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Abstract

The selective catalytic reduction (SCR) of NOx with NH3 over Cu-exchanged chabazite 

(CHA) zeolites at low temperatures (<523 K) occurs via a redox mechanism in which O2 

oxidizes two NH3-solvated CuI sites, and NO and NH3 react together to reduce NH3-solvated 

CuII sites. Increasing the Cu ion density in Cu-CHA zeolites increases the kinetic relevance of 

CuII reduction relative to CuI oxidation during SCR at fixed gas pressures, given the dual-site 

requirement of CuI oxidation but the single-site requirement of CuII reduction. Apparent 

activation energies (Eapp) measured at fixed gas pressures increase with Cu ion density, at first 

glance suggesting that CuI oxidation has a lower Eapp value than CuII reduction, assuming mean-

field kinetic behavior wherein barriers are independent of Cu site density. Here, steady-state 

SCR rates were measured at varying O2 pressures (1–60 kPa) and temperatures (446–501 K) to 

isolate Eapp values for CuI oxidation and CuII reduction on Cu-CHA samples of varying Cu ion 

density (0.065–0.35 Cu per 103 Å3), revealing instead that Eapp values depend on Cu density for 

both CuI oxidation and CuII reduction steps. Eapp values for CuI oxidation increase monotonically 

with Cu density in the full range studied, while Eapp values for CuII reduction are invariant with 

Cu density except at the lowest Cu densities (0.065–0.10 Cu per 103 Å3). Moreover, the small 

differences between Eapp values for CuI oxidation and CuII reduction indicate that their kinetic 

relevance depends only weakly on temperature for a given Cu-CHA sample. These findings 

sharply contrast the conclusions from previously reported Eapp data measured at fixed gas 

pressures and interpreted using mean-field kinetic descriptions, and illustrate the importance of 

measuring rate data over wide ranges of reaction conditions and sample compositions to more 

precisely describe the non-mean-field kinetic behavior of NH3-solvated Cu ions that become 

mobilized in zeolites during low-temperature SCR catalysis. 



Highlights

 Rates of NOx SCR redox cycle depend on Cu ion density and kinetic regime

 Langmuirian kinetic model describes SCR rates at varying O2 pressure and temperature

 Eapp values for both CuI oxidation and CuII reduction depend on Cu density 

 Kinetic relevance of CuI oxidation and CuII reduction depends weakly on temperature

 Changes in Eapp with Cu ion site density reflect non-mean-field kinetic behavior
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1. Introduction

The selective catalytic reduction (SCR) of nitrogen oxides (NOx, x = 1,2) with NH3 using 

Cu-exchanged chabazite (CHA) zeolites is a commercial technology to mitigate NOx emissions 

in diesel and lean-burn engines [1,2]. The majority of NOx emissions occur at low engine 

exhaust temperatures (<523 K) corresponding to cold-start and low-load conditions [3,4]. In this 

low-temperature regime, NH3 solvates and mobilizes Cu ion sites [5–10] to facilitate a redox 

mechanism in which two CuI(NH3)2 complexes react with O2 to form binuclear O2-bridged NH3-

solvated CuII complexes in the SCR oxidation half-cycle [11–14], while NO and NH3 react 

together to reduce NH3-solvated CuII complexes to CuI(NH3)2 in the SCR reduction half-cycle 

[5,15–17]. A deeper understanding of the reaction mechanism, kinetically relevant steps, and 

active site requirements under low-temperature reaction conditions would provide practical 

guidance on catalyst design and operation strategies to further mitigate NOx emissions in 

aftertreatment systems [18].

Computational investigations of CuII reduction and CuI oxidation pathways have shed 

light on the mechanisms and activation barriers of processes relevant to SCR catalysis. 

Reduction of NH3-solvated CuII complexes occurs via the reaction of NO and NH3 to form 

H2NNO or HONO intermediates, which further decompose to yield N2 and H2O products 

[7,11,17,19–21]. Paolucci et al. reported density functional theory (DFT) evidence that NO-

assisted cleavage of an N-H bond in a bound NH3 ligand to form an H2NNO intermediate 

proceeds with similar activation energy barriers on both mononuclear CuII(NH3)4 (74 kJ mol-1) 

and CuII(NH3)3OH (71 kJ mol-1) complexes [7,17]. The CuI oxidation half-cycle proceeds via 

reaction of two CuI(NH3)2 complexes with O2 to form O2-bridged binuclear CuII intermediates, 

which may require diffusion of CuI(NH3)2 complexes through 8-membered ring (MR) CHA 



windows into adjacent CHA cages [11–14,19,22–24], as probed by Paolucci et al. using 

metadynamics simulations to show that CuI(NH3)2 complexes can diffuse ca. 11 Å away from an 

Al center into an adjacent CHA cage with a free energy barrier of ca. 55 kJ mol-1 [12]. DFT 

calculations showed that CuI(NH3)2 diffusion through an 8-MR window into an adjacent CHA 

cage containing a second CuI(NH3)2 complex has an activation energy barrier of 35 kJ mol-1; this 

is followed by exothermic O2 adsorption, suggesting that intercage Cu diffusion rather than O2 

activation limits rates of the CuI oxidation half-cycle.

The outlet exhaust gas temperature changes as a function of time during practical 

operation of NOx SCR aftertreatment systems [25]. Apparent activation energies (Eapp) describe 

how measured reaction rates change with temperature, and thus influence practical assessments 

of NOx SCR performance often measured in the form of conversion versus temperature profiles, 

and Eapp values also contain mechanistic information about the energy landscape for a catalytic 

cycle. This work is focused on temperature-dependent SCR reactivity in the low-temperature 

regime (<523 K) wherein Cu ions remain predominantly solvated by NH3 during catalysis 

[7,12,26], and not in higher temperature regimes (>523 K) that lead to NH3 de-solvation of Cu 

ions [7,8] and consequently higher Eapp values (ca. 140 kJ mol-1 [27]) reflecting SCR reaction 

pathways on framework-bound Cu sites. In the low-temperature regime, Eapp values measured on 

Cu-CHA zeolites at fixed gas conditions have been reported between 40–100 kJ mol-1 

[7,11,12,16,27,28] and increase systematically with Cu ion density [11,12,16,27]. Paolucci et al. 

reported that Eapp values (ca. 473 K, 0.030 kPa NO, 0.030 kPa NH3, 10 kPa O2, 2.5 kPa H2O, 

balance N2) increased from 47 to 74 kJ mol-1 as the Cu ion density in CHA (Si/Al = 15) 

increased from 0.03 to 0.41 Cu per 103 Å3 [12]. Similarly, Gao et al. reported that Eapp values 

(<473 K, 0.035 kPa NO, 0.035 kPa NH3, 14 kPa O2, 2.5 kPa H2O, balance N2) increase from ca. 



40 to ca. 85 kJ mol-1 as the Cu ion density in CHA increased from <0.04 to 0.78 Cu per 103 Å3 

[11,27]. This increase in Eapp values with Cu density appears to correspond to a transition from 

dual-site CuI oxidation to single-site CuII reduction as the dominant kinetically relevant step, as 

evidenced by steady-state CuI fractions (measured by XAS) and O2 reaction orders that decrease 

with increasing Cu density at fixed reaction conditions [12]. Such data are often interpreted using 

mean-field kinetic treatments wherein barriers associated with each half-cycle are assumed to be 

independent of Cu site density, which would suggest that CuI oxidation has a lower Eapp than 

CuII reduction [11,12,27]. In other contexts, variations (or lack thereof) in Eapp values as a 

function of catalyst and SCR gas compositions have been interpreted as reflecting changes (or 

lack thereof) to the kinetic relevance of elementary steps such as Cu ion diffusion and O2 

activation within the CuI oxidation half-cycle [28]. These prevailing literature interpretations of 

Eapp values implicitly assume that they solely reflect the kinetic regime under which SCR rates 

are measured, and are independent of active site density. However, SCR rate measurements at 

fixed gas conditions convolute the potentially distinct influences of kinetic regime and active site 

density, obscuring the underlying dependences of Eapp values for CuI oxidation and CuII 

reduction steps on Cu ion density.

Prior work to isolate the kinetic behavior of CuI oxidation and CuII reduction processes 

on Cu-CHA materials of varying Cu ion density involved studies in which the O2 pressure was 

varied widely (1–60 kPa) to alter the kinetic relevance of CuI oxidation and CuII reduction steps 

during steady-state SCR [26]. With increasing O2 pressure, operando XAS showed that the most 

abundant reactive intermediate (MARI) transitions from NH3-solvated CuI to NH3-solvated CuII  

species [26,29]. Consistent with this observation, XAS measurements during NOx SCR catalysis 

have shown that Cu oxidation states increase with position in the catalyst bed due to the 



increasing oxidant-to-reductant ratio as a function of NO conversion [30,31], and oscillations in 

the oxidant-to-reductant gas ratio induce oscillations to Cu oxidation states [32]. Oda et al. 

monitored Cu species using in situ UV-visible spectroscopy in the presence of SCR gases (NO, 

NH3, O2) and observed that bands assigned to binuclear O2-bridged Cu intermediates increased 

in intensity with O2 pressure [33]. Jones et al. measured SCR rates at varying O2 pressures and 

fitted them to a Langmuirian model to extract rate constants associated with CuI oxidation and 

CuII reduction [26], reporting that CuI oxidation rate constants (per Cu, 473 K) increase 

systematically with Cu density as expected from the dual-site requirement for the CuI oxidation 

step, and that CuII reduction rate constants (per Cu, 473 K) increase with a weakly positive 

dependence on Cu density due to the residual influence of a changing fraction of Cu ions that are 

able to form binuclear intermediates. This mean-field kinetic modeling approach (i.e., rates 

normalized per total Cu) to analyzing CuI oxidation and CuII reduction rates is inherently non-

rigorous in that NOx SCR catalysis displays non-mean-field kinetic behavior resulting from the 

dynamic interconversion of mononuclear and binuclear NH3-solvated Cu ions, whose mobility 

within zeolitic voids is restricted by electrostatic tethering to charge-balancing framework 

anionic centers at Al sites [12,18]. Nevertheless, as espoused by Boudart [34], such mean-field 

approaches to quantify catalytic turnover rates (normalized per purported active site) enable 

detecting deviations from the kinetic behavior expected of identical, non-interacting sites, and 

provide a roadmap to identify and interpret non-mean-field kinetic behavior [35].

Here, we further explore the non-mean-field nature of low-temperature NOx SCR 

catalysis by measuring Eapp values for CuI oxidation and CuII reduction half-cycles on Cu-CHA 

zeolites from steady-state SCR rate measurements across varying O2 pressures (1–60 kPa) and 

temperatures (446–501 K), and determining the dependence of Eapp values on Cu ion density. 



Contrary to prevailing literature interpretations of Eapp values estimated from SCR rate data 

measured at fixed gas conditions and assumed to be site-density independent, we report that Eapp 

values for both CuI oxidation and CuII reduction increase with Cu ion density, and more strongly 

for CuI oxidation than for CuII reduction. Moreover, changes in reaction temperature are 

predicted to weakly influence the extent to which CuI oxidation and CuII reduction processes 

limit SCR rates in the low-temperature regime. Furthermore, changes to Eapp values with active 

site density in a given kinetic regime are inconsistent with mean-field kinetic descriptions, 

implying that both CuI oxidation and CuII reduction half-cycles are sensitive to the mobility and 

proximity of Cu ions. 

2. Methods 

Details concerning CHA zeolite synthesis, Cu aqueous ion exchange, identification of the 

CHA topology by X-ray diffraction (XRD) (Fig. S1, SI), micropore volumes by Ar adsorption 

(Fig. S2, SI), elemental analysis by inductively coupled plasma optical emission spectroscopy 

(ICP-OES), and titration of H+ sites on H-form and Cu-form zeolites by NH3-temperature 

programmed desorption (TPD) (Table S1, SI) are provided in the Supporting Information 

(Sections S.1–S.2, SI). 

NOx selective catalytic reduction (SCR) kinetic data were measured using a tubular 

quartz reactor system described previously [16]. Zeolite materials were sieved to obtain particle 

sizes between 125–250 µm in diameter. A bed height of approximately 1 cm was obtained by 

diluting with silica gel (Davisil, 250–500 µm in diameter). NO conversions were kept below 

20% to ensure a nearly constant gas concentration across the catalyst bed, using a reactant gas 

composition of 0.03 kPa NO (3.5% NO/Ar, Praxair), 0.03 kPa NH3 (3.0% NH3/Ar, Praxair), 7 



kPa CO2 (liquid, Indiana Oxygen), 1–60 kPa O2 (99.5%, Indiana Oxygen), 1 kPa H2O 

(deionized, 18.2 MΩ cm, introduced through a 24’’ Perma Pure MH NafionTM Series 

Humidifier), and balance N2 (boil-off from a liquid N2 dewar) at ambient total pressure. The 

balance N2 was composed of two independent gas streams, one which passed through the 

humidifier and was used as a carrier to maintain gas-phase water partial pressures at 1 kPa 

(“wet” N2) and another which was used as a carrier for other gas-phase reactants (“dry” N2). The 

3.5% NO/Ar stream was pre-diluted by the “wet” N2 carrier stream and CO2 prior to mixing with 

the pure O2 stream, to mitigate background NO2 formation that occurs upon mixing of 

concentrated NO and O2 streams. The total gas flow rate was 16.7–41.7 cm3 s−1 (at ambient 

temperature and pressure) and the mass of CHA solids was 0.0109–0.0605 g , chosen to maintain 

differential NO conversion. Outlet NO, NO2, NH3, CO2, and H2O concentrations were measured 

every 0.95 s using on-board gas calibrations on a gas-phase Fourier Transform Infrared (FTIR) 

spectrometer (MKS MultigasTM 2030). The rate of NO consumption was calculated according to:

 (1)― 𝑟𝑁𝑂 =  
(𝑦𝑁𝑂,𝑖𝑛 ― 𝑦𝑁𝑂,𝑜𝑢𝑡) 

106

𝑃𝑉𝑡𝑜𝑡𝑎𝑙

𝑅𝑇

where  is the volume fraction of NO in ppm,  is the total volumetric flow rate, P is the 𝑦 𝑉𝑡𝑜𝑡𝑎𝑙

ambient pressure, T is the ambient temperature, and R is the gas constant. 

The rate of “standard” SCR (Eq. 2) was determined by correcting the overall rate of NO 

consumption measured in each experiment for contributions to NO consumption resulting from 

“fast” SCR (Eq. 3) reactions with NO2, present both as an impurity in NO gas cylinders and 

formed via gas-phase NO oxidation reactions within the reactor unit (details reported in our 

previous work [26]). 

    (2)4 𝑁𝐻3 + 4 𝑁𝑂 +  𝑂2→ 4 𝑁2 + 6 𝐻2𝑂

 (3)4 𝑁𝐻3 + 2 𝑁𝑂 +  2 𝑁𝑂2→ 4 𝑁2 + 6 𝐻2𝑂



We additionally validated that NO2 outlet concentrations measured in a blank reactor containing 

only SiO2 gel change by <10% when the reactor temperature is changed from 446–501 K (at 

fixed gas conditions), consistent with reported Eapp values for gas-phase NO oxidation to NO2 

that are near 0 kJ mol-1 [36]. Thus, we used the NO2 concentration measured in a blank reactor at 

a fixed temperature of 473 K, while varying gas flow rates, O2 pressures, and NO pressures [26], 

to quantitatively correct the rate of NO consumption for contributions from “fast” SCR and thus 

calculate the rate of “standard” SCR. The magnitude of this correction factor as a function of O2 

pressure (473 K) is shown for representative samples of lower (Cu-CHA-0.084) and higher (Cu-

CHA-0.035) Cu density in Fig. S4 (SI). SCR rates are nearly independent of the reactant gas 

flow rate, which changes the concentration of NO2 in the reactor formed via gas-phase NO 

oxidation [26], providing evidence that trace NO2 contaminants do not significantly influence 

measured rate data. Additionally, calculating SCR rates without applying the correction factor 

for “fast” SCR does not change the trend in Eapp values when comparing representative samples 

of low and high Cu density (Table S2, SI). However, we cannot rule out more complex 

influences of NO2 on SCR rates, such as in situ generation and consumption of NO2 at the 

catalyst surface, given that “fast” SCR reactions involving NO2 as the oxidant have different 

active site requirements than “standard” SCR pathways involving O2 as the oxidant [12]. 

Measured SCR rates were independent of space velocity and thus insensitive to external 

transport artifacts, as reported in our prior work [26]. Measured SCR rates were also found to be 

uncorrupted by intracrystallite transport artifacts according to the Weisz-Prater criterion [37], as 

reported in our previous work [26]. SCR rates were shown to be independent of H2O (0.2–4 kPa) 

[12,38] and CO2 (0–16 kPa) [16,38] pressures in our previous work. Apparent reaction orders in 

O2 were measured by varying O2 pressure from 1–4 kPa (a range of 2–5 kPa was used for Cu- 



Cu-CHA-0.065, Cu-CHA-0.084 and Cu-CHA-0.10), 5–15 kPa and 40–60 kPa, respectively, 

while maintaining differential conversion and holding other gas pressures constant (0.030 kPa 

NO, 0.030 kPa NH3, 1 kPa H2O, 7 kPa CO2 in balance N2 at 473 K). Apparent reaction orders in 

NO were measured by varying NO pressure from 0.0075–0.06 kPa while maintaining differential 

conversion and holding other gas pressures constant (1, 10, or 60 kPa O2; 0.030 kPa NH3, 1 kPa 

H2O, 7 kPa CO2 in balance N2 at 473 K). Apparent reaction orders in NH3 were measured by 

varying NH3 pressure from 0.015–0.090 kPa while maintaining differential conversion and 

holding other gas pressures constant (1, 10, or 60 kPa O2; 0.030 kPa NO, 1 kPa H2O, 7 kPa CO2 

in balance N2 at 473 K). The logarithm of SCR reaction rates was plotted against the logarithm 

of reactant pressure and regressed to a linear function, whose slope was taken as the apparent 

reaction order. For Eapp measurements on a given Cu-CHA sample, SCR rates at varying O2 

pressures were measured at four or five different temperatures, typically ca. 10 K apart, within 

the temperature range 446–501 K. SCR rates were measured at a fixed temperature while 

varying the O2 pressure in a non-monotonic order, before changing to a different reaction 

temperature, which also varied in a non-monotonic order. The space velocity was adjusted to 

maintain differential conversion of NO and NH3, with higher space velocities used at higher 

reaction temperatures.  

Eapp values for CuI oxidation and CuII reduction, and rate constants at a reference 

temperature (473 K) for CuI oxidation and CuII reduction, were computed by non-linear 

regression of experimental rate data to a kinetic model, as described in Section 3. Model fitting 

was performed in the OriginPro2020 software package by minimizing the sum of squared 

absolute errors between model-predicted results and experimental data. Error bars on model-

fitted parameters are computed as 95% confidence intervals, equal to 1.96× the standard error. 



3. Results and Discussion

3.1. Eapp values measured at fixed gas pressures increase systematically with Cu density

To study how Cu ion density influences the kinetics of CuI oxidation and CuII reduction 

processes during SCR catalysis, Cu-CHA samples were prepared at fixed framework Al content 

(Si/Al = 15) but with varying Cu ion densities as summarized in Table 1 (additional synthesis 

and characterization data reported in Sections S.1 and S.2, SI). Cu-CHA samples are denoted as 

Cu-CHA-X, where X indicates the mean Cu volumetric density (number of Cu atoms per 103 

Å3). Mean Cu volumetric densities vary from 0.065–0.35 Cu atoms per 103 Å3, corresponding to 

approximately one Cu ion per fifteen to four CHA cages (Table 1). A suite of characterization 

methods described in our previous work demonstrate that this set of samples contains 

predominantly ion-exchanged Cu, including operando XANES and EXAFS spectra during 

steady-state SCR catalysis (473 K) that are consistent with NH3-solvated CuI and CuII ions, ex 

situ UV-visible spectra that do not show features for Cu-oxide nanoparticles, and NH3-TPD 

measurements (Table S1, SI) indicating that Cu ions exchange for either one (CuIIOH) or two 

(CuII) Brønsted acid sites in the zeolite framework [12,26].

Table 1. Composition data for the Cu-CHA samples studied, reproduced with permission from 
Ref [26]. 

Sample a Cu/Al Cu wt% Cu per 
CHA cage

Number of 
cages per Cu

Cu-CHA-0.065 0.07 0.46 0.050 20.0
Cu-CHA-0.084 0.09 0.59 0.065 15.4
Cu-CHA-0.10 0.10 0.69 0.075 13.3
Cu-CHA-0.17 0.18 1.21 0.13 7.5
Cu-CHA-0.23 0.24 1.60 0.18 5.7
Cu-CHA-0.29 0.31 2.04 0.22 4.5
Cu-CHA-0.31 0.33 2.16 0.24 4.2
Cu-CHA-0.35 0.37 2.47 0.27 3.7

a Samples denoted Cu-CHA-X, where X = Cu volumetric density (per 103 Å3).



Fig. 1 shows that Eapp values estimated from SCR rate data measured at fixed gas 

conditions (10 kPa O2) increase with Cu density, consistent with prior reports [11,12,27]. At 

fixed gas conditions, measured O2 reaction orders (473 K) decrease with increasing Cu density, 

which reflects the decreasing kinetic relevance of dual-site CuI oxidation steps and the increasing 

kinetic relevance of single-site CuII reduction steps. Eapp values are found to correlate with the O2 

reaction order (Fig. S5, SI); assuming a single Eapp value for CuI oxidation and CuII reduction 

that is independent of Cu density, these data would imply a lower Eapp value for CuI oxidation 

(37 ± 10 kJ mol-1) than for CuII reduction (116 ± 12 kJ mol-1) corresponding to the linear 

correlation in Fig. S5 (SI). Yet, the mean-field assumption that Eapp values for CuI oxidation and 

CuII reduction are independent of Cu density may be invalid, given that rate constants for CuI 

oxidation and CuII reduction steps (per Cu, 473 K) depend on Cu ion density and thus reflect 

non-mean-field kinetic behavior [26]. Kinetic measurements at fixed gas conditions (Fig. 1) 

convolute effects due to the changing relevance of each redox half-cycle and the changing Cu 

ion density, motivating additional kinetic measurements to directly determine the underlying 

dependences of CuI oxidation and CuII reduction Eapp values on Cu ion density. 



Figure 1. Eapp values measured at fixed gas conditions (measured at four or five temperatures 
between 446–501 K, 10 kPa O2, 0.030 kPa NO, 0.030 kPa NH3, 7 kPa CO2, 1 kPa H2O, balance 
N2) and O2 reaction orders (473 K, ca. 10 kPa O2) on samples of varying Cu density. Error bars 
on Eapp values represent 95% confidence intervals associated with best-fit regression of the data 
to the Arrhenius equation.

3.2. Isolating rate constants for CuI oxidation and CuII reduction as a function of temperature 

and Cu density

To isolate the kinetic behavior of CuI oxidation and CuII reduction half-cycles, SCR rates 

were measured with widely varying O2 pressure to change the kinetic relevance of each half-

cycle. We showed previously that both the O2 reaction order and the steady-state CuI fraction 

measured by operando XAS decrease with increasing O2 pressure (Fig. S6a, SI), confirming that 

CuI oxidation becomes less kinetically relevant and CuII reduction becomes more kinetically 

relevant with increasing O2 pressure [26]. SCR rates measured as a function of O2 pressure (1–60 

kPa) and at different temperatures (446–501 K) on Cu-CHA-X samples of varying Cu density in 



Fig. 2. Fig. 2 shows that SCR rates display a Langmuirian dependence on O2 pressure on Cu-

CHA samples of varying Cu density and at different temperatures. SCR rates (per Cu) at a given 

temperature increase with Cu ion density among Cu-CHA samples, consistent with prior 

observations in the literature and also shown in Fig. S6b (SI) at a fixed temperature of 473 K 

[11,12,26,27]. At a fixed O2 pressure within the range 1–60 kPa O2, Cu-CHA samples of higher 

Cu density show a weaker dependence on O2 pressure, as evidenced by O2 reaction orders (473 

K) that decrease with increasing Cu density (Table S3, SI) [26]. O2 reaction orders are typically 

fractional and vary with Cu density, indicating that rate measurements at any fixed O2 pressure 

within this range (1–60 kPa O2) do not rigorously allow extracting kinetic information about the 

CuI oxidation- and CuII reduction-limited kinetic regimes. Thus, measured rate data were 

regressed to a Langmuirian rate expression (Eq. 4) to extract rate constants in kinetic regimes 

that are first-order in O2 and thus limited by CuI oxidation (kfirst), or zero-order in O2 and thus 

limited by CuII reduction (kzero) [26]. 

(4)
―rNO

[Cu𝑡𝑜𝑡] =  
𝑘𝑓𝑖𝑟𝑠𝑡k𝑧𝑒𝑟𝑜𝑃𝑂2

𝑘𝑧𝑒𝑟𝑜 + k𝑓𝑖𝑟𝑠𝑡𝑃𝑂2





Figure 2. Steady-state SCR rates (per Cu, 473 K) as a function of O2 pressure on Cu-CHA-X 
samples (panels a–h; “X” increases with light-to-dark shading) in the temperature range 446–501 
K (0.030 kPa NO, 0.030 kPa NH3, 7 kPa CO2, 1 kPa H2O, balance N2. Dashed lines represent 
best-fit regression of rates to the temperature-dependent Langmuir model (Eqs. 4–6).   



Eq. 4 alone can be used to extract kfirst and kzero values from experimental data at varying 

O2 pressures at a fixed temperature. Using this approach, the O2-pressure dependent rate data at 

each temperature (in Fig. 2) were used to construct Arrhenius plots that display the temperature 

dependences of kfirst (Fig. 3a) and kzero (Fig. 3b) values. Both kfirst and kzero values for all Cu-

CHA-X samples display an Arrhenius dependence on temperature. Fig. 3a shows that kfirst values 

(per Cu) at a given temperature systematically increase with Cu ion density, a consequence of the 

dual-site nature of CuI oxidation [26]. Eapp values associated with kfirst (i.e., Eapp,first) increase with 

Cu ion density (Fig. S7a, SI), reflected in kfirst values that increase more rapidly with temperature 

at higher Cu densities in Fig. 3a. Fig. 3b shows that kzero values (per Cu) at a given temperature 

increase with weaker dependence on Cu ion density comparied to kfirst values, which is still 

consistent with a single-site CuII reduction process, given that the fraction of Cu that can form 

binuclear intermediates in order to complete SCR turnovers increases with Cu density [26]. Eapp 

values associated with kzero (i.e., Eapp,zero) are slightly lower only at the lowest Cu ion densities, 

then approach a nearly constant value (Fig. S7b, SI), reflected in kzero values that have a nearly 

constant dependence on temperature at higher Cu densities in Fig. 3b. 



Figure 3. Dependence of a) kfirst and b) kzero values on temperature (446–501 K) on all Cu-CHA-
X samples (“X” increases with light-to-dark shading), generated by fitting Eq. 4 separately to 
each of the O2-pressure dependent rate data in Fig. 2. Dotted lines represent best-fit regression of 
rates to the Arrhenius equation (associated Eapp values are shown in Fig. S7, SI).  

The Arrhenius-dependence of kfirst and kzero values on temperature (Fig. 3) implies a 

single Eapp,first and a single Eapp,zero value for each Cu-CHA-X sample within the measured 

temperature range. Given that operando XAS data indicate predominantly NH3-solvated Cu ions 

are present on all Cu-CHA-X samples at 473 K [12,26], these Eapp data are consistent with active 

Cu ion sites that remain predominantly NH3-solvated during SCR catalysis in the measured 

temperature range (446–501 K), in contrast to the NH3 de-solvation of Cu ions observed 

typically at higher temperatures (>523 K) [7,8]. Significant NH3 de-solvation would have 

resulted in a transition toward the higher Eapp values characteristic of SCR reactions on zeolite-

bound Cu sites (ca. 140 kJ mol-1; 625–700 K [27]). Furthermore, Cu-CHA samples display NH3 

reaction orders (473 K, 15–90 Pa NH3) that are fractional and negative (-0.4 to -0.7) at different 



O2 pressures (1, 10, or 60 kPa O2) and Cu densities (Table S4, SI); while the mechanistic origins 

of NH3 inhibition remain unclear [39–41], the lack of a systematic trend of NH3 reaction orders 

(473 K) on Cu density is further evidence that Cu ion sites remain predominantly NH3-solvated 

under the conditions studied. 

We additionally used a temperature-dependent Langmuir model to simultaneously fit all 

rate data at varying O2 pressures and temperatures on a given Cu-CHA sample (model fits shown 

in Fig. 2 using 473 K as the reference temperature, Tref). This model includes the Langmuir 

functional dependence on O2 pressure (Eq. 4) and an Arrhenius functional dependences of kfirst 

and kzero on temperature (Eqs. 5, 6):  

(5)𝑘𝑓𝑖𝑟𝑠𝑡 (T) =  𝑘𝑓𝑖𝑟𝑠𝑡, 𝑇𝑟𝑒𝑓 exp ( ―
𝐸𝑎𝑝𝑝,𝑓𝑖𝑟𝑠𝑡

𝑅  (1
𝑇 ―

1
𝑇𝑟𝑒𝑓))

(6)𝑘𝑧𝑒𝑟𝑜 (T) =  𝑘𝑧𝑒𝑟𝑜, 𝑇𝑟𝑒𝑓 exp ( ―
𝐸𝑎𝑝𝑝,𝑧𝑒𝑟𝑜

𝑅  (1
𝑇 ―

1
𝑇𝑟𝑒𝑓))

This model contains four fitted parameters (i.e., kfirst,473K, kzero,473K, Eapp,first, Eapp,zero) for each Cu-

CHA sample. Values of kfirst,473K and kzero,473K as a function of Cu density are shown in Fig. S8 

(SI), and reproduce values reported in our previous work that were determined by using the 

isothermal Langmuir model (Eq. 4) to fit the rate data as a function of O2 pressure at 473 K. 

Eapp,first and Eapp,zero values calculated using this approach are identical, within error, to the values 

extracted from Fig. 3 (Fig. S7, SI) but provide a more conservative estimate of the experimental 

error associated with Eapp,first and Eapp,zero values. 

3.3. Eapp values for both CuI oxidation and CuII reduction depend on Cu density

As shown in Fig. 4, Eapp,first (Fig. 4a) and Eapp,zero (Fig. 4b) values extracted from the 

temperature-dependent Langmuir model (Eqs. 4–6) increase with Cu ion density in both CuI 

oxidation and CuII reduction-limited kinetic regimes, though with different functional 



dependences. Eapp,first values increase monotonically with Cu density in the full range of sample 

compositions studied, while Eapp,zero values are invariant with Cu density except at the lowest Cu 

densities (0.065–0.10 Cu per 103 Å3). Although these findings are consistent with Eapp values 

measured at fixed gas conditions that also increase with Cu ion density (Fig. 1), Fig. 4 shows 

clearly that Eapp values in limiting kinetic regimes, especially Eapp,first values, are not independent 

of Cu density as would be expected for mean-field kinetic behavior, an assumption implicit in 

prior interpretations of Eapp data prevalent in the literature. For comparison, the experimental 

Eapp data in Fig. 4 are inconsistent with a hypothetical mean-field model in which Eapp,first = 37 ± 

10 kJ mol-1 and Eapp,zero = 116 ± 12 kJ mol-1, and both parameters are independent of Cu density 

(shown as dotted lines in Fig. 4; extracted from Fig. S5, SI). Changes in Eapp values with active 

site density in a fixed kinetic regime are inconsistent with mean-field kinetic descriptions, 

implying non-mean-field reactivity behavior that is sensitive to the proximity and mobility of Cu 

ions [35].



Figure 4.  a) Eapp,first and b) Eapp,zero versus Cu density, computed by fitting Eqs. 4–6 to the 
reactivity data in Fig. 2; c) The difference Eapp,f-z = Eapp,first - Eapp,zero versus Cu density. Dotted 
lines represent a hypothetical mean-field model in which Eapp,first = 37 ± 10 kJ mol-1 and Eapp,zero 
= 116 ± 12 kJ mol-1 (Fig. S5, SI; 95% confidence intervals represented by gray shaded region) 
and are independent of Cu density. The dashed line in (c) indicates Eapp,first = Eapp,zero. Error bars 
represent 95% confidence intervals. 



To further validate the finding that Eapp values increase with Cu density in a fixed kinetic 

regime without relying on extrapolation of measured rate data to a kinetic model, Eapp values 

were also estimated from rates measured directly at ca. 0.5 reaction order in O2 (473 K) for Cu-

CHA-X samples of varying Cu density (Fig. S9, SI). The O2 pressure required to obtain an O2 

reaction order of 0.5 decreases with increasing Cu density, due to the confluence of dual-site CuI 

oxidation and single-site CuII reduction kinetics. The Eapp values estimated using this approach 

also increase with Cu density, consistent with the trend in the data displayed in Fig. 4 and 

providing further evidence that changes to Eapp values with Cu density at fixed gas conditions 

(Fig. 1) do not solely reflect a change in kinetic regime. 

In the kinetic regime limited by CuI oxidation, Eapp,first values increase monotonically 

with Cu density (Fig. 4a), suggesting that non-mean-field behavior affects CuI oxidation kinetics 

across the entire range of sample compositions studied. Steady-state XAS measurements (473 K) 

during SCR catalysis indicate that CuI(NH3)2 is the MARI in the limit of low O2 pressure [26]. 

While the precise mechanistic details of the CuI oxidation half-cycle remain debated 

[12,13,22,22,23,26,29], the nearly second-order dependence of reaction rates on Cu density (Fig. 

S8a, SI) and first-order dependence on O2 pressure [11,12,26,27] imply that this half-cycle 

involves Cu ion pairing and O2 activation as elementary steps. DFT calculations suggest that Cu 

ion diffusion is kinetically relevant while O2 activation is more facile and thus not kinetically 

relevant [12], analogous to proposed mechanisms for the oxidation of homogeneous CuI 

complexes via quasi-equilibrated formation of Cu-superoxide complexes followed by kinetically 

relevant Cu ion pairing to form O2-bridged binuclear CuII intermediates [42,43]. Ab initio 

molecular dynamics (AIMD) simulations suggest that the free energy landscape for CuI(NH3)2 

diffusion predominantly reflects electrostatic interactions between CuI(NH3)2 complexes and 



framework Al anionic charges [12], such that the kinetics of CuI oxidation may be sensitive to 

the density and arrangement of framework Al and associated cations [18,22,28,44]. Increasing 

Cu ion density at fixed Al density (Si/Al = 15) systematically decreases the density of residual 

Brønsted acid sites, present as NH4
+ under SCR reaction conditions [7]. The average distance 

between Cu ions decreases with increasing Cu density, implying a shorter diffusion distance for 

Cu ion pairing to occur, which should correspond to higher Cu ion pairing rates (per Cu) (Fig. 

S8a, 473 K). Yet, Eapp,first values increase monotonically with Cu density (Fig. 4a), suggesting an 

increasing enthalpic barrier for Cu ion diffusion and pairing (i.e., hindered Cu ion mobility) as 

NH4
+ cations are progressively replaced by Cu cations. We note, however, that the effects of Cu 

and NH4
+ densities are convoluted among Cu-CHA samples of fixed Al density, motivating 

future work to better understand the independent effects of Cu and Al density and arrangement 

on Cu ion mobility and SCR kinetics in the CuI oxidation-limited regime [18,35]. 

These hypotheses motivate future work to model SCR reactivity using non-mean-field 

kinetic treatments such as kinetic Monte Carlo (kMC) simulations that directly incorporate 

kinetic effects of Cu ion proximity and mobility [45,46]. We also considered the possibility that 

increasing Cu density decreases the kinetic relevance of Cu ion pairing steps and increases the 

kinetic relevance of O2-activation steps within the CuI-oxidation half-cycle, thereby influencing 

Eapp,first values as a function of Cu density. However, kfirst values (473 K) increase with Cu 

density throughout the range of Cu densities studied (Fig. S8a, SI) [26], implying that Cu ion 

pairing remains kinetically relevant throughout this composition range, given that O2 activation 

kinetics should not depend on Cu density. We note that if the step forming the binuclear O2-

bridged CuII intermediate is irreversible, then the kinetics of its subsequent decomposition should 

not depend on O2 pressure, and thus any influences of this reaction step on SCR kinetics would 



impact kzero values rather than kfirst values. The Eapp,first values reported here are higher than those 

reported by Wang et al. (18 kJ mol-1) in microcalorimetry measurements of the heat released as a 

function of time during oxidation of CuI(NH3)2
 complexes in Cu-CHA (Si/Al = 14, 3.3 wt% Cu) 

by O2 (0.05 kPa) in the temperature range ca. 350–473 K [47]. At this low O2 pressure, the 

authors reported that only a small fraction of Cu sites oxidized in O2 (O/Cu = 0.16 at 473 K), 

suggesting that the reported Eapp value is representative of only a small fraction of the CuI(NH3)2
 

complexes present on the sample. 

In the kinetic regime limited by CuII reduction, steady-state XAS data indicate that NH3-

solvated CuII species are the MARI (473 K), along with a fraction of unreactive CuI(NH3)2 

species that cannot form binuclear O2-bridged intermediates due to their spatial isolation from 

other Cu sites [12,26]. At higher Cu densities (>0.17 Cu per 103 Å3), Eapp,zero values approach a 

fixed value of ca. 71–76 kJ mol-1 (Fig. 4b), similar to the DFT-calculated value for NO and NH3-

assisted single-site reduction of mononuclear NH3-solvated CuII complexes (71–74 kJ mol-1). At 

the lowest Cu densities (0.065–0.10 Cu per 103 Å3), Eapp,zero values begin to decrease with a 

decrease in Cu density (Fig. 4b), suggesting that non-single-site behavior influences CuII 

reduction kinetics only at the lowest Cu densities. To rationalize this decrease in Eapp,zero values 

at the lowest Cu densities, we first consider the hypothesis that varying Eapp,zero values with Cu 

density reflect changes in the structure of the NH3-solvated CuII species present during SCR 

catalysis. While increasing Cu density at fixed Al density (Si/Al = 15) increases the fraction of 

mononuclear CuII ions present as CuII(NH3)3OH rather than CuII(NH3)4 [7] (Fig. S3, SI), 

reduction rate constants estimated from transient reduction of CuII species by NO and NH3 (473 

K) revealed no systematic dependence on Cu density [26], and DFT calculations suggest that 

CuII(NH3)4 and CuII(NH3)3OH species have similar reduction barriers of ca. 71–74 kJ mol-1 [7]. 



Yet, the nuclearity and precise structure of NH3-solvated CuII intermediates relevant to SCR 

catalysis remain unclear, and may include mononuclear CuII species and various O2-bridged 

multinuclear CuII species [12,14,19–21,26]. The CuII MARI may change with Cu density among 

various mononuclear and binuclear structures, due to the non-mean-field nature of the (as of yet 

undetermined) mechanisms by which binuclear CuII complexes are reduced to mononuclear 

CuI(NH3)2 complexes, and such changes to the MARI structures could influence the observed 

trends in Eapp,zero values (Fig. 4b) if different CuII complexes have different reduction barriers. 

The Eapp,zero values reported in this work are higher than those reported by Gramigni et al. in 

transient measurements of CuII reduction of Cu-CHA (Si/Al = 12.5, 1.7 or 2.1 wt% Cu) by NO 

and NH3 under H2O co-fed conditions (25–30 kJ mol-1) in the temperature range 423–493 K [20], 

potentially indicating a discrepancy between the reaction pathways and CuII MARI that prevail 

during transient reduction measurements following high temperature oxidative treatments (e.g., 

723 K) [7] compared to those that prevail during steady-state catalysis. The observed trends in 

Eapp,zero values with Cu density (Fig. 4b) motivate future work to understand the structures of the 

CuII MARI under conditions of SCR catalysis as a function of Cu density, and the pathways for 

reduction of binuclear O2-bridged NH3-solvated CuII complexes.

Alternatively, the fraction of CuI sites that pair to form binuclear CuII intermediates under 

steady-state CuII-reduction-limited SCR conditions could be a function of both Cu density and 

temperature. Given that non-pairable CuI sites are inactive spectator species during steady-state 

SCR catalysis [12,26], and because Eapp values are sensitive to all temperature-dependent terms 

in the rate expression, changes in the fraction of pairable Cu with temperature could influence 

measured Eapp,zero trends (Fig. 4b). Transient measurements during O2-assisted oxidation of 

CuI(NH3)2 complexes have shown that samples of lower Cu density have a lower fraction of 



pairable Cu at a fixed temperature of 473 K [12,26]. This hypothesis motivates future work to 

quantify the fraction of pairable Cu as a function of both temperature and Cu density, and to 

describe the effects of Cu ion proximity and mobility using non-mean-field kinetic treatments 

such as kMC simulations [45,46]. 

Fig. 4c displays the influence of Cu ion density on the difference between Eapp,first and 

Eapp,zero values (Eapp,f-z), which is a parameter describing the relative sensitivities of CuI 

oxidation and CuII reduction steps to temperature. Positive values indicate that the intrinsic rate 

of CuI oxidation increases more sharply with temperature than the intrinsic rate of CuII reduction, 

resulting in CuII reduction becoming more kinetically relevant with increasing temperature; 

negative values indicate the opposite trends. If the mean-field model shown in Fig. S5 (SI) that is 

based on Eapp values measured at fixed gas conditions (Fig. 1) were correct, then Eapp,f-z would 

equal -79 ± 20 kJ mol-1 and be independent of Cu density (dotted line in Fig. 4c), implying that 

SCR rates at fixed gas pressures become progressively more limited by CuI oxidation at higher 

temperatures. In contrast, Fig. 4c shows that Eapp,f-z values are closer to zero than predicted by 

the mean-field model for any given Cu-CHA sample, such that the extent to which CuI oxidation 

and CuII reduction are kinetically relevant depends only weakly on temperature. At the highest 

Cu densities (≥ 0.31 Cu per 103 Å3), Eapp,f-z values become slightly positive, because Eapp,first 

values continue to increase with Cu density (Fig. 4a) while Eapp,zero values do not (Fig. 4b). The 

weak dependence on Eapp values on the kinetic relevance of CuI oxidation and CuII reduction 

steps for a given Cu-CHA sample is consistent with the findings of Ohata et al. wherein 

measured Eapp values during steady-state SCR on a Cu-CHA zeolite (Si/Al = 9.5, 3.1 wt% Cu) 

were nearly invariant (44–49 kJ mol-1) with O2 pressure (1, 5, 15 kPa O2) [48].



4. Conclusions

Apparent activation energies (Eapp) measured during steady-state NOx SCR catalysis at 

fixed reactant gas pressures on Cu-CHA zeolites reflect kinetic contributions from both CuI 

oxidation and CuII reduction half-cycles. The CuI oxidation half-cycle of low-temperature (<523 

K) NOx SCR involves the dynamic pairing of NH3-solvated CuI ions to form NH3-solvated 

binuclear CuII intermediates, resulting in SCR rates and Eapp values that deviate from the mean-

field behavior expected of static and non-interacting sites. Mean-field kinetic interpretations 

assume that Eapp values for CuI oxidation and CuII reduction are independent of Cu density, 

implying that observed increases to Eapp values with Cu density at fixed gas conditions solely 

reflect the changing kinetic relevance of these two reaction steps. In this work, steady-state SCR 

rate measurements across widely varying O2 pressures (1–60 kPa) and temperatures (446–501 K) 

show instead that Eapp values for CuI oxidation and CuII reduction processes both depend on Cu 

ion density. Practically, our results indicate that the extent to which CuI oxidation and CuII 

reduction steps limit SCR rates on a given Cu-CHA sample depends only weakly on temperature 

in the low-temperature regime characterized by NH3-solvation of Cu sites, in contrast to prior 

interpretations that predict the kinetic relevance of CuI oxidation should increase systematically 

with temperature. 

Mechanistically, changes in Eapp values with active site density in a fixed kinetic regime 

are inconsistent with mean-field kinetic descriptions. Eapp values for CuI oxidation (Eapp,first) 

increase monotonically with Cu density, implying that non-mean-field behavior is prevalent at 

all Cu densities in this kinetic regime. Given that Cu ions are electrostatically tethered to anionic 

framework charges at Al centers, we hypothesize that this trend reflects changes to the mobility 

of Cu ions that interact during the CuI oxidation half-cycle, as charge-balancing H+ (present as 



NH4
+ in situ) cations are replaced by Cu cations. This hypothesis motivates studies to unravel the 

separate influences of both extraframework Cu and framework Al density on CuI oxidation 

kinetics to aid in mechanistic interpretation of Eapp,first values. 

Eapp values for CuII reduction (Eapp,zero) are invariant with Cu density above a threshold 

value (>0.17 Cu per 103 Å3), consistent with mean-field kinetic behavior, but begin to deviate to 

lower values at the lowest Cu densities (0.065–0.10 Cu per 103 Å3). Given that a variety of NH3-

solvated CuII structures may exist during SCR catalysis, changes to the structure and reduction 

barriers of the CuII MARI present as a function of Cu density would influence measured Eapp,zero 

values. Among other possibilities, the fraction of pairable Cu sites may change with both 

temperature and Cu density and also influence measured Eapp,zero values, motivating studies to 

probe the prevalence and reduction pathways of mononuclear and various binuclear CuII species 

during catalysis, and measure the temperature-dependence of the fraction of pairable Cu, to aid 

in mechanistic interpretation of Eapp,zero values. 

This work reveals previously unrecognized consequences of non-mean-field kinetic 

behavior in NOx SCR over Cu-zeolites, which affects not only SCR rates at fixed gas conditions 

and SCR rate constants for CuI oxidation and CuII reduction at a fixed temperature, but also the 

temperature dependence of such rate constants. These findings relied on identifying deviations in 

kinetic parameters derived from mean-field kinetic models, motivating future efforts to develop 

non-mean-field kinetic models to quantify how SCR reactivity depends on the mobility and 

proximity of electrostatically tethered Cu ions that dynamically interconvert between 

mononuclear and multinuclear states during steady-state catalysis. The approach used in our 

work follows the enduring tenets of the kinetic philosophy developed and advocated by 

Professor Michel Boudart to quantify and compare turnover rates, estimated from mean-field 



kinetic treatments, on materials of varying active site density. Although such mean-field turnover 

rate values cannot rigorously describe non-mean-field kinetic behavior, this approach is 

advantageous in providing a systematic framework to test hypotheses about active site 

requirements in Cu-zeolites for NOx SCR and other catalytic systems that display non-mean-field 

kinetic behavior. 
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Highlights

 Rates of NOx SCR redox cycle depend on Cu ion density and kinetic regime

 Langmuirian kinetic model describes SCR rates at varying O2 pressure and temperature



 Eapp values for both CuI oxidation and CuII reduction depend on Cu density 

 Kinetic relevance of CuI oxidation and CuII reduction depends weakly on temperature

 Changes in Eapp with Cu ion site density reflect non-mean-field kinetic behavior
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