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ABSTRACT: Active centers in Cu/SSZ-13 selective catalytic reduction (SCR) catalysts have been recently identified as iso-
lated Cu2+ and [CuII(OH)]+ ions. A redox reaction mechanism has also been established, where Cu-ions cycle between CuI 
and CuII oxidation states during SCR reaction. While the mechanism for the reduction half-cycle (CuII → CuI) is reasona-
bly well understood, that for the oxidation half-cycle (CuI → CuII) remains an unsettled debate. Herein we report detailed 
reaction kinetics on low-temperature standard NH3-SCR, supplemented by DFT calculations, as strong evidence that the 
low-temperature oxidation half-cycle occurs with the participation of two isolated CuI ions, via formation of a transient 
[CuI(NH3)2]

+-O2-[CuI(NH3)2]
+ intermediate. The feasibility of this reaction mechanism is confirmed from DFT calculations, 

and the simulated energy barrier and rate constants are consistent with experimental findings. Significantly, the low-
temperature standard SCR mechanism proposed here provides full consistency with low-temperature SCR kinetics. 

INTRODUCTION 

Cu-exchanged SSZ-13 has recently been commercialized 
as a selective catalytic reduction (SCR) catalyst for diesel 
engine exhaust aftertreatment1-3. This is a significant 
achievement in environmental catalysis, in some sense 
comparable to the commercialization of three-way cata-
lysts for the cleaning of gasoline engine exhausts in the 
1970s. Cu/SSZ-13 is also structurally one of the simplest 
Cu/zeolites for fundamental SCR investigations. Experi-
mental and theoretical studies using this catalyst, even 
though only initiated less than a decade ago, have already 
greatly expanded our understanding of the SCR chemis-
try1, 4-9. Most significant recent mechanistic proposals for 
standard ammonia SCR (4NO + 4NH3 + O2 = 4N2 + 
6H2O), derived from these studies, include:  (1) isolated 
copper ions (Cu2+ and [CuII(OH)]+) act as active centers; 
and (2) SCR follows a redox reaction mechanism – that is, 
copper ions cycle between +2 and +1 oxidation states dur-
ing catalysis. The latter has received rather strong exper-
imental support from in situ XAS and XES investigations9-

11: under low-temperature standard SCR conditions, the 
coexistence and interconversion of Cu(II) and Cu(I) moie-
ties has been repeatedly confirmed. The former proposal 
is more difficult to confirm via spectroscopic means 
alone, but appears more suitable to elucidate from reac-
tion kinetics. For example, by conducting reaction under 

kinetic control on catalysts with varying concentrations of 
isolated Cu-ions, in principle one can readily judge 
whether SCR is independently catalyzed by isolated Cu-
ions by normalizing reaction rates on a per Cu-ion basis. 
By doing so, however, we discovered complex Cu loading 
and reaction temperature dependent kinetic behavior for 
this reaction.5  

In this paper, we aim to unravel this complexity by pro-
posing that, depending on reaction conditions (especially 
reaction temperature), Cu-ions act either homogeneously 
or heterogeneously during ammonia SCR, delivering the 
same overall chemistry via significantly different mecha-
nisms. In the low-temperature regime (i.e., ~150-250 °C), 
Cu-ions are solvated by NH3, and zeolite cages are essen-
tially filled with H2O. Under such conditions, even 
though Cu/SSZ-13 is still considered as a heterogeneous 
catalyst, a quasi-homogeneous reaction environment ex-
ists for the active Cu-ion centers.5 We further demon-
strate that redox cycling cannot be achieved by isolated, 
individual Cu-ions in this temperature regime. Instead, 
key intermediates form via participation of two isolated 
Cu-ions acting in consort. Only at reaction temperatures 
above ~300 °C do Cu-ions lose NH3 solvation and anchor 
at zeolite framework windows, where they act as hetero-
geneous, individual active sites. These two kinetic regimes 
naturally link homo- and heterogeneous catalysis, show-
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casing the complex influences from the reaction media on 
the dynamics of the active sites, and further to the kinet-
ics of the targeted chemistry. 

RESULTS AND DISCUSSION 

 

Figure 1. NO conversion versus temperature data (■) in 
standard SCR over a Cu/SSZ-13 catalyst with Si/Al = 12 and 
Cu/Al = 0.13. Reactant feed contains 350 ppm NO, 14% O2, 
2.5% H2O balanced with N2 at a gas hourly space velocity 
(GHSV) of 400,000 h-1. Also included are simulated curves 
assuming low- and high-temperature reaction routes. 

SCR Kinetics. Figure 1 displays a light-off curve for NO 
conversions during standard NH3-SCR for a model 
Cu/SSZ-13 catalyst with Si/Al = 12 and Cu/Al = 0.13. An 
interesting feature of this light-off curve is that, from ~250 
to ~350 °C, NO conversions actually decrease with in-
creasing temperature. This phenomenon is highly unusu-
al, and cannot be explained from common considerations 
such as thermodynamic limitations, or catalyst poisoning. 
Note that this phenomenon is highly reproducible, occurs 
for low to intermediate Cu-loaded Cu/SSZ-13 catalysts 
with various Si/Al ratios, as well as from differential to 
much higher conversions.5 This interesting kinetic behav-
ior, however, is omitted by most researchers due, primari-
ly, to the fact that achieving high NOx conversions has 
always been a focus for practical SCR studies and, as such, 
SCR reaction measurements are typically carried out at 
low to moderate space velocities and on catalysts with 
high Cu loadings. Under such conditions, NOx conver-
sions are typically higher than 90% in the temperature 
window where the abnormal “dip” in reactivity is ob-
served. A straightforward hypothesis can be proposed to 
explain this unusual kinetic behavior, as indicated by 
peak fitting of the experimental data: there exist two reac-
tion routes, a low-temperature route that peaks at ~250 
°C and declines at higher temperatures; and a high-
temperature route that “lights off” above 350 °C.  

It has been recognized for some time that Cu-ions in 
Cu/SSZ-13 are mobile under certain circumstances; for 
example, they move closer to the CHA windows during 
dehydration, and move away from these positions upon 
interaction with probe molecules (e.g., CO).12, 13 To reveal 
whether temperature induced changes in active site posi-

tioning can account for the unusual kinetic behavior 
shown in Figure 1, a series of model Cu/SSZ-13 catalysts  
(Si/Al = 6, 0.006 ≤ Cu/Al ≤ 0.45) were used to study Cu 
loading dependence on SCR kinetics. Specifically, in order 
for kinetic data to be collected under strict differential 
conditions at both low and high reaction temperatures, 
model catalysts with very low Cu loadings (Cu/Al ≤ 0.05) 
were used. For these model catalysts, electron paramag-
netic resonance (EPR) and temperature-programmed 
reduction (TPR) analyses indicate that Cu-ions in these 
samples are indistinguishable under the conditions where 
these measurements were conducted.5 If one assumes that 
reaction measurements are conducted under kinetic limi-
tation, then it follows that turnover frequencies (e.g., 
normalized reaction rates on a per Cu-atom basis) should 
not vary for these samples, as long as catalytic turnover 
takes place on isolated Cu-ions independently, as hypoth-
esized in a few recent SCR mechanistic studies.7-9 

 

 

 

Figure 2. (a) SCR rate versus Cu/Al ratio results obtained at 
two reaction temperatures: 200 °C (upper panel) and 380°C 
(lower panel). All data points were acquired under differen-
tial reaction conditions on low Cu-loaded samples (Cu/Al < 
0.05). (b) SCR rate versus (Cu/Al ratio)2, replotted using data 
shown in the upper panel of (a). Error bars represent stand-
ard errors of three measurements. 

Yet, this hypothesis is only proven to be rigorously cor-
rect at temperatures above ~350 °C, but is apparently not 
the case at lower reaction temperatures.5 Figure 2(a) pre-
sents correlations between normalized SCR rates (mol 
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NO g-1 s-1) as a function of Cu/Al ratios (i.e., Cu content) 
at two reaction temperatures:  200 and 380 °C. SCR rates 
increase linearly with Cu/Al ratios at 380 °C (lower pan-
el). This indicates that the Koros-Nowak criterion5, 6 is 
fully obeyed, i.e., SCR reaction is carried out in the ab-
sence of mass and heat transfer limitations. Furthermore, 
the invariant turnover frequencies (i.e., rate normalized 
on a per Cu-atom basis) strongly suggests that SCR is in-
deed carried out on isolated Cu-ions, and that each isolat-
ed Cu-ion catalyzes SCR independently. However at 200 
°C (upper panel), SCR rates increase much faster with 
increasing Cu/Al ratios than that expected from a linear 
dependence. More significantly, as displayed in Figure 
2(b), SCR rates increase linearly with the square of Cu/Al 

ratio, suggesting the participation of two isolated Cu-ions 
in rate-limiting step(s). Note that such linear correlations 
with (Cu/Al ratios)2 are observed up to ~250°C, as long as 
kinetic measurements are carefully performed under dif-
ferential conditions. To rationalize this kinetic behavior, 
we previously suggested that, at low Cu loadings, low-
temperature SCR is catalyzed by “transient Cu-dimers”.5 
This notion needs better clarification, which will be pre-
sented in the following. Note also that the Koros-Nowak 
criterion is not fully obeyed on the low Cu-loaded cata-
lysts at such low temperatures.5 Explanations will be given 
below in terms of transport limitations from the migra-
tion of active sites (rather than reactants). 

Kinetic data shown in Figure 2(b) is most reasonably ra-
tionalized by invoking the participation of two isolated 
Cu-ions in rate-limiting step(s). This indicates that, in 
highly dilute catalysts, extensive migration of isolated Cu-
ions between SSZ-13 unit cells has to occur. Macroscopic 
Cu-ion mobility has recently been recognized under typi-
cal SCR reaction conditions. For example, by exposing a 
Cu2O + H/SSZ-13 physical mixture to SCR reactants at 250 
°C, isolated Cu-ions readily migrate into the bulk of the 
zeolite crystals.14 In a very recent operando XAS/XES 
study by Lomachenko et al., mobile Cu(II) and Cu(I) sites, 
solvated by NH3, were identified as the primary Cu sites at 
150 °C,11 consistent with theoretical calculations by Pao-
lucci, et al.9 It appears, however, that a linear [CuI(NH3)2]

+ 
species is the most likely Cu-containing moiety that 
transports between unit cells with readily manageable 
energy barriers.9, 15 

To better understand the unusual Cu-loading depend-
ent kinetics discovered at low reaction temperatures, ki-
netic measurements were extended to samples with a 
broader range of Cu loadings. In this case, the Arrhenius 

equation � =
�

[��]�
= 	
�

�

�� was used for detailed kinetics 

analysis, where k is the rate constant, r is the normalized 
SCR rate (mol NO g-1 s-1), and [NO]0 is the molar inlet NO 
concentration.16 Using differential kinetic data collected 
below ~200 °C, preexponential factors, A, and apparent 
activation energies, Ea, were obtained and plotted in Fig-
ure 3 as a function of Cu loading, where Cu loading is now 
displayed as numbers of Cu ions in each hexagonal unit 
cell of SSZ-13 (36 T and 72 O atoms). Here, a Cu-loading 
dependence is again clearly demonstrated: in exceedingly 

dilute catalysts (< 0.1 Cu-ion per unit cell), low Ea (~40 
kJ/mol) and very small A (< 10 s-1) values are obtained. In 
highly loaded catalysts (~1-2 Cu-ions per unit cell), a high 
Ea of ~80 kJ/mol and much higher A values (~107-108 s-1) 
are obtained. At intermediate Cu loadings, A and Ea val-
ues fall in between the two limiting cases. 

 

Figure 3: (a) Measured standard SCR apparent activation 
energy as a function of Cu loadings (Cu-ion per hexagonal 
unit cell of SSZ-13); (b) Measured standard SCR preexponen-
tial factors as a function of Cu loadings (Cu-ion per hexago-
nal unit cell of SSZ-13). Both parameters were obtained using 
Arrhenius equation analysis. SCR reaction was conducted at 
a GHSV of 400,000 h-1. 

 

A few standard SCR mechanism proposals have ap-
peared in recent literature, derived from combined exper-
imental and theoretical work.2, 7-9, 17 All of these assume 
redox mechanisms,  and share common features for the 
reduction half-cycle (i.e., Cu(II) → Cu(I)), but differ sig-
nificantly in the oxidation half-cycle (i.e., Cu(I) → 
Cu(II)).7-9 In the studies by Paolucci et al., detailed ele-
mentary steps of the oxidation half-cycle were not clearly 
specified,7, 9 even though the authors indeed mentioned 
the possibility that a dimeric Cu species might be neces-
sary for this half-cycle. In the work by Janssens et al., it 
was proposed that this chemistry is achieved via nitrate 
formation on single Cu(I) sites.8 However at relatively low 
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temperatures the reactivity of nitrate may be questiona-
ble. Significantly, proposals that assume redox cycling of 
individual isolated Cu-ions do not account for the experi-
mental observations obtained at low-temperature SCR 
conditions reported here (Figure 2). Instead, we propose 
that the low-temperature oxidation half-cycle of standard 
NH3-SCR at low temperature only occurs with the partici-
pation of two [CuI(NH3)2]

+ centers. We further suggest 
that this is realized via formation of a transient 
[CuI(NH3)2]

+-O2-[CuI(NH3)2]
+ intermediate whose for-

mation at low Cu loadings, is the rate-limiting step. Thus, 
this mechanism clearly provides a satisfactory explanation 
for the linear rate versus square of Cu loading relationship 
shown in Figure 2(b).  

Formation of this intermediate, i.e., the fixation of two 
mobile [CuI(NH3)2]

+ species and one gas-phase O2 mole-
cule, must be accompanied with an entropy loss (i.e., ∆S < 
0): the lower the Cu loading, the higher the entropy pen-
alty is expected. It is further inferred from transition state 

theory (i.e.,	� ∝ 

∆�⋕

� 
�
∆�⋕

�� ) that, if one assumes that the 
enthalpy change remains constant with Cu loading for the 
formation of this intermediate, then reaction rate con-
stants will be primarily determined by the entropy term, 
which should increase with increasing Cu loading. This 
notion is fully consistent with Figure 3(b) where prefac-
tors of the Arrhenius equation increase dramatically with 
increasing Cu loading until Cu loading reaches ~1 Cu per 
unit cell; above this Cu loading, it appears, understanda-
bly, that entropy variation for the formation of this in-
termediate become insensitive to Cu loading. 

Apparent activation energy variations shown in Figure 
3(a) can be explained similarly: at low Cu loadings, ad-
sorption/desorption of the migrating [CuI(NH3)2]

+ centers 
to/from the zeolite framework appears to significantly 
alter the measured apparent activation energies. Note 
that this situation is similar to what is typically seen in 
mass-transfer limited reaction kinetics. In the latter case, 
apparent activation energies can drop to ~50% of their 
limitation-free values.18 Interestingly, as shown in Figure 
3(a), apparent activation energies measured at exceeding-
ly low Cu loadings are indeed ~50% of those measured at 
high loadings. Therefore, even though formation of the 
[CuI(NH3)2]

+-O2-[CuI(NH3)2]
+ intermediates is considered 

as the rate-limiting step for SCR at low Cu loadings, the 
ultimate limiting factor is transport of [CuI(NH3)2]

+ in the 
reaction media. Additional evidence for the presence of 
this special (active center) mass transfer limitation has 
been provided recently in studies that introduced alkali 
cocations to low-Cu loaded Cu/SSZ-13 catalysts. In this 
case, via the added K+ and Cs+ cations, both SCR rates and 
measured apparent activation energies decrease substan-
tially in comparison to those measured on catalysts with 
Li+ and Na+ cocations.19 A likely explanation is that K+ and 
Cs+ cations anchor preferentially to 8-membered ring 
openings of Chabazite,20 thus introducing extra barriers to 
Cu-ion migration. 

It is interesting to note that, as Cu loading increases to 
intermediate and high exchange levels, the linear rate 

versus square of Cu loading relationship, as shown in Fig-
ure 2(b), is no longer observed,5 suggesting that formation 
of the [CuI(NH3)2]

+-O2-[CuI(NH3)2]
+ intermediate is no 

longer the rate-limiting step. It is important to emphasize 
that the low-temperature oxidation half-cycle should still 
take place through this intermediate at moderate to high 
Cu loadings. This follows since, at low Cu loadings, 
[CuI(NH3)2]

+ centers choose to pay a huge entropy penalty 
to form the [CuI(NH3)2]

+-O2-[CuI(NH3)2]
+ intermediate in 

order for Cu(I) to be reoxidized; thus, there seems no rea-
son why the same pathway would not be adopted at high 
Cu loadings where the formation of this intermediate is 
significantly more facile. 

NO light-off curve displayed in Figure 1 can now be sat-
isfactorily explained. As reaction temperature rises above 
~250°C, Cu-NH3 complexes, that are otherwise stable at 
lower temperatures, dissociate. In this case, Cu-ions will 
migrate toward the zeolite framework ion-exchange sites, 
and become stabilized (also immobilized) by coordinating 
with the lattice oxygens. In other words, the low-
temperature oxidation half-cycle is no longer possible via 
formation of intermediates that contain two isolated Cu-
ions. In this case, the oxidation half-cycle will have to be 
carried out by single isolated Cu-ions as clearly demon-
strated by reaction data shown in Figure 2 (lower panel). 
In particular, SCR rates for the same catalyst go from be-
ing dependent on (Cu/Al ratios)2 to linearly dependent on 
Cu/Al ratios as the reaction temperature changes from 
200 to 380 °C. It can be anticipated that this reoxidation 
process is energetically more demanding than a dual Cu-
ion mechanism discussed above since, indeed, reoxida-
tion of Cu(I) by isolated Cu ions is not chosen by the 
Cu/SSZ-13 catalyst at lower reaction temperatures. Above 
~350°C, a measured apparent activation energy of ~140 
kJ/mol was found for standard SCR,5 in line with the ar-
gument that an oxidation half-cycle on isolated Cu(I)-ions 
is rather demanding. The SCR mechanism proposed by 
Janssens et al.8, i.e., Cu(I) reoxidation is achieved by in-
teraction with NO and O2 to form a Cu(II)-nitrate inter-
mediate, may be considered a successful model for high-
temperature SCR catalyzed by individual Cu-ions. Indeed, 
the activation energy these authors calculated, i.e., ~104 
kJ/mol,8 is reasonably close to our experimental data. 
Spectroscopically, a temperature-induced transition from 
mobile to immobile states for Cu(I)/Cu(II) ions has re-
cently been demonstrated via operando XAS/SES: while 
mobile NH3-solvated Cu-ions dominate at low tempera-
ture, by 400°C their presence becomes negligible.11 

DFT Calculations. In the following we use DFT calcu-
lations to further corroborate our experimental findings 
by providing simulated energetics and kinetics data of a 
complete redox cycle for low-temperature standard SCR 
that involves dual isolated Cu-ion centers in the oxidation 
half-cycle; the SCR mechanism thus generated is dis-
played in Figure 4. More details regarding these calcula-
tions are shown in the Supporting Information. We use a 
[CuII(OH)]+ active species instead of a Cu2+ ion for the 
demonstration based on the following considerations: (1) 
both Cu2+ and [CuII(OH)]+ are active centers for SCR,9 the 
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latter can be readily generated by hydrolysis of the former 
– i.e., Cu2+ + H2O ⇌ [CuII(OH)]+ + H+; (2) low-temperature 
SCR is catalyzed by mobile active sites; [CuII(OH)]+ has a 
higher mobility than Cu2+ and particular stability within 
CHA cages, places where SCR is expected to occur;21 (3) 
[CuII(OH)]+ is energetically more favorable than Cu2+ in 
the reduction half-cycle, due mainly to H2O formation.9 

In our calculations, two hexagonal unit cells (72 T at-
oms) were used to construct the CHA structure, and a 
technically relevant Si/Al ratio of 11 was chosen. To start 
with, [CuII(OH)]+ in an eight-membered ring window of  

 

Figure 4. The complete redox cycling of low-temperature 
NH3-SCR derived from DFT calculations that involves two 
Cu(I) centers in the oxidation half-cycle.  

Cu/SSZ-13 is optimized as the initial configuration of the 
active center in the presence of H2O. Upon adsorption of 
two NH3 molecules at the [CuII(OH)]+ center, the as-
formed [(NH3)2-CuII-OH]+ intermediate detaches from the 
zeolite framework as a mobile complex and moves inside 
the CHA cage. Note that, in the recently published study 
by Paolucci et al, a [(NH3)3-CuII-OH]+ intermediate has 
been suggested.9 However, NO chemisorption onto this 
fully coordinated species would be more difficult. We 
note that the exact coordination numbers for NH3 ligands 
may be less critical than the fact that ligating with NH3 
allows for detachment of [CuII(OH)]+ from the CHA 
framework and, in the presence of H2O, a quasi-
homogenous reactive environment is created. Next, an 
NO molecule is introduced, which strongly adsorbs at the 
CuII center of this mobile species. Upon formation of this 
intermediate, NH3 and NO ligands will rearrange, via a 
few energetically relatively facile elementary steps, to re-
alize N-N bond formation. Formation of nitrosoamide 
(NH2NO) or ammonium nitrite (NH4NO2) intermediates 
are frequently suggested.22, 23  For example, Paolucci et al. 
suggested -NH2NO formation in their reduction half-

cycle.7, 9 In the presence of a hydroxyl (–OH) ligand, the 
formation of H2O makes formation of this intermediate 
energetically highly favorable.9 On the other hand, 
HONO formation via interaction between –OH and NO, 
followed by NH4NO2 formation from HONO interacting 
with NH3, should also be considered as a possible path-
way since NH4NO2 is known to be highly unstable and 
decomposes to N2 and H2O readily under low-
temperature SCR conditions.23 In the present study, re-
duction half-cycle pathways involving both NH2-CuI-NO 
and NH3-CuI-HONO intermediates are calculated. Details 
on the energetics for the reduction half-cycle are shown 

in Figure S2. It appears that the “nitrite” pathway is ener-
getically more favorable, and accordingly, this is adopted 
as part of the redox cycling in Figure 4. For both reduc-
tion half-cycle pathways, with N2/H2O formation and ad-
sorption of another NH3 molecule onto the copper center, 
the reduction half-cycle is completed, resulting in the 
reformation of [CuI(NH3)2]

+ as the key and most abundant 
intermediate in SCR mechanism, consistent with recent 
studies.9, 11 

Next, we show how the oxidation half-cycle is achieved 
with participation of two [CuI(NH3)2]

+ intermediates, re-
quiring that, in essence, one [CuI(NH3)2]

+ must migrate to 
the vicinity of another. As shown above, mobility of this 
linear species is key for this chemistry to be realized. The 
two [CuI(NH3)2]

+ intermediates and an oxygen molecule 
then combine to form [CuI(NH3)2]

+-O2-[CuI(NH3)2]
+; sub-

sequently electron transfer from Cu to O results in Cu-ion 
oxidation. However, participation of one O2 molecule 
(with eventual formation of 2O2- ions) is a four-electron 
reduction while oxidation of two Cu(I) centers to Cu(II) is 
only a two-electron process. Therefore, this chemistry is 
only realized in the presence of another electron provider, 
in this case NO, which is oxidized to NO2. Finally, the as-
formed [CuII(NH3)2]

2+-O-[CuII(NH3)2]
2+ intermediate is 

hydrolyzed by a neighboring H2O molecule forming two 
[(NH3)2-CuII-OH]+ active centers, thus closing the entire 
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redox cycle. Note that the generated NO2 molecule from 
the oxidation half-cycle further participates in the so-
called fast SCR reaction (NO + NO2 +2NH3 = 2N2 + H2O). 
The fast SCR reaction, as its name indicates, occurs in a 
facile manner under typically standard SCR conditions.1, 23 
Therefore, this reaction is not further discussed here.  
Details regarding individual steps of the oxidation half-
cycles of the standard SCR reaction are shown in Figures 
S3 and S4. It is important to emphasize that all of these 
reaction steps occur inside Cu/SSZ-13 cages in a homoge-
neous manner. 

On the basis of our experimental kinetics shown in Fig-
ure 3, we propose a Cu-loading dependent transition in 
the rate-limiting step of the proposed lower (≤ 250 °C) 
temperature SCR mechanism. At low Cu loading condi-
tions, formation of the [CuI(NH3)2]

+-O2-[CuI(NH3)2]
+ in-

termediate (ultimately governed by transport of 
[CuI(NH3)2]

+ ions) is the rate-limiting step while, at high 
Cu loadings, the reaction step involving the formation of 
both the [CuII(NH3)2]

2+-O-[CuII(NH3)2]
2+ intermediate and 

NO2 becomes rate-limiting. Using our structural model 
that contains two hexagonal unit cells and two isolated 
Cu-ion centers, the Arrhenius activation barrier and 
prefactor for the rate-limiting oxidation step are calculat-
ed. The obtained values, 76 kJ/mol and 9.9×109 s-1, are 
consistent with our experimental values of ~80 kJ/mol 
and ~107-108 s-1 obtained at high Cu loadings (Figure 3). 
The calculated Gibbs free energy change of −152 kJ/mol 
strongly suggests that this step is thermodynamically fa-
vorable and kinetically feasible at low temperatures (e.g., 
200°C). On the other hand, the relative ease of formation 
of the [CuI(NH3)2]

+-O2-[CuI(NH3)2]
+ intermediate is highly 

dependent on Cu loadings. For the mobile [CuI(NH3)2]
+ 

intermediate, considering the facts that (1) CuI and N 
both have atomic sizes > 0.5 Å, and (2) the Cu-N bond 
length is ~2 Å and the N-H bond length is ~1 Å, transport-
ing through Chabazite pores (~3.8 Å) will be sterically 
hindered unless it adopts the right orientation relative to 
the pore opening. Since random orientation of 
[CuI(NH3)2]

+ relative to pore openings is expected, it is 
very understandable that at low Cu loadings, [CuI(NH3)2]

+ 
transport can be a slow, i.e., rate limiting, process. 

In order to verify that diffusion limitation can indeed 
control the transport of [CuI(NH3)2]

+ at low Cu loadings, 
the diffusion coefficient for [CuI(NH3)2]

+ in Cu/SZZ-13 was 
calculated using an ab initio molecular dynamics (AIMD) 
simulation method. The AIMD simulation was performed 
in the canonical (NVT) ensemble with Nose-Hoover 
thermostat24 set to 200 °C. The time step was 0.5 fs and 
the total AIMD simulation time was 10 ps. As shown in 
Figure S5, the slope of the root mean square deviation 
(RMSD) with respect to time is the diffusion coefficient D, 
where D = RMSD/6t = 4.4×10-12 (m2/s). Note that this val-
ue falls well within the intracrystalline diffusion regime (< 
~10-8 m2/s).25 Even though the small D value itself does 
not prove that low-temperature SCR must be diffusion 
limited by [CuI(NH3)2]

+ transport, its bulky nature and 
electrostatic attractions with the zeolite framework make 
this highly likely at low [CuI(NH3)2]

+ concentrations. More 

importantly, our kinetics results collected at low Cu load-
ings are only consistent with the presence of such a rate 
limiting factor. 

As described above, Janssens et al. recently proposed an 
oxidation half-cycle pathway for the direct oxidation of 
individual Cu(I) to Cu(II) by O2+NO via formation of a 
nitrate intermediate.8 Herein DFT was also used to calcu-
late another possible pathway; that is, oxidation of indi-

vidual [CuI(NH3)2]
+ by O2+NO in the presence of H+ to 

regenerate the [(NH3)2-CuII-OH]+ active site. The detailed 
reaction profile is displayed in Figure S6.  The activation 
barrier for this pathway is as high as 175 kJ/mol, highly 
unlikely at low reaction temperatures. Again, this corrob-
orates our argument that reoxidation of individual Cu(I) 
to Cu(II) by O2+NO should only be considered as a high-
temperature process. 

It is worthwhile noting that there has been, thus far, no 
spectroscopic evidence for the formation of a transient 
dimeric Cu intermediate. For example, the recent study 
by Lomachenko et al. stated clearly that FT-EXAFS do not 
show any signal ascribable to Cu-Cu scattering paths.11 
However, this should not be taken as solid evidence 
against our proposed mechanism. In particular, as stated 
in the classic Thomas & Thomas text book, the transitory 
nature of some of the intermediates implicated in catalysis 

are such that their structures can best be ascertained by 

computational procedures, rather than by direct, experi-
mental ones.26  The low-temperature standard NH3-SCR 
mechanism proposed in the present study is the only one 
that is fully consistent with low-temperature SCR kinet-
ics, and is demonstrated here to be energetically feasible 
from theoretical calculations. We argue here that pro-
posals only involving redox of individual isolated Cu-ions 
are incomplete. Finally, this study shows that the catalytic 
standard NH3-SCR process naturally links homo- and het-
erogeneous catalysis, demonstrating the importance of 
the reaction media on the dynamics of the active sites and 
reaction kinetics. 

CONCLUSION 

Under well controlled differential reaction condition, 
standard SCR over low Cu-loaded Cu/SSZ-13 displays 
complex temperature and Cu loading dependence. At low 
temperatures (<250 °C), SCR rates depend linearly on 
square of Cu loading while at high temperatures (>350 
°C), SCR rates depend linearly on Cu loading. With the 
aid from DFT calculations, we demonstrate that the low-
temperature oxidation half-cycle of the SCR reaction can-
not be achieved on isolated Cu-ions; O2 activation re-
quires participation of a pair of mobile [CuI(NH3)2]

+ sites 
with the formation of a [CuI(NH3)2]

+-O2-[CuI(NH3)2]
+ in-

termediate. This chemistry occurs homogeneously within 
the SSZ-13 pores and is the rate-limiting step at low Cu 
loadings. At high temperatures, isolated Cu-ions anchor 
on the SSZ-13 framework and become immobilized. In 
this case, the oxidation half-cycle occurs on isolated Cu(I) 
sites with rather high activation barriers.    

EXPERIMENTAL SECTION 
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Sample preparation. SSZ-13 materials were synthe-
sized hydrothermally in house. The synthesis for SSZ-13 
with Si/Al = 6 via a static hydrothermal method has been 
described in detail elsewhere.27, 28 The SSZ-13 with Si/Al = 
12 was synthesized under continuous gel stirring, which 
has also been described in detail elsewhere.29 Cu/SSZ-13 
samples were prepared using a standard two-step solution 
ion exchange protocol reported previously, first with 
NH4NO3 followed by CuSO4 solutions at 80 °C.4, 5 In par-
ticular, to prepare Cu/SSZ-13 with exceedingly low Cu 
loadings, dilute CuSO4 solutions at 0.001 M were used. 
The as-synthesized Cu/SSZ-13 catalysts were dried and 
then calcined in static air at 550 °C for 5-8 hours before 
use. Structural integrity of the catalysts was routinely 
monitored with XRD and surface area/pore volume anal-
yses. Si, Al and Cu contents were determined with Induc-
tively Coupled Plasma Atomic Emission Spectroscopy 
(ICP-AES) at Galbraith Laboratories (Knoxville, TN, USA). 
Cu contents were further confirmed from Electron Para-
magnetic Resonance (EPR) analysis.4 

Reaction tests.  Standard NH3-SCR (4NH3 + 4NO + O2 
= 4N2 + 6H2O) reaction kinetics measurements were car-
ried out in a plug-flow reaction system described else-
where.4, 5 Powder samples were pressed, crushed and 
sieved (0.18-0.25 mm) prior to use. The feed gas contained 
350 ppm NO, 350 ppm NH3, 14% O2, 2.5% H2O and bal-
ance N2. All of the gas lines were heated to over 100 ºC to 
avoid water condensation. Concentrations of reactants 
and products were measured by an online Nicolet Magna 
560 FTIR spectrometer with a 2 m gas cell maintained at 
150 ºC. Prior to temperature-dependent steady-state reac-
tion measurements, the catalysts were activated in 14% 
O2/N2 flow for 1 h at 550 ºC. At each target temperature, a 
minimum waiting time of ~45 min was applied to reach a 
steady-state. Typically, the total gas flow was 300 sccm, 
and the gas hourly space velocity (GHSV) was estimated 
to be ~400,000 h-1 for a catalyst amount of 30 mg. For re-
actions carried out at ~350 ºC and above, a much higher 
GHSV of ~1,200,000 h-1 was chosen to maintain differen-
tial conversions. Reaction data were routinely checked to 
verify whether these are kinetically benign using the 
Koros-Nowak criterion.5, 6 NOx and NH3 conversions were 
calculated based on the following equations: 

��� 	����
�� ��	% =
"�� + ��$%&'()* − "�� + ��$ + �$�%,-*()*

"�� + ��$%&'()*

× 100 

�12	����
�� ��	% =
"�12%&'()* − "�12%,-*()*

"�12%&'()*

× 100 

Computational methods. Periodic DFT calculations 
were performed using the CP2K code.30 All DFT calcula-
tions employed a mixed Gaussian and planewave basis 
sets. Core electrons were represented with norm-
conserving Goedecker-Teter-Hutter pseudopotentials,31-33 
and the valence electron wavefunction was expanded in a 
double-zeta basis set with polarization functions34 along 
with an auxiliary plane wave basis set with an energy cut-
off of 360 eV. Larger cutoff energies of 500 and 600 eV 
with PBE functional, as well as HSE06 functional were 
also tested to confirm the accuracy of the calculation re-
sults (Table S1). The generalized gradient approximation 
exchange-correlation functional of Perdew, Burke, and 

Enzerhof (PBE)35 was used. The adsorption and reaction 
intermediate configurations were optimized with the 
Broyden-Fletcher-Goldfarb-Shanno (BGFS) algorithm 
with SCF convergence criteria of 1.0×10-8 au. It was found 
that the calculated total energy difference was negligible 
(<0.01 eV) when the maximum force convergence criteria 
of 0.001 hartree/bohr was used. To compensate the long-
range van der Waals dispersion interaction between the 
adsorbate and the zeolite framework, the DFT-D3 
scheme36 with an empirical damped potential term was 
added into the energies obtained from exchange-
correlation functional in all calculations. The vibrational 
frequencies of the molecules of interest were calculated in 
the harmonic oscillator approximation with a displace-
ment of 0.01 Å. Only the mobile reactants and neighbor-
ing water molecules were considered while the atoms on 
the zeolite frame treated as fixed. The SSZ-13 zeolite 
structure was modelled using two hexagonal unit cells 
(totally 72 T atoms) with the size parameters of 
13.6750×23.6858×14.7670 Å3. To mimic technically relevant 
Cu/SSZ-13 catalysts with Si/Al ratios of ~12-18, 6 Si atoms 
within the SSZ-13 model structure were replaced by 6 Al 
atoms, obtaining a model structure with the Si/Al ratio of 
11. 6 H atoms were also introduced on the O1 position of 
four O atoms connected with the Al atom to keep the 
structure charge neutral.37 On the basis of previous theo-
retical studies7-9, 21 and considerations shown above, 
[CuII(OH)]+ located in the window of eight membered 
ring was optimized as the initial configuration of the ac-
tive center. More details regarding the computation can 
be found in the supporting information. 
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Supporting Information.  Details on the DFT calculations, 
including optimized structure of Cu/SSZ-13 with 72 T atoms,  
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of [CuII(NH3)2]

2+-O-[CuII(NH3)2]
2+ intermediate, DFT calcu-

lated hydrolysis reaction profile for the formation of the ini-
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ics (AIMD) simulation of the diffusion of [CuI(NH3)2]

+ in 
Cu/SSZ-13, and DFT calculated reaction profile for the direct 
oxidation of single isolated Cu(I) to Cu(II) by O2 and NO, as 
well as calculated Gibbs free energies (kJ/mol) for the oxida-
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