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Characterization of Metal-Oxide Catalysts in Operando
Conditions by Combining X-ray Absorption and Raman
Spectroscopies in the Same Experiment

A. Patlolla • P. Baumann • W. Xu • S. D. Senanayake •

J. A. Rodriguez • A. I. Frenkel

� Springer Science+Business Media New York 2013

Abstract We have developed a new instrumental setup

that combines simultaneous X-ray absorption spectroscopy,

Raman spectroscopy and online mass spectrometry for

operando studies of catalytic reactions. The importance of

combining these techniques in the same experiment is

demonstrated with the example of CO oxidation over

nanoscale copper oxide catalysts supported on high surface

area titanium oxide. X-ray absorption near edge structure

(XANES) spectroscopy provides information on the charge

state and local geometry of the catalytically active atoms.

Extended X-ray absorption fine-structure (EXAFS) tech-

nique adds information about their local coordination

environment. Raman spectroscopy adds sensitivity to

crystallographic phase and long range order that both

XANES and EXAFS are lacking. Together, these mea-

surements enable simultaneous studies of the structural and

electronic properties of all components present in metal-

oxide catalysts. Coupled with online reactant and product

analysis, this new setup allows one to elucidate the synergy

between different components of a catalytic system and

shed light on its catalytic activity and selectivity.

Keywords Multi-technique characterization �
Operando studies � Metal Oxide catalysts �
Oxygen reservoir

1 Introduction

Transition metal oxide-supported catalysts are among the

most ubiquitous catalytic systems commonly used [1–6].

Despite significant progress made in developing catalysis

theories where completely [7] or partially [8, 9] reduced

oxides play a central role in the catalytic process, the role

of the oxide support is relatively less understood. One of

the main challenges towards a more objective investigation

is the need to study all components of metal-oxide catalysts

in the same conditions, which is difficult to accomplish

when different techniques are used. Within the field of

spectroscopy alone, a large number of techniques such as

XAS [10], NMR [11], EPR [12], IR [13], Raman [14] and

UV–VIS [15] have already been adapted to study metal-

oxide catalysts under reaction conditions, providing com-

plementary information about the catalytic process and

structure of the catalyst. However, the challenge remains in

the co-interpretation of their results since these methods are

commonly applied in separate setups to the samples

exposed to different experimental conditions and possess-

ing different degrees of heterogeneity. With the develop-

ment of advanced characterization techniques to monitor

catalytic reactions in operando, new instrumentation for

multi-technique characterization has been built [16–28].

In this article, we present a new experimental setup,

which combines two spectroscopic techniques, XAS and

Raman, coupled to a mass-spectrometer (MS) for reactant

and product analysis. This instrument is available at the

Synchrotron Catalysis Consortium that helps to operate
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beamlines X18B, X19A and X18A at the National Syn-

chrotron Light Source at Brookhaven National Laboratory

for investigations of time-resolved and temperature-resolved

catalytic reactions in fixed-bed catalytic reactors. Two

modifications of XAS, namely, the X-ray absorption near

edge structure (XANES) and extended X-ray absorption fine

structure (EXAFS) are excellent methods to measure local

electronic and atomic configuration of metal atoms in a

catalyst. XANES and EXAFS experiments can be done

in situ and in operando during the catalytic reaction. Raman

spectroscopy is highly complementary to XANES and

EXAFS studies, due to its sensitivity to the structure of

surface oxides and the oxide support material, as well as their

transformations during the reaction process. Since XAS

provides short range information only, it is not sensitive to

such effects that occur in the long range, i.e., tens of nano-

meters. Raman spectroscopy, on the other hand, is not lim-

ited to the short range order, and despite an inability to detect

the metallic phase, it is an excellent tool for studies of oxides.

Hence, by combining XAS and Raman to study the same

catalytic process, one can elucidate changes that occur

simultaneously at different length scales in the course of the

reaction and arrive at a better understanding of their synergy

in any catalytic mechanism than when these measurements

are undertaken separately.

We report here our experimental setup and a demonstra-

tion of its capabilities by using as a case study the catalytic

oxidation of CO over a 5 wt% CuO/TiO2 catalyst. Copper

oxides supported on TiO2 are attractive heterogeneous cat-

alysts and have been widely used in the industry for selective

oxidation of o-xylene to phthalic anhydride [29, 30], steam

reforming and methanol dehydrogenation [31, 32], CO oxi-

dation [33, 34], NOx decomposition [33], and the complete

mineralization of a variety of volatile organic compounds

(VOCs) [35]. The nature of the active state of Cu in CO

oxidation and, hence, its mechanism are far from being

completely understood. Our work provides new insights into

this field by illuminating a reaction pathway from several

different perspectives (XANES, EXAFS, Raman and MS).

We have also observed activity of this catalyst for the CO

oxidation when studied under a CO/H2O mixture, and

highlighted the possible role of TiO2 as an oxygen reservoir

when the catalyst is reduced, in agreement with previous

studies of support systems acting as a source of oxygen [36].

2 Experimental

2.1 Catalyst Preparation

Anatase TiO2 was calcined to 500 �C in air flow prior

to incorporating a cupric nitrate precursor (Cu(NO3)2).

The 5 wt% CuO/TiO2 catalyst was prepared by a

deposition–precipitation method (DP) using Na2CO3 as the

precipitating agent, which was added to the TiO2 and Cu

precursor in order to keep a pH neutral (=7) at 70 �C. In

these conditions, the copper precipitated as Cu(OH)2. The

CuO/TiO2 sample was calcined to 500 �C in air flow fol-

lowing the DP process. The experiments of reduction of the

CuO/TiO2 in CO and the catalytic oxidation of CO were

done at temperatures (\300 �C) much lower than the one

used for the calcination process (500 �C).

2.2 Catalytic Activity

Operando experiments were performed in a Clausen cell

[37] which allows for the flow of reactant gases over the

sample during the acquisition of XAS and Raman data

(Fig. 1). The sample powder was loosely packed into a

1.0 mm O.D./0.9 mm I.D. quartz capillary. The capillary

was connected to 1/16 in Swagelok style fittings with

Vespel ferrules. An Omega thermocouple was inserted into

the capillary and placed adjacent to, and contacting the

catalyst bed. The sample was aligned so that its portion

closest to the thermocouple was simultaneously in the

beam path for X-ray measurements and at the focus spot

from the Raman optical probe. The reagent gases were

passed into the quartz tube through an inlet and the prod-

ucts were analyzed by using a mass spectrometer con-

nected through an outlet. The catalyst sample was heated

by using a resistive heater placed under the catalyst bed.

The 5 wt% CuO/TiO2 samples were initially treated with

helium at a flow rate of 10 ml/min. Three different

experiments were performed with different samples from

the same batch: (1) Reduction of the supported Cu oxide

under a 5 % CO/He flow during a temperature ramp

between 25 and 250 �C, (2) CO oxidation reaction under a

0.5 %CO/0.25 %O2/He mixture in the same temperature

regime, and (3) investigation of the catalytic activity for

water–gas shift reaction. In all cases, the flow rate of the

gas feed was 10 ml/min. Each experiment took a few

hours, and during the entire process the reaction products

were monitored with a mass spectrometer.

The mass spectrometer used to monitor the composition

of the reacting gases at the outlet of the reactor covered the

0–100 amu range (QMS, Stanford Research Systems). A

portion of the exit gas flow passed through a leak valve and

into the QMS vacuum chamber. QMS signals at mass-to-

charge (m/z) ratios of 2(H2), 4 (He), 18 (H2O), 28 (CO),

and 44 (CO2) were monitored during the experiments, and

these were recorded at the same time by a computer.

2.3 X-ray Absorption Spectroscopy

Cu K-edge XAS data were collected in transmission mode

at the beamline X19A using ionization chamber detectors
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for measuring incident and transmitted beam intensities. In

addition, a third ionization chamber was used to detect the

beam through a reference Cu foil, for energy calibration

and alignment purposes. Spectra obtained in the same

conditions (from three to five spectra, depending on the

temperature and conditions of the experiment) were aver-

aged to minimize noise for further processing and analysis.

XANES data were processed using linear combination

analysis method, and EXAFS data were analyzed by non-

linear least square fitting.

2.4 Raman Spectroscopy

Raman spectra were obtained by using a Bay Spec spec-

trometer equipped with a 532 nm laser excitation. The

spectrometer was calibrated using a silicon wafer to a

wavenumber accuracy of ±1 cm-1. Raman spectra were

collected at the same temperatures as the XAS and MS

data. A non-contact fiber optic HT probe objective was

used for beam focusing and collection of scattered radia-

tion (Fig. 1). 5 spectra were accumulated with a 30 s

exposure time. The resulting total spectral recording time

was 150 s. The laser output power was 23 mW. Raman

spectra measured during a period of over 1 h, in which the

catalyst was heated to the reaction temperature, did not

show any observable changes, thus confirming the catalyst

stability and the negligible effect of laser heating. Figure 1

demonstrates a schematic of the setup for combined,

operando XAS/Raman investigations.

3 Results and Discussion

3.1 In Situ Reduction of Fresh 5 wt% CuO/TiO2

Catalyst with CO

Figure 2a shows the Cu K-edge XANES data collected

under a flow of CO. The data demonstrate that as the

temperature increases, the oxidation state of Cu changes

towards CuO, with the transformation almost complete by

100 �C. Figures 2b, c show the Cu K-edge k2-weighted

EXAFS data and their Fourier transform magnitudes,

respectively. Figure 2c demonstrates a gradual decrease in

the intensity of the lower r peak corresponding to the Cu–O

bond between 1.1 and 2.0 Å from 25 to 50 �C. This

decrease is followed by the rise of the higher r peak cor-

responding to the Cu–Cu first-nearest-neighbor distance in

metallic Cu at higher temperatures. In perfect agreement

with the XANES data, the transformation towards metallic

Cu is almost complete by 100 �C.

Quantitative analysis of the EXAFS data measured at

the highest temperature during reduction confirmed that the

metal Cu phase dominates the data (Fig. 3). The data of

bulk Cu foil was analyzed first, by a non-linear least square

fit of FEFF6 theory [38] to the data by using Artemis

program [39] from the IFEFFIT data analysis package [40].

Theoretical photoelectron scattering amplitudes and phase

shifts were calculated for the fcc model structure corre-

sponding to bulk Cu. Passive electron reduction factor was

obtained to be 0.813 from the fit to bulk Cu foil data and,

subsequently, fixed in the analysis of the unknown Cu data.

The coordination numbers, correction to the bulk bond

lengths, and the disorder in the bond lengths were varied in

the fit to the first coordination shell EXAFS signal (Fig. 3),

as well as the correction to the photoelectron energy origin.

Best fit results confirmed our qualitative conclusion (vide

supra) that a metal Cu phase was formed, with coordination

numbers (CN) of Cu–Cu pairs of 12.0 ± 0.9. This large

CN indicates that the particle size is at least 3–4 nm,

consistent with TEM analysis results obtained on the as-

received sample (with the average CuOx particle size of

about 3 nm).

Raman spectroscopy results are shown in Fig. 4. Raman

spectra clearly demonstrate the presence of four bands

around 147, 397, 517, and 638 cm-1 which correspond to

anatase TiO2 [30, 41–44]. No features around 232, 446, and

Fig. 1 Schematic of the setup

for combined, operando XAS/

Raman experiment
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609 cm-1 that correspond to the rutile TiO2 phase [29]

were observed. We cannot confirm or rule out the presence

of CuO whose peak at 635 cm-1 [44–46] would interfere

with the TiO2 peak. The Cu2O peak reported to be found at

411 cm-1 [46] is likely to be the peak at 418 cm-1 in

Fig. 4. Additional evidence for this assignment is the

absence of the 418 cm-1 peak in Raman spectra of pure

TiO2 (vide infra). Another peak of Cu2O is expected to be

found at 633 cm-1 [46], but its presence cannot be detected

for the same reason as for the CuO peak, due to the

interference with TiO2.

It is remarkable that most spectral lines of TiO2 have

reduced significantly or even disappeared starting at

150 �C, the fact to be discussed in greater detail later.

Another interesting observation is that the Cu2O lines

persist throughout the entire temperature cycle. This latter

result is among the main advantages of using the XAS and

Raman measurement in the same experiment. Indeed, Cu

XANES and EXAFS data shown above are dominated by

metal Cu and thus cannot be used for quantitative deter-

mination of CuO and/or Cu2O phase that, if dilute, would

have gone unnoticed by data analysis. However, metal Cu

is not Raman active and, hence, the presence of Cu oxide

will be detected even in minor quantities. By combining

Raman and XAS we, therefore, conclude that both Cu and

Cu2O are present in the sample throughout the entire

Fig. 2 Cu K-edge XANES (a) and EXAFS spectra in k-space (b) and r-space (c) collected for the CuOx/TiO2 catalyst at different temperatures

under a flow of CO. The reference spectra of Cu, Cu2O and CuO are shown as well

Fig. 3 Fourier transform magnitude of the k2-weighted Cu K-edge

EXAFS data and theoretical fit
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temperature range. This conclusion cannot be made on the

basis of each individual technique, only on the basis of

their combination, since XAS signals are dominated by

metal Cu at the end of the reduction, while the Raman

spectra do not have sensitivity to metal phase and, hence,

enhance the oxide phase if it is present.

3.2 Oxidation of CO over a 5 wt% CuO/TiO2 Catalyst

as a Function of Temperature

We will start by showing the activity of CuO/TiO2 for the

oxidation of CO. Figure 5 displays different signals mea-

sured with the mass spectrometer after passing a mixture of

CO/O2/He over the CuO/TiO2 catalyst. A maximum in the

production of CO2, accompanied by the decrease in the CO

and O2 signals, is observed at a temperature of 150 �C.

This result is in excellent agreement with those of Larsson

et al. [44]. It took 3 h for the catalyst to reach 150 �C after

the temperature was ramped up.

Figure 6a displays a series of Cu K-edge XANES

spectra acquired after exposing a CuOx/TiO2 catalyst to the

CO and O2 mixture at different temperatures. It is apparent

from visual examination of the spectra that the local

environment and, likely, the oxidation state of Cu have

changed during the reaction. For quantitative data analysis,

we chose the same approach as in Ref. [19], where water–

gas shift reaction over a Cu/CeO2 inverse catalyst was

investigated by XAFS in operando. As in the previous

work, the starting state of Cu is not equivalent to that of

CuO (or Cu2O) as the former has strong spectroscopic

differences in the 1s-4p transition region between 8,980

and 8,990 eV from the latter (Fig. 6a). Quantitative anal-

ysis of the mixing fraction of different species was

obtained by linear combination fitting, similar to the pro-

cedure developed in Ref. [19]. In the present work, we used

the starting phase as one of the standards, along with the

spectra collected for bulk CuO and Cu2O, to fit the

unknown data at temperatures from 50 to 250 �C. The

Fig. 4 Raman spectroscopy

data collected during the

reduction of the as-received

catalyst with CO. All lines

correspond to TiO2 (anatase)

except for the 418 cm-1 line

which is due to Cu2O. The data

are divided in two groups, one–

for temperatures from 25 to

100 �C (a), the other–for

temperatures from 150 to

250 �C (b)
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results of this analysis are presented in Fig. 6b. The

changes in the XANES spectra are consistent with the

transformation between the three states: (1) The starting

state persisting between room temperature and 50 �C, (2)

CuO-like state formed between 50 and 100 �C, and (3)

Cu2O-like state formed between 100 and 200 �C.

Theoretical fit to the 25 �C EXAFS spectra resulted in

the coordination number of Cu–O of 3.7 ± 0.4 and the Cu–

O pair distance of 1.95 ± 0.01 Å (Fig. 6b), i.e., consistent

with bulk CuO structure. Despite that similarity, the dif-

ference in the XANES white line intensity and shape of the

main edge between these two systems (Fig. 6a) is a clear

evidence that the starting state is unique, and investigation

of its nature should warrant a separate study. From the

comparison of the reactivity data (Fig. 5) and XANES

analysis data (Fig. 6b) we conclude that the starting phase

Fig. 5 Mass spectrometry data obtained for the CO oxidation

reaction in the same experiment with XAS and Raman spectroscopy

measurements

Fig. 6 Cu K-edge XANES spectra collected for a CuOx/TiO2 catalyst

during the CO oxidation reaction (a). The corresponding reference

spectra of Cu, Cu2O and CuO are shown as well. The results of linear

combination analysis of the XANES data with three standards: the

pre-reaction phase at 25 �C, Cu2O and CuO (b). Fourier transform

magnitudes of k2-weighted data and fit at 25 �C under O2 flow, prior

to the start of the CO oxidation reaction (c)
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plays no role in reaction (as it almost disappears at

150 �C), and the reaction onset coincides with the forma-

tion of CuO and Cu2O phases. We note that the XANES

and EXAFS data were used in a complementary way in this

work: while XANES is useful for phase speciation (by

linear combination analysis), EXAFS data cannot be reli-

ably analyzed when a mixture of species is present. How-

ever, such analysis is not necessary if each species can be

analyzed separately, in their pure state, as in the present

case [28, 47].

In summary of our analysis of the XAS and reactivity

data (Fig. 5), we conclude that the active phase must

consist of either CuO or Cu2O or their mixture. Figure 7

shows the Raman spectra of the 5 wt% CuO/TiO2 catalytic

system measured during the course of the CO oxidation

reaction, done in the same experiment with the other

techniques described above.

Raman spectra show that Cu2O state is present in the

sample at all temperatures, while CuO cannot be reliably

detected due to the interference with TiO2. On the basis of

Raman spectra alone we would not be able to detect the

unique state of Cu in the beginning of the temperature

range, visible in XAS spectra (Fig. 6a,b). Hence, the

combination of XAS and Raman spectra is required for

more accurate speciation of multiple Cu species that

coexist in the catalyst during this reaction.

Figure 8a shows the Raman spectra collected in the

same TiO2 powder that was used as a support for the 5 wt%

CuO/TiO2 catalyst, but no CuO was present in that sample.

Correspondingly, no conversion of CO to CO2 was

observed (Fig. 8b). The Raman spectra of the pure TiO2

sample (Fig. 8a) also indicates the anatase phase, in

agreement with Fig. 7. It is important that the spectra show

no presence of the peak at 418 cm-1, in support of its

assignment to Cu2O as discussed above. Interestingly, the

peak intensities measured in the pure TiO2 sample do not

change significantly with temperature (Fig. 8 (a)), in a

marked contrast with their behavior measured in the 5 wt%

CuO/TiO2 catalyst during its reduction with CO. In

the latter sample, the TiO2 peak intensities decrease

Fig. 7 Raman spectra obtained

during the CO oxidation

reaction cycle. All lines

correspond to TiO2 (anatase)

except for the 418 cm-1 line

which is due to Cu2O. The data

are divided in two groups, one–

for temperatures from 25 to

100 �C (a), the other–for

temperatures from 150 to

250 �C (b)
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dramatically (Fig. 4). This contrast in Raman spectra

behavior illuminates a special role that the substrate (TiO2)

plays in the reduction of copper oxide.

The final experiment that we performed, where the

reactant mixture for the water–gas shift (CO and H2O) was

flown over a fresh catalyst in the same temperature and

flow rate regimes as in the previous two experiments,

demonstrated CO oxidation and the lack of evolution of H2.

Hence, this catalyst shows no activity for the water–gas

shift reaction.

4 Summary

The combined application of spectroscopic techniques

(XANES, EXAFS and Raman) done in operando, during a

catalytic process of CO oxidation, revealed new informa-

tion about the nature of the catalytically active phase and its

heterogeneity. Results of all complementary measurements

suggest that both phases of copper oxide (CuO and Cu2O)

must be present in the active state of the catalyst at 200 �C.

Raman studies highlighted the role that the support

material (TiO2) plays in this reaction. Under the conditions

when oxygen is deficient, TiO2 played a role as an oxygen

reservoir, providing oxygen for the oxidation of CO. Our

studies reveal also the synergy between the Cu oxide and

the support, since TiO2 acts as oxygen source only in the

presence of the Cu oxide. Our results illustrate that novel

chemical and catalytic properties can appear when two

different oxides are put in contact at the microscopic level.
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