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Abstract

Selective catalytic reduction of nitrogen oxides using ammonia (NH3–SCR) over Cu-exchanged 

zeolites proceeds via reduction of Cu(II) to Cu(I) and subsequent reoxidation of Cu(I) to Cu(II). 

Although the mechanism of reduction half cycle has been relatively well established, reoxidation 

pathways of Cu(I) to form the original Cu(II) species are highly complicated and remain unclear. 

Herein, oxidation mechanisms of Cu(I) to Cu(II) species in CHA zeolites during the NH3–SCR 

process were investigated by periodic DFT calculations. The NH3-solvated Cu(I) and Cu(II) 

species were considered for exploring the oxidative activation reaction pathways. The results 

show that, with O2 as the sole oxidant, Cu(I) can be effectively oxidized to Cu(II) via multinuclear 

Cu-oxo intermediates with moderate reaction barriers. The NO-assisted oxidation of Cu(I) was 

found to favor the formation of Cu nitrate/nitrite species, which seem to only act as off-cycle resting 

states. We propose that reoxidation of Cu(I) to Cu(II) with O2 as the sole oxidant plays a key role 

in the oxidation half cycle under standard NH3–SCR conditions.

Keywords: NH3–SCR, Cu-CHA zeolite, DFT calculation, multinuclear Cu species
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1. Introduction

Selective catalytic reduction using ammonia (NH3–SCR) is an efficient approach for converting 

harmful nitrogen oxides (NOx) to nontoxic nitrogen and water molecules.1–3 Small-pore Cu-

exchanged chabazite zeolite (Cu-CHA) has recently attracted a lot of attention for its catalytic 

application in the NH3–SCR due to the high activity and hydrothermal stability.4–11 The 

stoichiometry of the standard SCR can be described in Eqn. (1).

2NO + 2NH3 + 1/2O2 → 2N2 + 3H2O  (1)

It is generally believed that the standard NH3–SCR over Cu-CHA catalysts is driven by the redox 

cycle of Cu(II)↔Cu(I).12–18 The NH3-solvated isolated Cu species have been suggested to play a 

key role in NH3–SCR reaction.13,19 On the basis of experimental and theoretical evidence,13,20,21 

the reduction half cycle accompanied by Cu(II) → Cu(I) reduction has been relatively well 

understood, which can be described in Eqn. (2) or (3), using the Cu(II) species in the form of 

[Cu(NH3)3(OH)]+ or [Cu(NH3)4]2+
.

[Cu(NH3)3(OH)]+ + NO → [Cu(NH3)2]+ + N2 + 2H2O (2)

[Cu(NH3)4]2+ + NO → [Cu(NH3)2]+ + N2 + H2O + NH4
+ (3)

The [Cu(NH3)3(OH)]+ represents the NH3-solvated Cu(II) species exchanged to one [AlO2]- site of 

the zeolite framework, which can be interconverted to Cu(II) species in the form of [Cu(NH3)4]2+ 

by involving a Brønsted acid site (BAS) as described in Eqn. (4).

[Cu(NH3)3(OH)]+ + NH4
+ → [Cu(NH3)4]2+  + H2O (4)

The exact speciation of Cu(II) may depend on the zeolite composition such as Si/Al and Cu/Al 

ratios as well as the reaction conditions.15,22
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Although the reduction half cycle of NH3–SCR over Cu-CHA has been relatively well 

explained, the mechanism for the oxidation half cycle accompanied by the activation of Cu(I) to 

Cu(II) remains in debate. DFT calculations suggest that direct O2 dissociation on a single 

[Cu(NH3)2]+ cluster does not occur.23,24 Paolucci et al. proposed that the activation of O2 proceeds 

via a dimeric Cu intermediate to accomplish the reoxidation process of Cu(I).14,15 It was suggested 

that the NH3-sovlated Cu(I) species, i.e., [Cu(NH3)2]+, in Cu-CHA interact weakly with the zeolite 

framework, which can travel through zeolite windows to react with O2 and yield an O-bridged 

Cu(II) dimer, as shown in Eqn. (5).15 They assumed that NO is necessary for the decomposition 

of the Cu(II) dimer (Eqn. (6)). The reaction (6) can be divided into several elementary steps. DFT 

calculations show that NO promotes the decomposition of the [Cu2(µ-O)2(NH3)4] intermediate to 

produce Cu(II) nitrate species as described in Eqn. (7) .14,23 Recently, Greenaway et al.25 have 

detected several key transient Cu intermediates including the Cu–NO3 in the NH3–SCR over Cu-

CHA using the modulation excitation IR spectroscopy. 

[Cu(NH3)2]+ + 1/2O2 → 1/2[Cu2(µ-O)2(NH3)4] (5)

1/2[Cu2(µ-O)2(NH3)4] + NO + 2NH3 → [Cu(NH3)3(OH)]+ + N2 + H2O (6)

[Cu2(µ-O)2(NH3)4]2+ + NO → [Cu(NO3
-)(NH3)2]+ + [Cu(NH3)2]+

(7)

It is believed that the nitrate ion (NO3
-) on Cu(II) reacts with NO to yield gas-phase NO2 

and nitrite (NO2
-) on Cu(II), which react with NH3 (or NH4

+) to afford N2 and H2O via the NH4NO2 

intermediate, as shown in Eqns. (8) and (9).26,27 A serious issue with the NO-assisted models in 

Eqns. (7)–(9) is the lack of supporting experimental evidence. In addition, computational study 
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sufficiently describing each elementary step to recover the original Cu species has not been 

reported.

[Cu(NO3
-)(NH3)2]+ + NO → [Cu(NO2

-)(NH3)2]+ + NO2 (8)

[Cu(NO2
-)(NH3)2]+ + 2NH3 → [Cu(NH3)3(OH)]+ + N2 + H2O (9)

Recently, we performed in situ spectroscopic experiments for Cu-CHA zeolites under 

steady-state NH3–SCR conditions and transient conditions for Cu(II)/Cu(I) redox cycles, and the 

in situ XANES and UV-vis results suggest that the oxidation half cycle occurs with O2 as the 

exclusive oxidant.21 The in situ XANES experiments at 200 °C reported by Paolucci et al. also 

evidence that the [Cu(NH3)2]+ complexes in CHA are oxidized by O2 even in the absence of NOx.15 

These experimental observations suggest that Cu(I) can be oxidized to Cu(II) by only O2. 

However, the understanding of the detailed mechanism based on the spectroscopic experiments 

is difficult due to the limited information on the elementary steps.21 In addition, NO-assisted 

oxidation is always coupled with consecutive reduction cycle, which makes it very challenging to 

design the transient experiments solely describing the distinguishable period of NO-assisted 

oxidation as well as the kinetics experiments for the comparison with O2-only oxidation. In contrast, 

molecular-level study based on DFT calculations provides a plausible way to explore the detailed 

mechanism and to compare the reaction pathways of different oxidative activation modes. 

Herein, we employed periodic DFT calculations to study the reaction mechanism for the 

reoxidation of Cu(I) to Cu(II) species in Cu-CHA zeolites. The reoxidation pathways by O2 with 

and without NO assistance were investigated and compared. The key role of O2 as the sole 

oxidant and the effect of NH3 solvation during the oxidation half cycle of SCR reaction were 

emphasized.
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2. Computational methods

Spin-polarized DFT calculations were carried out within periodic boundary conditions using the 

Vienna Ab initio Simulation Package (VASP).28–30 The Perdew-Burke-Ernzerhof (PBE) 

functional31 was used in combination with the projector augmented wave (PAW) method.32,33 The 

cut-off energy of the plane waves was set to 500 eV. Brillouin zone sampling was restricted to the 

Γ point.34 Van der Waals interactions were described by the dispersion-corrected DFT-D3 method 

with Becke-Johnson damping.35 The convergence of the force on each atom was set to 0.05 eV 

Å-1. The minimum-energy reaction pathway and the corresponding transition state (TS) were 

determined by the climbing image nudged elastic band (CI-NEB) method.36 Such methodology 

settings have been successfully applied for studying various zeolite-catalyzed reactions including 

spin-polarized systems.37–39 The minimum-energy reaction pathways were described using the 

energetics of the saddle points with their most stable spin states, and the detailed information on 

the spin transitions as well as the spin states of transition states and intermediates was 

summarized in the ESI (Table S1 and Fig. S1-S3).

Previous studies12,13,23,40,41 showed that at low-temperature SCR conditions (e.g., 200 °C), 

the Cu ions in CHA zeolite are NH3-solvated, which are detached from the zeolite framework as 

mobile species. It was suggested that Cu(I) ions diffuse in the form of linear [Cu(NH3)2]+, which 

can readily pass through the eight-membered ring windows of the neighboring CHA cages. Here, 

such [Cu(NH3)2]+ ions confined in a CHA cage were considered as the starting point for studying 

the oxidation mechanism of the SCR reaction. Zeolite CHA was modeled by a hexagonal unit cell 

(Si36O72),42 and the initial Cu-containing model (Fig. 1) was built by introducing two [Cu(NH3)2]+ 

ions and two Brønsted acid sites (BASs) in the CHA cage. Under NH3–SCR conditions, the BASs 
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exist in the form of NH4
+ cations due to the strong adsorption of ammonia over H+ sites,21 and 

thus we considered NH4
+ rather than bare H+ as the relative sites for elementary steps involving 

the participation of BASs. Charge compensation for the cationic species was provided by the 

isomorphous substitution of Al3+ for lattice Si4+, affording a Si/Al ratio of 8. Fully relaxed geometry 

optimizations were performed for all calculations with fixed lattice parameters (a = b = 13.675 Å, 

c = 14.767 Å).42

Fig. 1 Computational model of CHA unit cell with two [Cu(NH3)2]+ cations and two Brønsted 

protons in the cage (36T, Si/Al=8). 
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3. Results and discussion

3.1 Reoxidation of Cu(I) by O2

To verify the reoxidation mechanism without NO-assistance, the oxidation of Cu(I) to Cu(II) with 

O2 as the sole oxidant were considered. The following stoichiometry can account for this process.

4[Cu(NH3)2]+ + O2 + 4NH3 + 2H2O → 4[Cu(NH3)3(OH)]+ (10)

We first considered O2 activation on a pair of [Cu(NH3)2]+ as suggested in previous studies for Cu-

CHA zeolites.15,23 The dissociative activation of O2 proceeds via two sequential elementary steps 

with computed activation barriers of 20 and 13 kJ/mol, and the system energy is decreased by 

−63 kJ/mol (Fig. 2). A dimeric [Cu2(µ-O)2]2+ species is formed after O2 dissociative activation. 

Fig. 2 Energy profiles for O2 dissociation and oxidation of two mononuclear [Cu(NH3)2]+. Zeolite 

frameworks are omitted for clarity. Atomic distances are given in Å.

As the stoichiometric chemistry requires the transfer of four electrons for exclusive O2 

activation, two additional [Cu(NH3)2]+ ions were introduced in the CHA cage. The presence of an 

extra pair of [Cu(NH3)2]+ around the dimeric [Cu2(µ-O)2]2+ leads to the formation of a tetranuclear 
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[Cu4(µ3-O)2]4+ cluster where each µ-O site binds to three Cu ion centers, and the computed 

reaction barriers are 44 and 31 kJ/mol for the sequential coordination of the two [Cu(NH3)2]+ with 

the bridging oxygens in [Cu2(µ-O)2]2+ (Fig. 3). The decomposition of the tetranuclear [Cu4(µ3-O)2]4+ 

occurs via the consecutive hydrolysis of Cu–O bonds and produces two dicopper [Cu2(µ-OH)(η-

OH)]2+ sites, which act as precursors for the production of oxidized mononuclear Cu2+ species 

(Fig. 4). The two consecutive hydrolysis reactions have activation barriers of 81 and 79 kJ/mol, 

respectively. The produced dicopper [Cu2(µ-OH)(η-OH)]2+ intermediates can readily decompose 

into [Cu(OH)]+ ions with a low activation barrier of 48 kJ/mol (Fig. 5a). The further dehydration 

reaction of [Cu(OH)]+ and a Brønsted proton (in the form of NH4
+) to afford Cu2+ ions only requires 

a barrier of 50 kJ/mol (Fig. 5b). For the oxidation of Cu(I) to Cu(II) by O2 as an exclusive oxidant, 

the highest activation barrier of ca. 81 kJ/mol was found for the hydrolysis reactions during the 

decomposition of the tetranuclear [Cu4(µ3-O)2]4+ cluster.

Fig. 3 Formation of tetranuclear [Cu4(µ3-O)2]4+ via the reaction of dimeric [Cu2(µ-O)2]2+ and an extra 

pair of [Cu(NH3)2]+ confined in one CHA cage. Activation and reaction energies (ΔE‡ and ΔE) are 

given in kJ/mol. Cu–O distances are indicated in Å.
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Fig. 4 Energy profiles for the H2O-assisted decomposition of a tetranuclear [Cu4(µ3-O)2]4+ into two 

dicopper [Cu2(µ-OH)(η-OH)]2+ sites. Zeolite frameworks are omitted for clarity. Atomic distances 

are given in Å.

Fig. 5 (a) NH3 assisted decomposition of dicopper [Cu2(µ-OH)(η-OH)]2+ into two [Cu(OH)]+ ions; 

(b) Formation of Cu2+ species from the dehydration reaction of [Cu(OH)]+ and a Brønsted proton 

(in the form of NH4
+). Activation and reaction energies (ΔE‡ and ΔE) are in kJ/mol. Zeolite 

frameworks are omitted for clarity.

Due to the limited spectral resolution, it is difficult to distinguish the exact nuclearity of Cu-

oxo clusters in CHA zeolites from the experimental spectroscopic characterizations.21 The present 
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theoretical results show that the formation of the Cu tetramer from a dimeric [Cu2(µ-O)2]2+ and a 

pair of [Cu(NH3)2]+ is energetically favorable (Fig. 3). The driving force for this process is related 

to the basicity of bridging oxygens in Cu-oxo dimer and the unsaturated coordination of 

[Cu(NH3)2]+ cations.37 It should be noted that such a Cu tetramer model corresponds to the 

situation when NH3-solvated Cu(I) is sufficiently supplied, and therefore it is more appropriate to 

describe the zeolite samples with high Cu loadings. If Cu(I) cations in zeolite matrix are sufficiently 

diluted, the formation of such Cu tetranuclear species will be very unlikely.

To validate the reoxidation process in Cu-zeolites with less sufficient Cu loadings, we also 

considered the reaction pathway via the direct decomposition of [Cu2(µ-O)2]2+, as generated from 

the O2 dissociation on two [Cu(NH3)2]+ clusters (Fig. 2). The two consecutive H2O dissociations 

on [Cu2(µ-O)2]2+ require reaction barriers of 85 and 88 kJ/mol (Fig. 6a), which are slightly higher 

than the case of Cu tetramer model (81 and 79 kJ/mol). The hydrolysis reactions produce two 

mononuclear [Cu(OH)2]+ intermediates, which show similar Cu oxidation states as the original 

dimeric [Cu2(µ-O)2]2+. To satisfy the stoichiometry of this process (Eqn. (10)), the [Cu(OH)2]+ 

intermediate is necessary to react with another Cu(I) species, i.e., [Cu(NH3)2]+. The coordination 

of the hydroxyl groups in [Cu(OH)2]+ to the [Cu(NH3)2]+ generates a [Cu2(µ-OH)2]2+ intermediate 

with a reaction barrier of 33 kJ/mol (Fig. 6b). It was found that the direct decomposition of [Cu2(µ-

OH)2]2+ into two three-coordinated Cu(II) sites is difficult, and the coordination of additional NH3 

molecules to the Cu centers is necessary, which stabilizes the target [Cu(OH)]+ sites in square 

planar geometries. Such a stabilization effect of NH3 ligands suggests the important role of NH3 

solvation during the conversions of Cu complexes under NH3–SCR conditions.
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The reoxidation of Cu(I) species can be realized via the H2O-assisted decomposition of 

[Cu2(µ-O)2]2+ or [Cu4(µ3-O)2]4+.Although the exact elementary steps are different, the above 

discussed two types of O2-only reoxidations require similar activation barriers and afford the same 

final stoichiometry as described in Eqn. (10). The highest barriers were found for the hydrolysis 

reactions of Cu–O bonds in the multinuclear Cu-oxo intermediates with estimated barriers of 81–

88 kJ/mol. We believe that, depending on the catalyst composition, reaction conditions, etc., the 

nuclearity of the multinuclear Cu-oxo intermediates may change. As the formation of multinuclear 

Cu-oxo intermediates is necessary, a higher Cu loading in zeolite matrix will be beneficial for such 

activations. This is consistent with previous experimental studies describing that the reoxidation 

half cycle becomes faster when higher amount of Cu is loaded in the zeolite.14,15,21

Fig. 6 (a) H2O-assisted decomposition of a dimeric [Cu2(µ-O)2]2+ into two mononuclear [Cu(OH)2]+ 

intermediates; (b) NH3 solvation assisted formation of two [Cu(OH)]+ sites from the reaction of 

[Cu(OH)2]+ and Cu(I) ions. Zeolite frameworks are omitted for clarity. Atomic distances are given 

in Å. The Bader charges of Cu are normalized with reference to the bulk CuO (+2.00 e).

3.2 Reoxidation of Cu(I) by NO + O2
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The oxidation of Cu(I) by O2 assisted by NO can also afford Cu(II) species. Gao et al.14 suggested 

that this process proceeds with the [Cu+-O2-Cu+] intermediate followed by the reaction of NO to 

form the [Cu+(μ-O)Cu+(NO2)]2+. The desorption of NO2 gives [Cu2(μ-O)]2+, which can further be 

hydrolyzed into two [Cu(OH)]+. For this process, NO2 formation was found to be the rate-

determining step with a free activation energy of 104 kJ/mol. Chen et al.23 later found that NO 

oxidation via the [Cu2(μ-O)2]2+ intermediate requires an activation barrier of 42 kJ/mol. Here, we 

also considered this mechanism for NO2 formation (Fig. 7), and a similar barrier of 46 kJ/mol was 

obtained for the formation of the [Cu+(μ-O)Cu+(NO2)]2+ intermediate. To form the [Cu2(μ-O)]2+ 

intermediate, which is a precursor for producing NOx-ligand-free [Cu(OH)]+ or Cu2+, the bound 

NO2 in [Cu+(μ-O)Cu+(NO2)]2+ needs to be released from the Cu center.14 This process was found 

unfavorable by 74 kJ/mol with an estimated barrier of 90 kJ/mol. In contrast, the further oxidation 

of NO2 in [Cu+(μ-O)Cu+(NO2)]2+ to yield the [Cu(NO3)]+ species only requires an activation barrier 

of 51 kJ/mol with an exothermicity of −78 kJ/mol, implying a strong preference for further NO2 

oxidation to nitrate species. This is consistent with the previous theoretical studies showing the 

adsorption of NO promotes the dissociation of O2 and the production of Cu nitrate species.23,24 In 

Ref. 23, it was shown that the activation of NO and O2 on a single Cu(I) complex can also produce 

Cu(II) nitrate (Cu+ + NO + O2 → [Cu(NO3)]+), and the computed activation barrier of 78 kJ/mol is 

higher than the situation when the nitrate species is formed on a pair of complexes. The role of 

such nitrate species in the SCR process is still unclear and controversial;43–45 they possibly act as 

off-cycle resting states or even show a poisoning effect if NH4NO3 acts as a major side product.46 

Understanding the further conversion of the nitrate species to recover the original Cu species is 
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key to explain their role in SCR reaction, but the corresponding elementary steps have not been 

fully explored yet.

Fig. 7 Energy profile for the NO-assisted activation of Cu(I) into Cu(II) species in CHA zeolite. 

Zeolite frameworks are omitted for clarity. Atomic distances are given in Å.

To release the Cu2+ or [Cu(OH)]+ cations, which act as active sites to convert NO and NH3 

into N2 in the reduction half cycle (Eqns. (2) and (3)),13,15 the Cu(II) nitrate and nitrite species are 

necessarily converted into NOx-ligand-free cations to close the full SCR cycle. Therefore, the 

possible conversion paths of such nitrate and nitrite species were explored. The direct formation 

of NOx-ligand-free Cu(II) from nitrate species by reacting with Brønsted acid protons was first 

studied. Except the Cu nitrate in chelating bidentate configuration with two NH3 ligands as 

described in Fig. 7, the possible structures of Cu nitrates with three NH3 ligands proposed by 

Negri et al.45 and the corresponding structurally analogous Cu nitrite were also considered (Fig. 

S4). TS calculations suggested the release of nitrate/nitrite moieties from Cu centers requires 

activation barriers of 146–225 kJ/mol, which are considerably higher than the estimated barriers 

(81–88 kJ/mol) required in the reoxidation process by O2 as a sole oxidant. 
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In the presence of NO, the nitrate [Cu(NO3)]+ can be reduced back to nitrite [Cu(NO2)]+ by 

simultaneous oxidation of NO into NO2 (Fig. 8a). This process was found to occur via a stepwise 

mechanism, similar to that reported by Chen et al.23 The release of a NO3 unit from the Cu nitrate 

species forms a [Cu(NO3NO)]+ intermediate with a partially reduced Cu center, which further 

proceeds to a [Cu(NO2)]+ and a neutral NO2 molecule. For such a process, the forward and 

backward elementary steps only require a maximum barrier of 47 kJ/mol, implying the possible 

fast interconversion between Cu nitrate and nitrite species at typical SCR temperatures (e.g., 200 

°C). In addition, the preadsorbed NO2 in the zeolite pores was found to easily oxidize Cu+ into the 

form of [Cu(NO2)]+ without a barrier (Fig. 8b, Cu+ + NO2 → Nitrite), and this process is highly 

exothermic by −97 kJ/mol. The NO2-monodentated nitrite [Cu(NO2)]+ can also be transformed into 

its NO2-bidentated form [Cu(η2-NO2)]+ (Fig. 8b, Nitrite → [Cu(η2-NO2)]+), requiring a barrier of 48 

kJ/mol with an endothermicity of 12 kJ/mol. To obtain the target products of N2 and H2O, it is 

generally believed that the formation of highly unstable intermediates is necessary, which can be 

either nitrosamine intermediate (NH2NO) or ammonium nitrite (NH4NO2).46 We then evaluated the 

production of such intermediates from Cu nitrite species. The intramolecular reaction of 

[Cu(NO2)]+ with a NH3 ligand to form the [Cu(OH)(NH2NO)]+ intermediate (Fig. 8b, Nitrite → 

[Cu(OH)(NH2NO)]+) destabilizes the system by 164 kJ/mol. Similarly, the intermolecular reaction 

of [Cu(NO2)]+ and a Brønsted proton (in the form of NH4
+) to release a Cu2+ and a neutral NH4NO2 

unit (Fig. 8b, Nitrite → Cu2+ + NH4NO2) is highly endothermic by 225 kJ/mol. Even if the reaction 

of [Cu(NO2)]+ and NH4
+ is assumed to form a water molecule to compensate the system energy 

(Fig. 8b, Nitrite → [Cu(NH2NO)]2+ + H2O), the transformation is still unfavorable by 129 kJ/mol with 

reference to the initial state of the nitrite species. Due to the high stability of Cu-bound nitrate 
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species,47 their conversion via Cu nitrite to highly unstable NH2NO or NH4NO2 intermediates is 

strongly inhibited and therefore very unlikely to occur under standard SCR conditions at typical 

working temperatures (e.g., 200 °C). In comparison with the oxidation of Cu(I) by O2 as an 

exclusive oxidant where NOx-ligand-free cupric cations are directly produced (Scheme S1), the 

NO-involved oxidation yields nitrate/nitrate species with difficulty in further conversion to release 

Cu2+ or [Cu(OH)]+ cations, which is required to close the full SCR cycle (Scheme S2). Thus, the 

Cu nitrate/nitrite species seem more likely to act as off-cycle resting states, which play a minor 

role in the standard SCR reaction. This conclusion is consistent with recent experimental studies 

using transient FTIR spectroscopy43 and time-resolved X-ray absorption spectroscopy (XAS),48 

which suggest that nitrates are not involved in the SCR process under typical low-temperature 

conditions. Based on the experimental21,43,48 and current theoretical results, we propose that in 

the redox reaction of the SCR process, the main contribution to the oxidation of Cu(I) to Cu(II) is 

from the exclusive O2 oxidation rather than the NO-assisted oxidation process. 
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Fig. 8 Reaction pathways for the conversion of cationic cupric (a) nitrate and (b) nitrite species in 

CHA cage. Zeolite frameworks are omitted for clarity. Activation and reaction energies (ΔE‡ and 

ΔE) are given in kJ/mol. The Bader charges of Cu are normalized with reference to the bulk CuO 

(+2.00 e).

Under standard NH3–SCR conditions, the reoxidation of Cu(I) by only O2 competes with 

the NO-assisted reoxidation. The presence of NO will affect both the NO-assisted reoxidation and 

the NO-participated reduction half cycle. For the O2-only oxidation mechanism, the produced 

Cu(II) species will react with NO and NH3 as described in Eqn. (2) or (3), which undergoes the 

reduction half cycle to produce N2, and the consumption of Cu(II) species will drive the whole 

catalytic cycle (Scheme S1). In this case, the formation of N2 in SCR process is mainly contributed 

from the reduction cycle, which is consistent with our previous experiments21 showing that the 

transient rate of N2 formation in the reduction half cycle is close to the steady-state SCR rate. In 
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contrast, the catalytic cycle driven by NO-assisted reoxidation is less competitive as the 

conversion of nitrate/nitrite species to N2 is difficult (Scheme S2), which more likely plays a minor 

contribution in low temperature NH3–SCR reaction. 
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3.3 Effect of Hubbard corrections

Finally, we evaluated the effect of Hubbard corrections on the energetics of key reaction steps 

during Cu(I) oxidations. Chen et al.49 recently employed different exchange-correlation functionals 

to study the same O2 activation process on a pair of [Cu(NH3)2]+ in Cu-CHA zeolite, and the 

reported activation barriers for the first transition state is ranged from 20 to 46 kJ/mol, suggesting 

the choice of functionals can affect the potential energy curves. By the comparison with the 

experimental results of copper oxide references, they suggested the correct description of Cu–O 

bonds are only achieved by the functional with a Hubbard-U term.  Thus, we also considered the 

Hubbard term corrections for the activation and reaction energies (ΔE‡ and ΔE) of selected key 

reactions (Table 1). The U-parameter for Cu 3d was set to 6 eV,49,50 and the transition states and 

intermediates were re-optimized with a Hubbard term (PBE+D+U). The comparison suggests that 

the Hubbard-U corrections do not afford significant changes of ΔE‡ and ΔE for the selected 

reaction step. This is possibly because the method errors for a given type of structures are often 

similar.51 For the oxidation of Cu(I) by O2 without NO assistance, the Hubbard-U corrected ΔE‡ 

for the hydrolysis reactions of Cu–O bonds, as the most difficult steps in the O2-only oxidation 

process, are 84–88 k/mol. In contrast, the necessary reaction steps in NO + O2 oxidation, i.e, the 

formation of NH2NO or NH4NO2, are much more energetically unfavorable (126–226 k/mol). 

Therefore, the consideration of Hubbard term correction does not affect our conclusion on the 

major role of exclusive O2 activation in the NH3–SCR reaction.

Table 1 Energetics of selected reaction steps with and without Hubbard-U corrections. Activation 

and reaction energies (ΔE‡ and ΔE) are given in kJ/mol
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PBE+D
PBE+D+

UReaction step

ΔE‡ ΔE ΔE‡ ΔE

[Cu2(μ-O)2]2+ + H2O → [Cu2(μ-O)(η-OH)2]2+ (Fig. 6a, TS10) 85 54 88 62

[Cu2(μ-O)(η-OH)2]2+ + H2O → 2[Cu(OH)2]+ (Fig. 6a, TS11) 88 -11 84 -13

Nitrite → [Cu(OH)(NH2NO)]+ (Fig. 8b) 164 163

Nitrite → Cu2+ + NH4NO2 (Fig. 8b) 225 226

Nitrite → [Cu(NH2NO)]2+ + H2O (Fig. 8b) 129 126
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4. Conclusions

To summarize, the reaction mechanism of the oxidation half cycle of NH3–SCR over Cu-CHA 

zeolites was studied by periodic DFT calculations. The NH3-sovated Cu(I) species, i.e., 

[Cu(NH3)2]+, were employed as the starting point, and the oxidative activations of such species to 

Cu(II) species in the form of [Cu(OH)(NH3)3]+ or [Cu(NH3)4]2+ were considered. The results show 

that Cu(I) species are oxidized by O2 to generate multinuclear Cu-oxo intermediates such as 

[Cu2(µ-O)2]2+ or [Cu4(µ3-O)2]4+. The further decomposition of these Cu-oxo clusters proceeds via 

sequential hydrolysis reactions of Cu–O bonds and the effect of NH3 solvation, which produces 

the original Cu(II) species as active sites for the next reduction half cycle. Such oxidation 

processes with O2 as the exclusive oxidant require moderate reaction barriers of ca. 81–88 kJ/mol. 

The NO-assisted oxidation was found to favor the formation of Cu(II) nitrate/nitrite species, and 

their further conversion to target product N2 is difficult, which makes them more likely to act as 

off-cycle resting states. We propose that the oxidation of Cu(I) to Cu(II) species by O2 as the 

exclusive oxidant plays a major role in the standard NH3–SCR reaction.
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