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Abstract: Isolated copper ions exchanged onto zeolites catalyze the selective catalytic reduction (SCR) of 
nitrogen oxides with ammonia and dioxygen. We present evidence that the SCR mechanism at low 
temperatures involves full coordination and solvation of copper ions by ammonia, and the dynamic 
formation of binuclear cuprous amine complexes to activate dioxygen during oxidation half-cycles. We 
discuss the consequences of ionic tethering of cationic copper complexes at anionic framework aluminum 
centers in zeolites. This enables the reversible formation of multinuclear sites from mobilized single ions and 
provides energetically-favorable pathways to use dioxygen in partial oxidation catalysis at low temperatures. 
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1. Introduction  

Copper-exchanged chabazite (Cu-CHA) zeolites are used commercially in diesel emissions control for 
the selective catalytic reduction (SCR) of nitrogen oxides (NOX, x = 1, 2) with ammonia.1 After Cu ion 
exchange and high temperature oxidation treatments, Cu-CHA zeolites contain site-isolated divalent Cu ions 
that balance two proximal framework Al centers and monovalent CuOH complexes that balance single Al 
centers. These exchanged Cu ions behave as redox active sites (Cu2+/Cu+) for low temperature (<523 K) 
NOX SCR catalysis,2-4 however, the mechanistic details describing how dioxygen (a four-electron oxidant) 
participates in the Cu-catalyzed SCR redox cycle are imprecisely understood. Here, we combine 
experimental and theoretical evidence to support the mechanistic proposal that ammonia solvation of copper 
ions away from the zeolite lattice confers localized active site mobility, which enables the formation of 
binuclear copper complexes that activate dioxygen during the low temperature catalytic SCR redox cycle.5  

 
2. Experimental and Theoretical Methods 

Cu-CHA zeolites (Si/Al = 5, 15, 25; Cu/Al = 0-0.5) were synthesized with isolated Cu ions at varying 
spatial density, and characterized by UV-Visible spectroscopy, infrared spectroscopy, X-ray absorption 
spectroscopy (XAS), and active site titration techniques to verify their site isolated nature; these synthesis 
and characterization details are reported elsewhere.2 Kinetic measurements of SCR reactivity were measured 
in differential reactors under low temperature (423-523 K) standard SCR conditions (300 ppm NO, 300 ppm 
NH3, 10% O2, 5% CO2, 2.5% H2O, balance N2). Operando and transient XAS (Cu K-edge) were collected at 
the Advanced Photon Source at Argonne National Laboratory. Details of DFT calculations, molecular 
dynamics simulations, and statistical simulations of Cu site distribution and pairing are reported elsewhere.5 
 
3. Results and discussion 

SCR rates increase quadratically with Cu density on Cu-CHA samples with dilute Cu loadings, in a 
kinetic regime characterized by high apparent O2 reaction orders (0.7-1.0). In contrast, SCR rates increase 
linearly with Cu density on Cu-CHA samples with high Cu loadings, in a kinetic regime characterized by 
low apparent O2

 reaction orders (0.0-0.3). These kinetic data are consistent with the SCR oxidation half-



cycle being rate-limiting at low Cu ion densities, and with the SCR reduction half-cycle being rate-limiting 
at high Cu ion densities.5 Operando XAS was used to directly measure the distribution of Cu2+ and Cu+ 
oxidation states on Cu-CHA samples of varying Cu ion density, during steady-state catalysis. Cu ions were 
predominantly present as Cu+ on samples with low Cu ion density, and the fraction of Cu present as Cu+ 
decreased systematically with increasing Cu ion density (Fig. 1). These data provide direct confirmation that 
the SCR oxidation half-cycle is the rate-limiting process on Cu-CHA samples of low Cu ion density.  

Next, Cu-CHA samples of varying Cu ion density were reduced to their Cu+ states, and the transient 
Cu+-to-Cu2+ oxidation behavior was studied by XAS using either NO2 or O2 as the oxidant. NO2 oxidized 
every Cu+ site on each Cu-CHA sample with first-order kinetics, consistent with a reaction that formed 
mononuclear Cu2+ nitrite species. In contrast, O2 oxidized only a fraction of all Cu+ sites on each Cu-CHA 
sample, in a second-order kinetic process. Additionally, the fraction of Cu+ sites that were oxidized by O2 
increased systematically with increasing Cu ion density; this phenomena reflects the increased propensity of 
Cu ions to form pairs at higher spatial densities. We will discuss how experimental data were combined with 
insights from theory to support O2-oxidation of two Cu+ sites to form a binuclear copper-oxygen complex.  

 

 
Figure 1. Distribution of Cu+/Cu2+ oxidation states, measured in 
operando using XAS, during steady-state SCR catalysis (473 K) 
on Cu-CHA zeolites of varying Cu density. Inset shows a 
simplified redox cycle; O2 only participates in the oxidation half. 

 
 
Figure 2. Proposed low-temperature SCR catalytic cycle. 
Reduction steps proceed on site-isolated Cu2+ ions residing near 
one (left-hand cycle) or two (right-hand cycle) framework Al 
centers with constrained diffusion of Cu+ ions into single cages 
and oxidation by O2 (inner step).  

 
4. Conclusions 

 These findings support a catalytic SCR redox mechanism (Fig. 2) in which the reduction half-cycle is 
catalyzed by a mononuclear Cu complex, while the oxidation half-cycle is catalyzed by a binuclear Cu 
complex.5 Solvation of Cu ion sites by ammonia confers localized mobility, providing a mechanism for the 
dynamic interconversion of mononuclear and binuclear Cu active sites during steady-state catalysis. This 
catalytic phenomenon falls outside conventional descriptions of heterogeneous and homogeneous single-site 
behavior, and provides new pathways for dioxygen activation at mild conditions in redox catalysis. 
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conditions and temperature. The XANES data
show that CuI is theminority oxidation state at the
highest Cu density and smallest mean Cu-Cu
separations (<~15 Å) during steady-state cata-
lytic operation but that its proportion increases
with decreasing Cu density to the point that
it becomes the majority oxidation state in the
most dilute sample (meanCu-Cu distance ~29Å).
In this dilute limit, the operando XANES and
extended x-ray absorption fine structure (EXAFS)
spectra become indistinguishable from those of
a CuI-CHA sample reduced in situ or of CuI(NH3)2
in aqueous solution (fig. S5 and table S4) (10).
This observation suggests that CuI→CuII oxi-
dation rates increase with Cu ion density and
implies non–single site behavior in the oxidation
half-cycle, a process that is not well understood
mechanistically beyond the observation that it
consumes O2 (12).
The coordination states of site-isolated CuI

and CuII ions under standard SCR conditions
at 473 K have been explored previously in detail
(10). X-ray absorption spectroscopy (10), x-ray
emission spectroscopy (19, 20), and density func-
tional theory (DFT)–based models (10) (including
ab initio thermodynamic phase diagrams in figs.
S17 and S18) show that NH3 outcompetes other
gases present under standard SCR conditions,
including H2O, for binding at both CuI and
CuII ions, which are respectively two- and four-
fold coordinated. Consistent with these find-
ings, the standard SCR reaction rate is zero
order with respect to water pressure (1 to 10%
atm; fig. S19). Schematic illustrations of the
most probable coordination states of CuI and
CuII ions under these conditions are shown in
the inset of Fig. 2.
In the high–Cu density samples (Fig. 2, sam-

ples c to g), the first-shell Cu coordination num-
ber (CN) derived from operando EXAFS is three,
consistent with the expectation for a nearly equi-

molar mixture of CuI and CuII [(10), table S4].
The CN decreases to two in the fully reduced
(Fig. 2, samples a to b), lowest–Cu density sam-
ples, consistent with site-isolated CuI(NH3)2
as the most abundant reactive intermediate
present during steady-state standard SCR. In
this limit, the SCR turnover rate is solely limited
by the CuI→CuII half-reaction. The increase in
apparent O2 reaction order from 0.3 to 0.8 with
decreasing Cu density reinforces the increasing
kinetic relevance of the CuI→CuII half-cycle as
Cu becomesmore dilute (Fig. 1). This change also
correspondswith the transition froma first-order
to a second-order dependence of SCR rate on Cu-
ion density [Fig. 1, (18)]. From these observa-

tions, we conclude that the kinetically relevant
O2-consuming step in the oxidation half-cycle is
sensitive to Cu density.

CuI site density requirements differ for
oxidation with O2 and NO2

To probe the coupled roles of O2 and Cu
density in the oxidation half-cycle, Cu-CHA-29,
Cu-CHA-20, and Cu-CHA-15 (Fig. 2, labels a, c,
and h, respectively) were first reduced to the
CuI state in flowing NO and NH3 (details in SM
section S3, figs. S6 to S8) (10). Then, samples
were held under flowing O2, and the transient
evolution of the Cu oxidation state was moni-
tored by using XANES. The CuI fraction decayed
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Fig. 1. Cu-density dependence of SCR rates. (A) The CHA cage (36) and
schematic representation of theCu iondensities perCHAcage in samples a andg.
(B)StandardNOxSCRrates (per volumecatalyst; 473K;measured in adifferential
reactor by using a gas mixture representative of practical low-temperature

application, including 2.5% H2O; details in SM section S2) and apparent O2

orders measured on Cu-CHA-X samples (Si/Al = 15, table S3) of increasing
Cu ion density. Colored line is a visual guide; regression fits to the quadratic (R2 =
0.99) and linear (R2 = 0.99) kinetic regimes are detailed in SM section S2.

Fig. 2. Cu-density dependence
of operando Cu oxidation
state.The dependence of CuI

fraction on Cu ion volumetric
density during steady-state
standard SCR at 473 K was
measured by XANES (details in
SM section S3). Data points
include samples a, f, and g
shown in Fig. 1 (Si/Al = 15, filled
squares), samples at Si/Al =
4.5 and Si/Al = 25 (open
squares), and comparable
literature data [open circle
Ref (19), Si/Al = 16; open
triangle Ref (17), Si/Al = 4.5].
Inset shows NH3-solvated,
isolated CuI and CuII species
previously observed and com-
puted (10) to be present during
standard SCR at 473 K. Gray,
Cu; green, Al; yellow, Si; red,
O; blue, N; and white, H. The colored arrow is a visual guide; error bars represent the absolute 5%
uncertainty from linear combination XANES fitting (details in SM section S3).
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with quantitative analysis of the transient oxida-
tion of CuI with O2. In contrast with previous
assertions (34), binuclear CuII intermediates can
be detected experimentally and are structurally
distinct from the mononuclear NH3-solvated CuII

observed in operando (10, 20), and the number of
such binuclear sites that can form on a given
Cu-CHA sample can be quantitatively predicted.
These results motivate a revision of previous
mechanisms to incorporate this dynamic coupling
of isolatedCu ions, as illustrated in Fig. 6. Isolated,
NH3-solvatedCu

II ions charge-compensating either
one (left cycle) or two (right cycle) framework Al
sites are reduced by NO and NH3 to produce
N2, H2O, and CuI(NH3)2. These two paths are
distinguished only by the fate of the proton
that is also generated (10). Mobile CuI(NH3)2
species can diffuse and combine in a reaction
that consumes O2 and generates the CuII dimer
intermediate observed here. We confirmed that
this binuclear CuII complex reacts with two equiv-

alents of NO per Cu (SM section S6, fig. S12)
to regenerate CuI(NH3)2 and close the SCR cycle.
A key aspect of our model is that Cu ions

supported on the zeolite are neither mobile as
prescribed by molecular diffusion processes,
as in a homogeneous catalyst, nor segregated
into separate ensembles of active and inactive
sites, as in a heterogeneous catalyst. Rather,
all Cu ions located within diffusion distances
of other ions can potentially form Cu pairs
dynamically and reversibly during the SCR
cycle, at rates influenced by the mobility and
effective diffusion distances of Cu ions. Thus,
rates of O2-assisted oxidations are sensitive to
Cu proximity and could also be sensitive to the
zeolite support composition and topology. By
contrast, all NH3-solvated CuI sites are equiv-
alently susceptible to first-order oxidation by
NO2, independent of Cu spatial density, and are
subsequently reducible by NO and NH3. These
observations demonstrate that fast SCR, in which

oxidation capacity is provided by NO2 rather
than O2

2NH3 þ NOþ NO2→ 2N2 þ 3H2O ð4Þ

is not linked through a common intermediate
to standard SCR under conditions in which Cu
sites are solvated by NH3 (16). NO2 oxidants accel-
erate SCR rates both by accelerating CuI oxida-
tion kinetics and by engaging a larger fraction
of Cu sites in the catalyst.
At higher temperatures (>523K), standard SCR

rates are independent of Cu density (12, 18), the ap-
parent activation energy increases to 140 kJmol−1

(18), and Cu ions lose their NH3 solvation shell
(12), implicating the involvement of different O2

activation steps that do not occur at the Cu ion
pairs formed dynamically at lower temperatures
(<523 K). Of greater practical importance to NOx

emissions control is to increase SCR rates at even
lower temperatures (<473 K) (12). The results
here imply that standard SCR onset (“light-off”)
temperatures, which are observed to depend on
zeolite composition, topology, andCu distribution
(35), are sensitive to changes in rate-determining
O2 activation steps. Thus, optimization of Cu
spatial distribution and promotion of Cumobility
are promising strategies for accelerating CuI

oxidation rates and improving low-temperature
SCR catalysts.

Outlook

Our results point to a previously unrecognized
catalytic mechanism that embodies salient fea-
tures of homogeneous and heterogeneous cat-
alysts. This mechanism encompasses solvent
mobilization of discrete active site precursors
(e.g., single metal ions) and ionic bonds to the
support that limit their mobility. The active site
precursor has an effective diffusion distance and
occupies a volumetric footprint that restricts its
interactions only to other precursors within
overlapping volumes; such catalytic behavior
cannot be described by mean-field, Langmuir
kinetics. The ionic tethering motif provides op-
portunities to confer catalytic benefits beyond
immobilization strategies based on covalent an-
chors or tethers. This motif enables the in situ
dynamic generation of multinuclear complexes
implicated as active sites in O2 activation and
therefore could also apply to other reactions,
such as the partial oxidation of methane to
methanol on Cu-zeolites. We expect that design
parameters to regulate the mobility of active
sites and their precursors would include the
structure, composition and electronic conduc-
tivity of the support, and the molecules that
solvate such sites to promote their mobility. Ma-
nipulating these variables could open approaches
to catalyst design for a wide variety of reactions
by combining knowledge from homogeneous and
heterogeneous catalysis.
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Fig. 6. Proposed low-temperature
SCR catalytic cycle. Reduction
steps proceed on site-isolated CuII

ions residing near one (left-hand
cycle) or two (right-hand cycle)
framework Al centers with con-
strained diffusion of CuI ions into
single cages and oxidation by
O2 (inner step). NH4

+ is formed and
consumed in the right-hand cycle
to maintain stoichiometry and
charge balance. Gray, Cu; yellow,
Si; red, O; blue, N; and white, H.
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Fig. 5. Simulated CuI(NH3)2 diffusion up to 11 Å from charge-compensating Al. On left, the
metadynamics-computed free energy at 473 K of CuI(NH3)2 in the 72–T site CHA supercell versus
Cu-Al distance. The red line is the energy profile predicted from a point-charge electrostatic model,
described in SM section S9. Labeled are reactant state (1) [CuI(NH3)2 in the same cage as Al],
transition state (2) [CuI(NH3)2 diffusion through 8-MR], and product state (3) [CuI(NH3)2 in
the neighboring cage without Al]. Corresponding representative CuI(NH3)2 configurations from
the trajectories are shown on the right. Gray, Cu; green, Al; blue, N; and white, H.
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