2. In this study, 

the dimer manner proceeding via both Langmuir-Hinshelwood (LH) and Eley-Rideal (ER) 

mechanisms were systematically investigated for finding the favorable pathway. The direct NO 

dissociation was also examined to be compared with the dimer manner. 

 

3.2.1 Direct NO dissociation  

 The direct NO dissociation was carefully checked and the result indicate that it is most likely 

not to take place on CrPc, which is similar to the NO reduction catalyzed by Si-doped graphene 

reported by Chen et al.14 This unfavorable pathway is required high energy barrier (2.52 eV) and 

endothermicity as given in Figure 6. It is seen that to overcome the direct dissociation of a very 

strong NO bond, the NO adsorbs on the Cr with bidentate mode (IS). The transition state (TS) 

clearly shows the being broken of N=O bond which is elongated from 1.26 to 2.02 Å. Then, the 

dissociation is achieved after the O moves to form a three-membered ring with Pc counterpart 

(FS), which is very unstable. This pathway is thus very unlikely to happen.   
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Figure 6. Energy diagram of direct NO dissociation on CrPc monolayer. 

 

      3.2.2 Langmuir Hinshelwood (LH) mechanism 

     The reaction pathways in the dimer manner are presented in this part. Figure 7 compares the 

potential energy surface (PES) diagram of LH mechanism which consists of two mechanistic 

pathways; LH1 and LH2. LH1 presents the reaction coordinates of the NO reduction to yield 

N2O molecule (purple line) while LH2 generates N2 and O2 as the products (red line). The 

geometries of initial, intermediate and final states with labeled distance parameters are presented 

in Figure 7. Starting from structure IS1 to form Int1 through the transition state 1 (TS1), the 

intermolecular distances of N−N and the N−O of co-adsorbed NO molecules bound to the CrPc 
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are 1.96 and 1.17 Å, respectively, which are slightly shorter and longer than those of N2 and NO 

molecules in the gas phase (1.97 and 1.16 Å), respectively. At the TS1 state, decreasing of the 

distance between two NO and CrPc with the intermolecular distances of 2.67 and 2.62 Å can be 

observed. The NO bond lengths are lengthened to 1.19 Å while the N---N distance is shortened 

from 1.96 to 1.78 Å, indicating the forming of the five-membered ring intermediate. This step 

requires a very small energy of 0.02 eV. After Int1 is formed by the cyclic formation of NO 

dimer in a cis-form, two possible paths are proposed to form N2O (LH1) and N2 (LH2). As a 

result, the LH1 is more favorable than another path due to higher exothermic and kinetic process. 

The LH1, which starts from Int1 and leads to N2O product, requires energy of 0.35 eV for 

forming TS3 intermediate with one N−O bond being elongated from 1.35 to 1.75 Å before 

converging to FS2. The frequency calculation of TS3 shows that it has a single imaginary 

frequency (-368.0 cm-1), corresponding to the dissociation of one N−O bond of the adsorbed NO 

dimer (see detail of TS3 in Figure 7). In the FS2 state, N2O is weakly bound and released, while 

one O atom is chemisorbed on CrPc with bond length of 1.56 Å. This O atom can be easily 

reduced by incoming CO molecule with 0.46 eV of activation barrier.20  

      For LH2 pathway, Int1 can be converted into FS1 giving out the N2 molecule through the 

transition state TS2.  An energy barrier of this path is 0.57 eV, which is 0.22 eV higher than that 

of LH1. For TS2, both O−Cr bonds (1.74 Å) which are shorter than those of Int1 and the N−O 

bonds (1.65 and 1.67 Å) are almost separated from the O−Cr bonds. After releasing the N2 

molecule, FS1 can thermally be converted to RS1, in which RS1 can further yield O2 molecule 

by breaking the O−Cr bonds. This step requires energy of 1.13 eV for O2 desorption. In 

comparison, the LH2 pathway is obviously less favorable than the LH1 pathway in both terms of 

kinetic and thermodynamic. 
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Figure 7 The LH potential energy diagram of NO reduction to N2O formation (LH1, purple line) 

and N2 formation (LH2, red line).  

 

3.3.3 Eley-Rideal (ER) mechanism 

        The reduction of NO molecules through the ER mechanism is examined in this part.   

Depicted in Figure 8 is the obtained PES along the reaction coordinate of N2O formation, as well 

as the corresponding initial, transition and final sates. At the IS2 state, another NO molecule 

approaches the pre-adsorbed NO on CrPc with 1.67 Å of N−Cr bond. The NO dimer 
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intermediate (Int2) can be achieved through the formation of the TS4 intermediate, requiring 

energy about 1.17 eV to connect the incoming NO molecule to the pre-adsorbed NO on CrPc. By 

considering the bonding between Cr and interacting atoms, the N−Cr bond is elongated from 

1.94 Å to 2.16 Å, while the O−Cr bond is decreased from 2.50 Å to 1.85 Å as conversion of TS4 

to Int2 step. The imaginary frequency of this transition state confirms a mode corresponding to 

the incoming O atom on the NO dimer to bond with Cr of CrPc. The N−O bond (1.37 Å) of the 

Int2 is now longer than that in the IS2 (1.16 Å) and TS4 (1.24 Å). The Int2 formation process is 

highly endothermic (1.44 eV) because of its constraint of four-membered ring structure. The 

unstable Int2 can be easily transformed via TS5 to FS3 with a small energy barrier of 0.30 eV, 

yielding the N2O molecule. The transformation of Int2 requires the rupture of the already 

elongated N−Cr bond (2.16 Å) to free the one end of the NO dimer bound to CrPc (see detail of 

TS5 in Figure 8). The process of forming stable FS3 is very exothermic (3.33 eV). Finally, 

within the thermal equilibrium, the FS3 having N2O weakly bound on O-CrPc can release the 

N2O molecule and the NO reduction to N2O in ER mechanism is complete. 

 In the catalytic processes, a comparison of the overall barrier is commonly more 

important than a single-step barrier in each pathway. From the comparisons of the three energetic 

pathways on dimer manner, Figure 9, we found that all three pathways (LH1, LH2 and ER) are 

exothermic and possible. The comparison of the barriers of those three pathways leads to the 

conclusion that the reaction is the most likely to proceed through LH1 and therefore N2O gas is 

predicted as the major product of the NO reduction on CrPc catalyst. With the very small barriers 

requiring of the LH1 (0.03 and 0.35 eV for the first and second steps, respectively), we predict 

that CrPc catalyst can catalyze this reaction in a low temperature range.  
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Figure 8 The potential energy surface diagram of N2O formation via ER mechanism. 

 

 

Figure 9 The PES diagram showing LH1, LH2, and ER pathways. 
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     3.3.4 Calculated energy barrier comparison between CrPc and other catalytic materials 

       The calculated energy barriers at rate-limiting steps of NO and CO oxidation/reduction on 

various catalyst are summarized in Table 1 for convenient comparison. Those calculated values 

are in range of 0.35-0.76 eV depending on catalytic materials except for CO oxidation on Pt 

deposited on N doped graphene; the reaction proceeds with a very small energy barrier of 0.15 

eV. It is clearly seen that our calculated barrier for the rate-limiting step at 0.35 eV along the 

most favorable LH1 pathway is found to be smaller than the NO reduction to N2O catalyzed by 

silicon-doped graphene at 0.46 eV using the same level of theory.14 Furthermore, by comparison 

the catalytic activity of CrPc to CO oxidation and NO reduction, it is found that in this study 

CrPc can catalyze NO reduction faster than CO oxidation with an energy barrier of 0.55 eV 

investigated by Li et al.20 Therefore, CrPc is predicted as a potential catalytic material for low-

temperature NO reduction. This is important because reduction of NO in low temperature is a 

crucial process in the context of air purification.  

 

Table 1. The calculated energy barrier at rate-limiting step for the NO and CO decomposition 

reactions on various proposed catalysts. 

Model Reaction steps Barrier (eV) 

CrPc (This work) NO+NO →NO2 +O* 0.35 

CrPc20 2CO+O2 → 2CO2 0.55 

Si-Graphene14 NO+NO→N2O+O* 0.46 

Pt/Ti-Porphyrin39 CO+O2 → CO2 +O* 0.55 

SiC40 NO+NO →N2O 0.72 

Silicene16 N2O →N2 +O* 0.45 

Pt-Graphene41 CO + O*→ CO2 0.46 

Pt-O/Graphene42 CO+O2 → CO2 +O* 0.76 
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Pt-N doped Graphene1
  CO + O*→ CO2 0.15 

 

4. Conclusion  

By employing the periodic DFT calculations with PBE functional, the reduction of NO 

molecules on CrPc monolayer has been investigated. The direct dissociation mechanism of NO, 

generally proposed on noble metal surfaces and metal-doped carbon materials, was found to be 

unfavorable because of the extremely high barrier and endothermic process. Whereas, the 

catalytic process of NO reduction via the NO dimer yielding N2O molecules in both LH and ER 

mechanisms are more likely to occur because of lower energy barrier and their exothermic 

processes. Moreover, the N2O formation through LH is more favorable than ER. Based on the 

same level of theory, the catalytic activity of CrPc toward NO reduction is higher than that of 

silicon-doped graphene13 and our predicted NO reduction on CrPc is found to be more efficient 

than CO oxidation under the same condition.19 Therefore, the insight understanding obtained 

from this work might be helpful to provide a guidance to develop catalytic materials for NOx 

abatement. MPcs-based catalysts, which is controllable dispersed of central metal, may open a 

new way in development of promising catalysts to overcome the problems encountered from 

existing commercial catalysts for air purification. 
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