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Abstract – We performed in-situ XAS study of N2O decomposition over CuO/CeO2 catalysts.

The Cu K-edge and Ce L3-edge XANES and EXAFS analyses revealed the dynamic and

crucial role of Cu2+/Cu+ and Ce4+/Ce3+ ionic pairs during the catalytic reaction. We observed

the initial formation of reduced Cu+ and Ce3+ species during activation in helium atmosphere

at 400 °C, while concentration of these species decreased significantly during steady-state

nitrous oxide degradation reaction (2500 ppm N2O in He at 400 °C). In-situ EXAFS analysis

further revealed a crucial role of copper-ceria interface in this catalytic reaction. We observed

dynamic changes in average number of Cu-Ce scatters under reaction conditions, indicating
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an enlarging the interface between both copper and ceria phases, where electron and oxygen

transfer occurs.

Keywords: N2O decomposition;  CuO/CeO2 nanorod  catalyst;  in-situ XAS;  Cu+/Cu2+ and

Ce3+/Ce4+ redox pairs; copper-ceria interface

1. Introduction

Nitrous  oxide  (N2O) is  a  principal  anthropogenic  pollutant  and  one  of  the  strongest

greenhouse gases, which has a high global warming potential (310 times higher compared to

CO2) and a long atmospheric lifetime (half-life decomposition period of N2O is approximately

120 years).[1,2] Estimated amount of N2O emissions into the Earth atmosphere as a result of

human activities is  5.3 Mt N2O-N yr-1 (megatons of N2O in equivalent  nitrogen units  per

year), from which industrial sector (nitric acid, adipic acid, and caprolactam production) and

fossil  fuel  combustion  account  for  approximately  15 % of  total  gross  anthropogenic  N2O

emissions.[3] Therefore,  the development  of an appropriate  heterogeneous catalyst  that  can

efficiently decompose N2O from industrial emissions to environmentally benign O2 and N2 at

low temperatures is highly required.

Among the vast variety of heterogeneous catalyst formulations: noble metals based catalysts

[4–8], metal oxides and mixed metal oxides,[9–12] zeolite based materials,[13,14] spinels  [15–17] and

perovskites,[18,19] CuO/CeO2 catalyst  can  be  considered  as  a  suitable  candidate  for  the

abovementioned process commercialization due to its high  activity, long-term stability and

favorable price (copper is significantly cheaper compared to noble metals).[20–24] In our recent

works,[20–22] we  have  shown  that  exceptional  catalytic  activity  of  the  CuO/CeO2 system

originates from the synergetic electronic interactions between copper and ceria phases, which
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promote metal-oxygen bond weakening, facilitate oxygen desorption and promote the active

site regeneration. By using a suitable synthesis technique,[21] we were able to synthesize ceria

supports  having  various  morphological  forms  (nanocubes,  nanorods,  and  polyhedral

nanoparticles),  which expose different surface planes. We have shown by XPS and TEM-

EELS techniques,[25] that exceptional  catalytic  activity  of copper oxide supported on ceria

having nanorod shape and predominantly exposing {100} and {110} surface planes correlates

well  with  the  enrichment  of  the  nanorod’s  surface  with  reduced  Ce3+.  The  latter  can  be

attributed to the improved reducibility and oxygen mobility of ceria nanorod support.[26] At

the  same time,  we have  observed the  formation  of  Cu+ species  by using  CO as  a  probe

molecule by DRIFTS.[21,25] XPS measurements also identified that copper is predominantly

present as Cu+.[21] The in-situ UV-Vis DR study[25] suggested that both Ce3+/Ce4+ and Cu+/Cu2+

ionic pairs participate in the catalytic cycle of N2O decomposition over CuO/CeO2. Based on

the  abovementioned  results,  we  postulated  that  the  synergetic  effect  between  both  oxide

phases plays a crucial role in catalytic activity and the Ce3+/Ce4+ and Cu+/Cu2+ synergy should

be  investigated  in  detail  in  order  to  allow  further  catalyst  modification  and  activity

improvement.

XPS and TEM-EELS examinations used in our previous studies were done in  ex-situ mode

under  ultra  high-vacuum  (UHV)  and  ambient  temperature,  which  is  far  away  from  the

realistic N2O decomposition conditions (400  °C and 1 bar). The UHV and electron beam-

damage by themselves may lead to catalyst reduction and enrichment of the catalyst surface

with reduced Cu+ and Ce3+ species. Furthermore, the presence of Cu+ and Ce3+ under ex-situ

conditions does not necessarily guarantee the participation of these  Ce3+/Ce4+ and Cu+/Cu2+

ionic pairs in the catalytic cycle under realistic catalytic experiment.  This motivated us to

perform  in-situ XAS catalyst characterization and investigate the synergetic effect between

CuO and CeO2 phases under relevant N2O decomposition conditions (400 °C and 1 bar).
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In the present work, we investigated a series of CuO/CeO2 catalysts containing 2-8 wt. % of

Cu  supported  on  CeO2 nanorods,  nanocubes  and  polyhedral  nanoparticles  during  in-situ

catalytic N2O decomposition by using XAS (Cu K-edge and Ce L3-edge). We have found that

both  Cu+/Cu2+ and  Ce3+/Ce4+ ionic  pairs  participate  in  the  catalytic  cycle  of  N2O

decomposition.  Furthermore,  results  of  EXAFS  analysis  revealed  the  crucial  role  of  the

copper-ceria interface, which is responsible for the enhanced activity of this catalyst.

2. Experimental

2.1. Catalyst synthesis

Synthesis of nanoshaped CeO2 supports was adopted from our previous work.[21] For synthesis

of ceria nanocubes – CeO2-C and nanorods – CeO2-R, 53.8 g of NaOH (99% purity, Merck)

was dissolved in 140 mL of deionized water. For polyhedral ceria nanoparticles – CeO2-P,

8.96 g of NaOH was used. This alkaline solution was added under stirring to an aqueous

solution containing 4.9 g of Ce(NO3)3·6H2O (99% purity, Sigma-Aldrich) dissolved in 84 mL

of  deionized  water.  After  30  min  of  stirring  at  ambient  temperature,  the  suspension  was

transferred  into  a  Teflon-lined  stainless  steel  autoclave.  The  following  conditions  were

applied during hydrothermal treatment step: i) 24 h at 180 °C for CeO2-C, or ii) 24 h at 100

°C for CeO2-R and CeO2-P samples. After cooling, the suspensions were centrifuged at 5000

rpm  and  thoroughly  washed  with  excess  of  deionized  water  until  reaching  pH=7.  The

obtained solids were dried for 24 h using a freeze-dryer (Christ, model Alpha 1-2 LDplus).

Finally,  ceria  powder precursors  were calcined at  400 °C for  3  h in  air  (heating  ramp 2

°C/min).

Between  2  and 8  wt.  % of  Cu was  deposited  on  ceria  supports  by  precipitation  method
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accordingly to the following protocol: 500 mg of nanoshaped ceria support was dispersed in

10 mL of deionized water followed by addition of an appropriate amount of Cu(NO3)2·3H2O

(99.5% purity, Sigma-Aldrich) corresponding to the desired nominal copper loading. In the

next step, 250 mg of Na2CO3 (99.999% purity, Merck) was dissolved in 5 mL of deionized

water and added under vigorous stirring. The formed suspension was stirred for additional 2 h

at ambient  temperature.  Then, the solid was filtered,  washed with an excess of deionized

water until  reaching pH=7 and dried for 24 h using a freeze drier.  The obtained catalyst

precursor was calcined at 400 °C for 3 h in air. The synthesized CuO/CeO2 catalysts were

marked as XCu_CeO2-M, where X identifies the nominal copper content and M represents the

ceria shape: R for rods, C for cubes and P for polyhedra).

2.2. Catalyst characterization

Measurements of BET specific surface area, total pore volume and pore size distribution were

performed at -196 °C using a TriStar II 3020 instrument from Micromeritics. 

Particle size and morphology were studied by means of high-resolution transmission electron

microscopy (HRTEM) and scanning TEM high-angle annular  dark field imaging (STEM-

HAADF).  Copper  distribution  was  assessed  by  energy-dispersive  X-ray  spectroscopy  in

STEM  mode  (STEM-EDX).  For  these  analyses,  a  probe  aberration-corrected  JEM-

ARM200CF equipped with the JEOL Centurio 100 mm2 EDXS detector and JEOL STEM

detectors (JEOL, Tokyo, Japan) was employed.

X-ray diffraction (XRD) measurements were performed at room temperature on a Bruker D8

Advance  AXS diffractometer  using  Cu  Kα1 radiation  with  λ=0.15406 nm.  Materials  were

scanned in the 2θ range between 20 and 65° with 0.021° increment and 1 s acquisition time at

each point. Scherrer equation was applied to the most intensive 111 diffraction peak of ceria
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to estimate its average scattering domain size.

The N2O chemisorption protocol used for the calculation of copper dispersion and Cu average

size was similar to that described in our previous study.[21] Experiments were performed using

a Micromeritics AutoChem II 2920 apparatus. In a typical experiment the investigated sample

(approximately 100 mg) was firstly pre-reduced in 5 vol. % H2/Ar mixture at 300 °C (heating

ramp 5 °C/min). To selectively probe only metallic copper surface sites and avoid titration of

oxygen defect sites of CeO2 support and over-oxidation of bulk Cu phase, N2O pulsing (0.5

ml 10 vol. % N2O/He) was performed at 35 °C.

Decomposition of N2O and formation of N2 were monitored using a TCD detector (a liquid

nitrogen cold trap was mounted before a TCD detector in order to condense unreacted N2O, so

only N2 formed during N2O pulse titration was detected by the TCD detector). The amount of

consumed N2O during selective oxidation of Cu surface sites was quantified by using Peak

editor  software  from  Micromeritics.  Assuming  a  stoichiometry  of  N2O/Cusurface=  1:2,  Cu

dispersion (DCu= Cu(surface)/Cutotal) was determined accordingly to Equation 1:

DCu=
2 · n(N2O)
n (Cu)

(1)

where n(N2O) is the amount of consumed N2O during pulse experiment and n(Cu) is the total

amount of Cu in examined CuO/CeO2 solid. The average crystallite size of supported Cu was

determined accordingly to Equation 2 assuming spherical morphology of Cu nanoparticles

[27,28]:

dCu=
6 · vm
DCu · am

= 1.1
DCu

(2)
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where vm is the volume occupied by a Cu atom, DCu is Cu dispersion and am is the surface area

occupied by an exposed surface Cu atom.

2.3. Catalytic N2O decomposition

50 mg of CuO/CeO2 catalyst diluted with 200 mg of SiC was positioned inside the quartz tube

(inner diameter of 9 mm) and fixed between two quartz wool beads. Prior to the catalytic test,

the sample was heated (2 °C/min) and activated in-situ (Ar, purity 6.0, 50 mL/min) at 400 °C

for 2 h. N2O decomposition test was performed in the temperature range between 300 and 550

°C and 1 bar. After catalyst activation, 2500 ppm of N2O (balanced by Ar) was fed to the

reactor, keeping the gas flow rate equal to 100 mL/min (WHSV=120 L/(gcat·h)). Remaining

N2O, as well as products of its catalytic decomposition (O2 and N2) were measured at the

reactor outlet by using a micro GC (Agilent Technologies, model 490) equipped with MS5A

(10 m) and Porabond Q (10 m) columns.  According to  the quantitative  GC analysis,  the

evolution of N2 and O2 is quantitatively coupled with the N2O decomposition stoichiometry in

the temperature range 300 – 550 °C.

2.4. In-situ XAS experiment

In-situ Ce L3-edge (5724 eV) and Cu K-edge (8979 eV) XANES and EXAFS spectra were

measured in transmission detection mode on a set of CuO/CeO2 catalysts with different ceria

morphologies:  nanocubes  (CeO2-C)  and  nanorods  (CeO2-R)  with  Cu  loadings  ranging

between  2  and  8  wt.%.  The  experiments  were  performed  at  the  XAFS  beamline  of  the

ELETTRA synchrotron radiation facility in Trieste, Italy, and at the P65 beamline of PETRA

III, DESY, Hamburg, Germany. A Si (111) double crystal  monochromator  was used with
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energy resolution of about 1 eV at 9 keV (0.6 eV at 6 keV). At the P65 beamline, higher-order

harmonics  were  effectively  eliminated  by  the  flat  mirror  installed  in  front  of  the

monochromator. The size of the beam on the sample was about 1 mm in diameter. At XAFS

beamline the higher harmonics were eliminated by detuning of the second monochromator

crystal to 60% of the maximum in the rocking curve, and the size of the beam on the sample

was  set  to  about  1  mm × 3  mm.  The  intensity  of  the  monochromatic  X-ray  beam was

measured by three consecutive ionization  detectors  filled with optimal  gas mixtures  for a

given energy range. At P65 beamline, 5cm long ionization chambers were used. For Cu K-

edge, the cells were filled with: 1000 mbar N2 (first), 1000 mbar Ar (second), and 1000 mbar

Kr (third). At XAFS beamline 30 cm long ionization chambers were used. For Cu K-edge the

cells were filled with gas mixtures: 1250 mbar N2 and 750 mbar He (first); 250 mbar Ar, 1000

mbar N2 and 750 mbar He (second); 1000 mbar N2, 300 mbar He and 700 mbar Ar (third). For

Ce L3-edge the cells were filled with gas mixtures: 350 mbar N2 and 1650 mbar He (first);

1900 mbar N2 and 100 mbar He (second); 230 mbar Ar, 1000 mbar N2 and 670 mbar He

(third).

The  catalyst  samples  were  prepared  in  the  form  of  homogeneous  pellets,  pressed  from

micronized powder mixed with micronized BN, with the total absorption thickness of about 2

above the Cu K-edge or Ce L3-edge, and inserted in a tubular oven reactor with 20 micron

aluminum windows, filled with protective He atmosphere at 1 bar. Sample pellets, closed in a

tubular oven reactor, were placed in the monochromatic beam between the first two ionization

detectors. XAS spectra were measured in-situ, at room temperature, during heating in He, at

400 °C in He, and during the catalytic reaction in 2500 ppm of N2O in He at 1 bar and 400 °C.

The  absorption  spectra  were  measured  in  the  energy  region  from -150 eV to  +1000 eV

relative to the Cu K-edge, while for Ce L3-edge EXAFS scans were stopped at Ce L2-edge

(6165 eV). At XAFS beamline equidistant energy steps of 0.3 eV were used in the XANES
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region, while for the EXAFS region equidistant k steps of 0.03 Å-1 were adopted, with an

integration time of 2 s/step. At P65 beamline fast (3 min) continuous scans were performed

and re-binned to the same energy steps as at XAFS beamline.

In each stationary state, two to five repetitions of the scans were measured and superimposed

to improve the signal-to-noise ratio. The XAS scans were measured on different spots of the

sample pellet to reduce eventual effects of radiation damage. The exact energy calibration was

established with simultaneous absorption measurement on a 7 micron thick Cu metal foil for

Cu K-edge, or CeO2 reference sample (calibrated with vanadium metal foil) for Ce L3-edge,

placed between the second and the third ionization chamber. Absolute energy reproducibility

of the measured spectra was ±0.03 eV.

The quantitative analysis of XANES and EXAFS spectra was performed with the Demeter

(IFEFFIT)  program  package,[29] in  combination  with  FEFF6  program  code  for  ab  initio

calculation of photoelectron scattering paths.[30] Details about XAS experiment are given in

supplementary materials.

3. Results and discussion

3.1. Material characterization and catalytic N2O decomposition

As confirmed by TEM investigation (Figures 1 and S1), the CeO2-C sample is composed of

nanoparticles having cubic morphology with an average particle size being 20 nm. The ceria

nanorods (CeO2-R) had on average a diameter of 8 nm and length between 80 and 140 nm.

The ceria  nanoparticles  (CeO2-P)  measured  on average 6.5 nm. Each ceria  support  shape

influences  the  Cu  distribution:  being  most  dispersed  over  CeO2-P  sample,  clustered  and

amorphous over CeO2-R, and mostly crystalline with rather large crystallite sizes in case of
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CeO2-C sample (Figure 1).

Figure 1. STEM-HAADF, STEM-EDX Ce L (red color) and Cu K (green color) line maps,

and atomic resolution BF-STEM images of a) CeO2-C, b) CeO2-R and c) CeO2-P samples

containing 4 wt.% of copper.
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Table 1. Structural analysis and catalytic performance of CuO/CeO2 catalysts containing 4 wt.
% copper.

Sample
SBET,

m2/g
adCeO2, nm bdCu, nm cDCu, % dT50, °C eTOF, min-1

4-Cu_CeO2-C 33 27 5.1 22 470 0.130

4-Cu_CeO2-R 88 11 2.4 46 430 0.138

4-Cu_CeO2-P 110 8 2.1 52 440 0.111
aCrystallite size of ceria calculated using Scherrer equation.  bAverage particle size of copper

and cdispersion of copper measured by means of dissociative N2O adsorption.  dTemperature

corresponding to 50 % of N2O conversion.  eTurnover frequency was calculated by dividing

moles of decomposed N2O at T=375 °C by moles of surface Cu atoms per unit time.

The results of the structural analysis of CuO/CeO2 catalysts and their catalytic activity are

summarized in Table 1. Likely, due to the relatively low specific BET surface area of CeO2-C

support, the dispersion of copper for this sample is only 22 %, corresponding to an average

particle size of copper being 5.1 nm. On the other hand, CeO2-R and CeO2-P based samples

possessing 88 and 110 m2/g of surface area, respectively, prevent copper oxide nanoparticles

agglomeration during deposition and calcination steps, which results in very similar particle

size of copper, i.e. 2.4 and 2.1 nm, respectively. The CeO2 particle size estimated by XRD and

TEM  techniques  is  very  similar,  so  we  can  conclude  that  the  size  distribution  of  ceria

nanoparticles  is  narrow and the visualized  ceria  particles  are  single crystals.  The average

crystallite size obtained by XRD is an average value obtained from a relatively large amount

of sample probed. The size estimation by TEM analysis is statistically less robust, as it is

obtained from a very small amount of sample (very localized analysis).

Results  of  catalytic  N2O  decomposition  over  catalysts  containing  4  wt.  %  copper  are

presented in  Figure 2.  The 4-Cu_CeO2-C sample containing  larger  copper  oxide  particles
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shows significantly lower N2O conversion.  As it  was stressed in our previous research,[22]

particle size of copper oxide significantly influences overall activity and small CuO clusters

enable a higher rate of N2O decomposition compared to the bulk CuO phase. The 4-Cu_CeO2-

R and 4-Cu_CeO2-P samples showed very similar N2O conversion profiles. In spite of smaller

average particle  size of  copper  phase on 4-Cu_CeO2-P,  the 4-Cu_CeO2-R sample  slightly

outperforms the CeO2-P based catalyst and shows higher N2O conversion in the range of 375-

550 °C.  To  verify  the  size  dependent  catalytic  activity,  we  have  calculated  turnover

frequencies for these three catalysts at 400 °C (Table 1). Interestingly, there is no correlation

between  TOF  values  and  copper  particle  size,  revealing  the  reaction  rate  (or  the  rate-

determining step) is not determined by the copper nanoparticle alone, but more likely with the

copper ceria interface. The terminating facets of ceria are characterized by different energies

for oxygen vacancy formation (2.60, 1.99 and 2.27 eV on 111, 110 and 100, respectively[31]),

and consequently different reactivity and mobility of surface oxygen. The ceria nanocube and

nanorod  based  materials  with  exposed  {100}  and  {110}  surface  planes  (less

thermodynamically stable compared to {111} planes of polyhedral ceria) possess about 25 %

higher activity per copper site compared to the 4-Cu_CeO2-P sample.
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Figure  2. Results  of  catalytic  N2O  decomposition  over  4Cu_CeO2-C,  4Cu_CeO2-R  and

4Cu_CeO2-P catalysts.

The observed difference in N2O decomposition TOF values over shaped ceria supports arises

from higher oxygen mobility of CeO2-R and CeO2-C supports terminated with {100} and

{110} high-energy surface planes, as was suggested in our previous study.[21]

3.2. Effect of copper content on N2O decomposition over Cu_CeO2-R samples

As copper  clusters  supported  on  ceria  nanorods  possess  the  highest  catalyst  activity,  we

investigated the influence of different copper loadings (2-8 wt. % Cu) on catalytic activity and

synergetic effect for this support (Figure 3).

With increasing copper loading, the formation of crystalline copper phase was observed only

for the 8Cu_CeO2-R sample (Figure S2). The results of dissociative N2O adsorption for this

sample estimate the average copper particle size being 5.4 nm. At the same time, for materials
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containing 2, 4 and 6 wt. % of Cu, copper phase is in highly dispersed state with the average

size of clusters being equal to 1.8, 2.4 and 3.1 nm, respectively. Importantly, these samples

containing up to 60 % of surface copper atoms (2Cu_CeO2-R) allow to use the XAS method

(which is a bulk analytical technique) to investigate catalytic processes taking place on the

catalyst surface.

Table 2. Structural analysis and catalytic performance of Cu_CeO2-R catalysts.

Sample

adCu,

nm

bDCu, % cT50, °C dActivity, mmol mol(Cu)-1 min-1

eTOF,

min-1

2-Cu_CeO2-R 1.8 60.2 490 32.4 0.054

4-Cu_CeO2-R 2.4 45.7 430 63.2 0.138

6-Cu_CeO2-R 3.1 35.0 420 48.8 0.139

8-Cu_CeO2-R 5.4 20.3 417 39.8 0.196

aAverage particle size of copper and bdispersion of copper measured by means of dissociative

N2O adsorption.  cTemperature corresponding to 50 % of N2O conversion. dActivity obtained

during  catalytic  N2O decomposition  at  375 °C normalized  per  copper  loading.  eTurnover

frequency was calculated by dividing moles of decomposed N2O at T=375 °C by moles of

surface Cu atoms per unit time.
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Figure 3. Results  of catalytic  N2O decomposition over catalysts  containing  2-8 wt.  % of

copper on CeO2-R support.

The catalyst containing 2 wt. % of Cu despite high dispersion of copper shows significantly

lower TOF values compared to other samples. The remaining three catalysts containing 4, 6

and 8 wt.% Cu, enabled higher and in the case of 6Cu-CeO2-R and 8Cu-CeO2-R samples,

nearly  identical  N2O  conversion.  However,  TOF  values  varied  significantly  (Table  2),

revealing the 8Cu-CeO2-R sample containing intrinsically most active catalytic sites. This set

of samples allows us to further investigate copper-ceria synergetic interaction and identify the

main factor causing the unique properties of this highly investigated catalytic system. In order

to investigate the origin of the so-called “synergetic effect” between copper and ceria phases,

in-situ XAS analysis was applied.
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3.3. In-situ Cu K-edge and Ce L3-edge XANES analysis

In-situ Cu K-edge and Ce L3-edge XANES analysis was used to reveal changes in valence of

Cu and  Ce  species  during  CuO/CeO2 catalyst  activation  in  He  flow (heating  from room

temperature to 400 °C) and during the N2O decomposition reaction (isothermal at 400 °C in

2500 ppm N2O/He flow).

Normalized Cu K-edge XANES spectra of the CuO/CeO2 catalysts containing 2-8 wt. % of

Cu deposited on CeO2-R and CeO2-C, measured in-situ during heating in He to 400 °C and

during  the  catalytic  reaction  of  N2O  decomposition, are presented  in  the  supplementary

materials  in  Figures  S3-S7,  together  with  the  spectra  of  corresponding  Cu  reference

compounds. 

The valence state of Cu cation can be determined from the energy position of the Cu K-edge.

The changes in energy (about 4 eV) of the Cu K-edge is observed between Cu+ and Cu2+

cations, while a smaller edge shift of about 1 eV is exhibited between metallic Cu0 and Cu+

cation.[32–36] The  energy  position  of  Cu  K-edge  in  all  Cu  modified  CeO2 catalysts  with

different  CeO2 morphologies  and  with  different  Cu  loadings  in  the  initial  state  at  room

temperature coincides with the energy position of Cu2+ reference compounds (Figure S3), so

we can conclude that Cu cations in the catalysts at room temperature are in divalent form.

The  Cu  K-edge  XANES  spectra  measured  in-situ during  the  catalyst  activation  in  He

atmosphere at 400 °C, clearly show the shift of the Cu K-edge to lower energies, indicating

the  reduction  of  Cu2+ to  Cu+ and  to  metallic  Cu0 species.  However,  during  the  catalytic

reaction  of  N2O decomposition at  400 °C a  re-oxidation  of  copper  species  back  to  Cu2+

oxidation state (Figures S3-S7) occurs.  The PCA analysis of 26 XANES spectra measured

during  four  in-situ N2O  decomposition  experiments  over  8Cu_CeO2-R,  4Cu_CeO2-R,

2Cu_CeO2-R,  and  4Cu_CeO2-C  catalysts  shows  that  a  linear  combination  of  up  to  four
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different  components  is  sufficient  to  completely  describe  each XANES spectrum in these

series.

The relative amounts  of Cu2+,  Cu1+ and Cu0 species  in  the catalyst  before and during the

catalytic  reaction at 400 °C were determined from the Cu K-edge XANES spectra, by the

linear combination fit (LCF) analysis.[29] We attempted to identify the types of Cu bonding

from the characteristic shape of the Cu K-edge profile. The best choices for the components

with  a  physical  meaning  are  XANES spectra  measured  on the  reference  Cu compounds,

which  are  expected  to  be  present  in  the  samples.  Four  reference  XANES  profiles  were

identified  that  can  reproduce  all  XANES spectra  measured  during  in-situ experiment  on

different samples by a linear combination fit (LCF): the two spectra measured at RT on the

initial state of the CeO2 nanorods with 8 wt.% and 2 wt.% Cu loading (samples 8Cu_CeO2-R

and 2Cu_CeO2-R) as references for Cu2+, and the spectrum of Cu2O nanoparticles as reference

for Cu+, and Cu metal nanoparticles as reference for Cu0. The spectra of Cu2O and Cu metal

nanoparticles were reconstructed  directly from the set of  in-situ spectra of the catalysts by

Multivariate Curve Resolution analysis.[29,37] Examples of LCF analysis are presented in the

supplementary materials  (Figures S8-S9).  The relative amount  of each reference spectrum

obtained in LCF corresponds to a relative amount of each Cu0, Cu+ and Cu2+ species in the

sample. The results are shown in Figure 4.
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Figure  4. Relative  amounts  of  Cu2+,  Cu+ and  Cu0 oxidation  states  in  different  Cu_CeO2

samples at 25 °C, during heating in He to 400 °C, and during catalytic N2O decomposition at

400 °C, determined by LCF analysis of in-situ Cu K-edge XANES spectra.

Before the catalytic reaction at room temperature, all copper is present as Cu2+ in all samples.

During the activation in He as well as during catalytic N2O decomposition Cu valence state
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changes significantly.  The temporal  evolution of the Cu0,  Cu+ and Cu2+ fractions strongly

depend on CeO2 morphology and on Cu size.

In the case of CeO2 nanorods with high Cu loading (8Cu_CeO2-R and 4Cu_CeO2-R,)  we

observe that during heating in He at 400 °C, a significant part of Cu2+ (≈70–80 %) is reduced

to metallic copper (Figure 4). This is in good agreement with previously reported data, where

CuO reduction to Cu+ and Cu0 state was observed by CO-DRIFTS after CuO/CeO2 catalyst

pre-treatment in N2 at 300 °C.[21] During the catalytic N2O decomposition at 400 °C, almost all

Cu is oxidized back to Cu2+, and only a small fraction (about 9-13 %) of Cu+ is formed. In

contrast, activation of another two samples (i.e. 4Cu_CeO2-C and 2Cu_CeO2-R) in helium at

400 °C, did not result in formation of metallic copper species. Furthermore, we have observed

partial re-oxidation of copper for the 2Cu_CeO2-R sample. We attribute this behavior to the

accompanying process of ceria reduction in the same temperature range (Figure 5) due to

EMSI between copper and ceria support. Namely, for the 2Cu_CeO2-R sample, the fraction of

reduced copper species reaches 10 % in equilibrium state in He at 400 °C, and this value

remains  constant  also  during  the  catalytic  N2O  decomposition.  In  case  of  4Cu_CeO2-C

catalyst,  insignificant  reduction  of  CuO to  metallic  copper  (less  than  20 % of  CuO was

reduced) is observed during heating in He to 400 °C. Also, there are no significant changes in

the Cu valence state during the catalytic reaction. Cu remains in the divalent form, co-existing

with about 13 % of Cu+.

Normalized Ce L3-edge XANES spectra of the 4Cu_CeO2-R catalyst, measured in-situ during

heating in He to 400 °C, and during the catalytic reaction of N2O decomposition, are shown in

Figure S10, together with the spectra of corresponding Ce reference compounds. 

The energy position of Ce L3-edge and the edge profile in the 4Cu-CeO2-R catalyst in initial

state at room temperature coincides with the energy position and edge profile of crystalline

CeO2, indicating that Ce cations in the catalyst are in Ce4+ valence state. The Ce L3-edge in
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XANES spectra measured in-situ during catalyst activation in He atmosphere at 400 °C are

slightly shifted to lower energies, indicating the partial reduction of Ce4+ to Ce3+. During the

catalytic reaction of N2O decomposition at 400 °C a re-oxidation of Ce species back to Ce4+

oxidation state is observed (Figure S10).

The relative amounts of Ce4+ and Ce3+ species in the catalyst before and during the catalytic

reaction at 400 °C (Figure 5) were determined from the Ce L3-edge XANES spectra by the

linear combination fit (LCF) analysis.[29,38] The spectra can be completely described by a linear

combination of up to two components: Ce L3-edge XANES profile of the sample 4Cu_CeO2-

R catalyst in initial state at RT as reference for Ce4+, and XANES of crystalline CeVO4 as

reference for Ce3+. The results of LCF are given in Figure 5. An example of LCF analysis is

illustrated in Figure S11.
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Figure 5. Relative amounts of Ce4+ and Ce3+ oxidation states in 4Cu_CeO2-R sample at 25 °C,

during  heating  in  He  to  400  °C,  and  during  catalytic  N2O  decomposition  at  400  °C,

determined by LCF analysis of in-situ Ce L3-edge XANES spectra.

In the initial state at room temperature (25 °C), cerium is present exclusively as Ce4+. During

heating in He to 400 °C, about 15 % of  Ce4+ is reduced to  Ce3+ (Figure 5). After switching

from He to 2500 ppm N2O in He at 400 °C, only about 1 % of cerium is retained in the

reduced Ce3+ form accordingly to LCF analysis. Taking into account the dimensions of CeO2

nanorods (average diameter of 8 nm and length between 80 and 140 nm), we can estimate that

the reduction of ceria during heating to 400 °C is limited to about two unit cells of CeO 2

nanoparticles.
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3.3. In-situ Cu K-edge EXAFS analysis

In-situ Cu K-edge EXAFS analysis  was used to determine average local structure around

copper cations in the Cu modified ceria nanocubes and nanorods and different Cu loadings in

the range from 2 to 8 wt. %. We investigated the changes in local structure during heating to

400 °C in He atmosphere, as well as during N2O decomposition reaction at 400 °C. In Fourier

transform  magnitude  of  the  EXAFS  spectra  (Figures S12-S16) the  contributions  of

photoelectron scattering on the nearest shells of neighbors around the Cu atoms are observed

in the R range up to about 4 Å. In all cases, a strong peak in the R range between 1 Å and 2.2

Å can be attributed to photoelectron backscattering on the nearest oxygen neighbors around

Cu. Weaker peaks in the R range between 2.3 Å and 3.6 Å represent the contributions from

more distant  Cu coordination  shells.  Qualitative  comparisons  of  the FT spectra  show the

difference in average Cu neighborhoods between the catalyst with different Cu loadings and

different  CeO2 morphologies already  in the initial  state (Figure S12).  The series of  in-situ

EXAFS spectra for each catalyst sample reveal structural changes that appear after heating of

the  samples  at  400 °C in  He atmosphere,  and then  during  the  catalytic  reaction  of  N2O

decomposition (Figures S13-S16).

As indicated by Cu K-edge XANES results, we can expect mixtures of different Cu species in

the catalysts. In the initial state at RT all copper cations are expected to be in a divalent state

bound  in  CuO  nanoclusters  or  amorphous  CuO  oxides  attached  to  the  surface  of  CeO2

nanoparticles. During catalyst activation in He atmosphere at 400 °C, where the reduction of

Cu2+ is observed mainly to metallic Cu0 species, and in some cases partially to Cu+ species, we

can expect a mixture of divalent  and monovalent  copper oxide nanoparticles and metallic

copper nanoparticles on the surface of ceria support. During  the catalytic reaction of N2O

decomposition at 400 °C, where a re-oxidation of almost all Cu species back to Cu2+ is found,
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we can  expect  again  a  mixture  of  divalent  copper  oxide  species  on  the  surface  of  ceria

support.

Structural  parameters  of the average local  Cu neighborhood (type and average number of

neighbors, the radii and Debye-Waller factor of neighbor shells) are quantitatively resolved

from the EXAFS spectra by comparing the measured EXAFS signal with the model signal,

constructed  ab initio with the FEFF6 program code.[30] A combined FEFF model is  used,

composed of neighbor atoms at  distances characteristic for the expected Cu oxide and Cu

metal  species  that  may  be  present  in  the  samples.  The  atomic  species  of  neighbors  are

identified  in  the  fit  by  their  specific  scattering  factor  and  phase  shift. Details  of  the

quantitative EXAFS analysis are presented in the supporting materials.

With  EXAFS analysis  it  is  not  possible  to  unambiguously  identify  all  Cu species  in  the

mixture  and  determine  their  structures.  The  proposed  FEFF  model  aims  to  describe  the

average Cu local neighborhood in the initial state and identify the main structural changes

before and during the catalytic reaction at 400 °C. The nearest coordination shell comprised

of oxygen atoms. Cu, Ce and oxygen neighbors are included in more distant coordination

shells at distances characteristic for the expected Cu oxide and Cu metal species attached to

the CeO2 surface.

A good agreement between the model and the experimental spectra is found using the k range

of 3 Å-1 to 12 Å-1 and the R range of 1.0 Å to 4.0 Å.  Representative in situ FT EXAFS spectra

of the 8Cu_CeO2-R catalyst  with best  fit  EXAFS models are shown in Figure 6. Best fit

results for all in-situ EXAFS spectra of all samples are presented in the supporting materials

(Figures  S13-S16).  The  list  of  best  fit  parameters  is  given  in  the  Tables  S4-S15.  The

uncertainties  of  the  best  fit  parameters  N and σ2 of  more  distant  coordination  shells  are

relatively large due to correlations between these parameters. Structural parameters of three
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reference  crystalline  Cu  compounds  (CuO,  Cu2O  and  metallic  Cu)  obtained  by  EXAFS

analysis are presented in Table S1-S3 for comparison.

Results of EXAFS analysis (Tables S1-S15) show that in all studied catalysts at RT copper

cations are coordinated to oxygen atoms in the first coordination shell and Cu neighbors in

more distant coordination shells, at distances characteristic for copper oxide tenorite phase

(Figure 6). The coordination numbers are significantly lower than in the bulk CuO (Table S1),

indicating that CuO is in the form of small nanoparticles. This is in good agreement with the

results  of dissociative N2O chemisorption,  where the size of copper clusters varied in the

range  from  2.1  to  5.1  nm  (Table 1).  In  addition,  we  observe  the  presence  of  Cu-Ce

photoelectron scattering at ≈3.16 Å, indicating that part of Cu cations is in the immediate

vicinity of ceria surface forming Cu-O-Ce bridges. Furthermore, the average number of Ce

neighbors determined at RT decreased from 1.2 to 0.2 with increasing copper content in the

samples from 2 to 8 wt. % (Tables S4, S7 and S10). Thus, we can clearly conclude that

increasing of copper loading influences not only copper nanoparticle size, but also the length

of the interface between copper and ceria phases, which according to previous studies might

play a critical role in N2O decomposition  [39]. Overall, the results of EXAFS analysis at RT

strongly support the XANES findings: Cu cations in all catalyst samples are in the form of

divalent CuO nanoparticles and/or amorphous oxide species and attached to the surface of

CeO2 nanoparticles.

During heating of the catalyst samples to 400 °C in He atmosphere and during catalytic N2O

decomposition  at  400  °C,  significantly  different  behavior  is  observed  for  CeO2-R  based

catalysts with higher Cu loadings (8 and 4 wt. %) compared to those with lower (2 wt.%) Cu

loading (2Cu_CeO2-R) and CeO2-C based catalyst containing 4 wt.% Cu (4Cu_CeO2-C).
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Figure 6. Representative  Fourier transform magnitude of k3-weighted Cu EXAFS spectra of

the 8Cu_CeO2-R catalyst  at room temperature as well as measured in-situ during heating in

He at 400 °C, and during catalytic N2O decomposition at 400 °C, calculated in the k range of

3–12 Å-1 and R range of 1 to 3.5 Å. Experiment – (solid line); model -- (dashed line). Spectra

are shifted vertically for clarity. The positions of nearest oxygen and nearest copper neighbour

peaks are indicated by vertical dashed lines.

In the  8Cu_CeO2-R and  4Cu_CeO2-R catalysts,  CuO is transformed to small  metallic  Cu

nanoparticles  during heating to 400 °C in He atmosphere. The Cu-Cu interatomic distances

revealed during EXAFS fitting are characteristic for Cu metal with the fcc crystal structure

(Figure 6);  however,  the  coordination  numbers  are  significantly  lower  than  in  the  bulk

metallic Cu pointing out the formation of metallic copper nanoparticles containing a large

fraction of coordinatively unsaturated surface atoms (Tables S5 and S8). The abovementioned
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results are in good agreement with the results of XANES analysis (Figure 4), which showed

that during heating in He to 400 °C, a significant part (80-90 %) of Cu2+ is reduced to metallic

Cu0 nanoparticles.

In contrast to the previous two samples, EXAFS analysis of the 2Cu_CeO2-R and 4Cu_CeO2-

C shows that during heating in He at 400 °C Cu cations predominantly remain in the form of

different CuO nanoparticles and/or amorphous oxide species attached to the surface of CeO2

nanoparticles.  This indicates  that when heated in He, small  CuO clusters having a higher

fraction of Cu-O-Ce bonds are  actually  more difficult  to  reduce  compared to  larger  CuO

crystallites. This is in contrast to often-reported information in the literature, where H2-TPR

profiles are interpreted (without actual  analysis  of copper or cerium oxidation states) in a

sense that the low-temperature peak belongs to the reduction of small CuO clusters, whereas

high-temperature reduction peak is assigned to larger CuO crystals.[40] Also, the shape of CeO2

and possibly the terminating facets appear to govern or initiate the reduction of CuO phase.

On 4Cu_CeO2-C and 8_Cu-CeO2-R catalysts  which contain CuO particles of very similar

average size (5.1 and 5.4 nm, respectively), CuO remains oxidized on CeO2-C, whereas is

reduced extensively on CeO2-R. During catalytic N2O decomposition at 400 °C, the average

local structure around Cu cations for all investigated samples indicates that majority of Cu

cations  are  re-oxidized  to different  CuO  nanoparticles  and/or  amorphous  oxide  species

attached to CeO2 support. This is in line with the results of XANES analysis (Figure 4).

During catalyst activation in He and catalytic N2O decomposition (both at 400 °C) we further

observed significant changes in Cu-Ce coordination numbers (Tables S4-S15). It was found

that heating in He leads to a decrease of Ce neighbor atoms indicating shrinkage of the ceria-

copper  interface.  However,  (in  oxidative  atmosphere)  during  N2O  decomposition,  we

observed that coordination number for Cu-Ce photoelectron scattering not only restores its

initial values (RT in He flow), but also for some catalyst exceeds it more than 3 times, which
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indicates a drastic increase of copper-ceria interface.

3.4. Discussion

In-situ XAS data  collected  during  catalyst  activation  in  helium and during  catalytic  N2O

decomposition at 400  °C highlight the crucial role of both ceria support and copper in the

catalytic cycle of N2O decomposition. In our previous work,[25] we identified the presence of

reduced  Ce3+ species  and  bent  mono(oxo)  dicopper  sites  under  reaction  conditions.

Furthermore,  we  propose  that  mono(oxo)  dicopper  species  undergo  reduction  during  the

catalytic cycle and form reduced Cu+ species, which are the active sites and can activate the

N2O molecule. However, due to limitations of UV-Vis DR and FTIR spectroscopies, we were

not able to detect these reduced copper species and therefore, the species participating in N2O

degradation  were  not  precisely  established.  By  applying  XAS spectroscopy,  which  is  an

appropriate technique to determine oxidation state and local geometry of investigated atoms,

we  finally  observed  reduced  Cu+ species  under  reaction  conditions  and  obtained  solid

evidence  of  involvement  of  Cu2+/Cu+ pair  in  the  catalytic  cycle.  Taking into  account  the

results  of  in-situ XAS experiment  and  actual  copper  loading  in  these  samples,  we  have

calculated  the  amount  of  reduced  Cu+ species  presented  in  Cu_CeO2-R  catalysts  during

catalytic N2O decomposition. Figure S17 shows a good correlation between the activity of

these  catalysts  at  400  °C  and  determined  Cu+ content  in  these  samples.  These  data

unambiguously confirm previous findings, where the involvement of Cu2+/Cu+ redox pair was

suggested.[25]
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Previously  proposed  redox  mechanism  of  N2O  decomposition  (Equations  3-6)  predicted

oxygen evolution from bent mono(oxo) dicopper sites and Cu+ sites formation (Equation 3),

as  a  key  step  in  the  reaction  mechanism.  During  in-situ XAS study,  we  have  simulated

experimental  conditions  where  such  reactions  should  take  place.  We  found  that  catalyst

heating in inert gas atmosphere (Figure 4) shifts the reaction equilibrium between different

copper  oxidation  states  to  reduced  copper  species  (Cu+ and  Cu0).  We  observed  that  the

investigated materials undergo reduction during catalyst pretreatment and a significant part of

copper before the introduction of N2O is in reduced state for most active 4Cu_CeO2-R and

8Cu_CeO2-R samples.  This fact is in good agreement with our previous work,[25] where we

have suggested that  oxygen evolution and formation  of reduced copper  species  is  a  rate-

limiting step in this catalytic cycle and as such ability of the catalyst to form reduced copper

species  is  crucial  during  catalytic  cycle  of  N2O  degradation.  Here,  we  found  that  the

4Cu_CeO2-R sample easily evolves oxygen and thus re-generates sites for N2O activation and

decomposition, and consequently possesses high N2O decomposition rate.

2[Cu–O–Cu]2+ → 2[Cu+ Cu+] + O2 (3)

[Cu+ Cu+] + N2O → [Cu–O–Cu]2+ + N2 (4)

[Cu+ Cu+] + 2Ce4+ + O2– ↔ [Cu–O–Cu]2+ + 2Ce3+ + Vox (5)

2Ce3+ + VOx + N2O → 2Ce4+ + O2– + N2 (6)

As soon as N2O was introduced into the feed gas, we have immediately observed oxidation of

both copper and ceria (Equations 4 and 6), correspondingly. Only a small fraction of copper

remains in the Cu+1 oxidation state under steady-state conditions for all the samples. At the

relatively low reaction temperature (400 °C), the overall kinetics of N2O decomposition is

limited by oxygen desorption step and therefore both cerium support and copper are mostly
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oxidized.  At  the  same time,  the  presence  of  both  Cu+ and  Ce3+ reduced  species  even  in

relatively small fractions, confirms the participation of both Cu+/Cu2+ and Ce3+/Ce4+ in the

catalytic  cycle  as  was  suggested  before.  Our  work  further  confirms  the  importance  of

electronic metal support interactions (EMSI) as it was found to take place in this system. [26,41–

44] The perturbations in the electronic properties of Cu and Ce via bonding interaction between

copper nanoparticles and ceria support directly affect the reducibility of both of these phases.

[42] As such, the improved reducibility  and oxygen mobility  result  in outstanding catalytic

performance of Cu/CeO2 system in the catalytic N2O decomposition reaction.[43]

Finally,  by using  in-situ EXAFS analysis we have shown that the investigated copper-ceria

materials  represent a dynamic system under N2O decomposition conditions. The increased

interface  between  copper  and  ceria  phases  under  catalytic  N2O  decomposition  reaction

conditions results in the ability of CuO-CeO2 catalyst to decompose N2O already at moderate

temperatures.

4. Conclusions

With in-situ XAS analysis of nanoshaped CuO/CeO2 catalysts during N2O decomposition, we

identified  structural  characteristics  and  changes  of  Cu  and  Ce  species  during  catalytic

reaction. The Cu K-edge and Ce L3-edge XANES and EXAFS analyses revealed changes in

valence and local structure of Cu and Ce species in the CuO/CeO2 catalysts. In the initial state

at RT, the Cu2+ cations are in the form of CuO nanoparticles attached to the CeO2 surface.

After heating at 400 °C in He, partial (~15 %) reduction of Ce4+ is detected, and a significant

part of Cu2+ is reduced to Cu+ and Cu0. During the catalytic reaction of N2O decomposition, a

major part of Ce3+ is oxidized back to Ce4+, and a significant part of Cu species is oxidized

back  to  Cu2+,  with  about  10  %  of  Cu+ remaining  in  reduced  state  under  steady-state
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conditions.  Observed  structural  and  valence  changes  confirm  the  participation  of  both

Cu+/Cu2+ and Ce3+/Ce4+ ionic pairs in the catalytic cycle of N2O decomposition. Furthermore,

in-situ EXAFS analysis revealed highly dynamic changes in copper-ceria interface:  Under

oxidizing  reaction  conditions,  the  catalyst  undergoes  re-shaping  in  order  to  increase  the

copper-ceria interface. 
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In-situ XAS study of N2O decomposition over CuO/CeO2 catalysts revealed the crucial role of

copper-ceria interface and participating of Cu2+/Cu+ and Ce4+/Ce3+ ionic pairs in the catalytic

cycle.
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