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Copper containing materials are widely used in a range of catalytic applications. Here, we report the use

of Cu K-edge high resolution XANES to determine the local site symmetry of copper ions during the

thermal treatment of a Cu—-Cr—Fe oxide catalyst. We exploited the Cu K-edge XANES spectral features,
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in particular the correlation between area under the pre-edge peak and its position to determine the
local environment of Cu?* ions. The information gained from this investigation rules out the presence of
Cu?* ions in a tetrahedral or square planar geometry, a mixture of these sites, or in a reduced oxidation

state. Evidence is presented that the Cu®* ions in the Cu—Cr—Fe oxide system are present in a distorted

rsc.li/pccp octahedral environment.

1. Introduction

Copper-based catalysts are an important class of materials
widely investigated as they are found to be effective in numer-
ous applications."™ For example, NO, removal (Cu-zeolite
catalysts),"® methanol synthesis”® and low-temperature
water-gas shift (LTWGS) (Cu/ZnO/Al,0;),"°" hydrogenation
processes (e.g., copper chromite)'®'®> and high temperature
water gas shift (HTWGS)'®™? all feature catalysts with copper
in the active phase. Iron-chromium based HTWGS catalysts
have been known for several decades. The promotional effect of
the addition of copper to these catalysts was discovered in the
1980s, and doping levels as low as 1% have been reported to
result in significantly enhanced activity.>*>> Many studies have
been devoted to understanding the copper promotion effect
under reduction and HTWGS reaction conditions. It has been
established that metallic copper is the main copper species
present under these conditions."”'>***” The nature of the
copper promoter during catalyst preparation and during activation
(reduction) is dependent on factors such as copper loading,
preparation method,?® applied thermal treatments and reduction
procedures, and these factors are critical in determining the final

“ Department of Chemistry, University College London, 20 Gordon Street,

London WC1H 04], UK. E-mail: g.sankar@ucl.ac.uk
b Johnson Matthey, PO Box 1, Belasis Avenue, Billingham, Cleveland, TS23 1LB, UK
¢ Johnson Matthey, Blounts Court, Sonning Common, Reading, RG4 9NH, UK
4 Diamond Light Source, Harwell Science & Innovation Campus,

Oxfordshire OX11 ODE, UK
t Electronic supplementary information (ESI) available. See DOI: 10.1039/
dOcp06468h

This journal is © the Owner Societies 2021

catalyst performance. However, determination of the site
symmetry and oxidation state of the copper promoter prior to
the reaction, in particular during all stages of catalyst preparation
and activation, is important in the optimisation process of copper-
promoted Fe-Cr based HTWGS catalysts. The local geometry of
copper in the as-prepared Fe-Cr—Cu catalyst was proposed to be
either in an octahedral (CuFe,O,, inverse spinel structure) or
tetrahedral (CuCr,O,) or CuO environment.'”** However, the
majority of characterisation techniques employed thus far fail to
resolve the exact Cu environment in the catalyst prior to catalytic
reaction and the question around the exact state of copper at this
stage is still under debate.

One of the main reasons that it has been difficult to
determine the nature of Cu*" ions in the catalyst is the complexity
of the structural and redox chemistry associated with this.>**
Copper ions are known to adopt square planar, tetrahedral,
octahedral or pyramidal coordination geometries and many of
these have distortions to various degree. While traditional char-
acterisation methods, specifically XRD, play an important role in
elucidating the structure, they are useful only when the copper ion
concentration is significantly high. A range of other advanced
characterisation methods have also been used to determine the
local structure around copper ions, for example, to understand
the activity and reactivity during catalysis which includes Density
Functional Theory (DFT) based computational methods** and
photon-in-photon-out X-ray spectroscopic methods,*****¢ to
name a few. The Extended X-ray Absorption Fine Structure
(EXAFS) part of the X-ray Absorption (XAS) spectrum, an element
specific technique, has been widely used to determine the local
coordination geometry of Cu®" ions in a variety of systems.””™*°
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Whilst this technique is demonstrated to be powerful in
determining a coordination number and interatomic distances
around copper, it is difficult to determine the local site symmetry
from this method. For example, both tetrahedral and square
planar configurations will have coordination number of four for
the first neighbour with subtle differences in interatomic
distances; similarly, distorted octahedra, depending on the nature
of distortion, may fail to reveal the longer Cu-O neighbours.

It is well-known that the X-ray absorption near edge structure
(XANES) part of the XAS data is sensitive to the local site
symmetry,*'**> and this has been exploited to elucidate structures
of numerous transition metal-containing catalysts, including
copper.***® Furthermore, the advent of high-resolution fluores-
cence detection methods with superior resolution in XANES
(HR-XANES) has stimulated the use of this technique to study a
range of metal ion-containing catalysts, inorganic complexes and
biological systems with the aim to determine precisely the
electronic and local site symmetry of active sites.****>*

Encouraged by local-structural diversities seen in a range of
oxide-based compounds, and in light of debate over the nature
of the coordination environment around Cu®" ions in the
pre-catalytic state, we set out to determine the local structure
of copper ions in a Cu-Cr-Fe oxide material.”> We utilised the
HR-XANES method at the Cu K-edge**>® during thermal treatment
in air, which is an important step commonly applied in the
preparation process of catalytic materials.

To allow for a correct interpretation of the changes in local
site symmetry of copper ions, a set of reference compounds
were also investigated. In addition, we carried out XANES
spectral simulation using FDMNES software®” on structures
of Cu** jons in an Fe,O; matrix relaxed with DFT and simulated
with molecular dynamics (MD), and compared them with
XANES spectra of our materials to determine the local
environment.

2. Experimental

2.1. Catalyst preparation

The Cu-Cr-Fe material, investigated in this study, was prepared
by established procedure through precipitation of iron, chromium
and copper nitrates (90Fe: 8Cr:2Cu atomic ratios) with sodium
carbonate, followed by washing and drying.>

2.2. Catalyst characterization

High resolution X-ray absorption spectroscopy was measured at
diamond light source (DLS) on beamline 120-scanning to obtain
HR-XANES with a typical energy resolution of 0.1 eV.>® Cu
K-edge XAS data were collected in fluorescence mode. For the
experiment, ~ 65 mg of the as prepared Cu-Cr-Fe material was
pressed into 13 mm pellets and placed in the sample holder of
the in situ Microtomo cell.>® Before starting in situ XAS experiments,
the cell with the catalyst was purged in N, (30-60 mL min ™" for
15-20 min). The thermal treatment was carried out in synthetic
air (20.9% O, in N, at 30 mL min~" flow rate) from RT to 773 K
at a 10 K min~ ' heating rate. All gas flows in the Microtomo
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cell®® were monitored using a Cirrus mass spectrometer. Data
was collected at 100 K intervals, under isothermal conditions.
References compounds, Cu(OH),, CuFe,0,, CuO, CuCr,0, were
recorded ex situ to aid analysis. Energy calibration was done
with respect to copper metal foil. Athena™ (for pre-edge and
post-edge background subtraction) and Artemis® (for extracting
coordination number, Cu-O interatomic distances and Debye-
Waller factor using SO* of 0.817 derived from CuO as reference
compound) programmes of the IFEFFIT software package were
used for data processing and analysis.®® Features of the pre-edge
such as the area and its position were extracted from the
normalized Cu K-edge XANES spectra using ORIGIN software.
Curve fitting was typically achieved with a Gaussian component.
Two fitting ranges were used: 8975.8-8978.8 eV for the
as-prepared material and 8974.9-8979.1 eV for the copper
references and the linear simulated mixes. A typical fit is given
(see Fig. S1 in the ESIY).

X-ray diffraction (XRD) data were collected using a Bruker
D8 Advance powder diffractometer. The instrument used a
Bragg-Brentano (Reflection) mode employing a copper X-ray
tube (Cu Ko Wavelength 1.5406 A). Diffraction patterns were
recorded in the 10-130° 260 range with a 0.04° 20 step size and
4 seconds per step. Phase identification was carried out using
the Bruker Eva v4.2.1 software and the ICDD PDF4+ structure
database.

XPS was measured on a Thermo Scientific K-alpha spectro-
meter with monochromatic Al Ko radiation, a dual beam charge
compensation system and constant pass energy of 50 eV
(spot size 400 pm). A survey scan was collected in the binding
energy range 0-1200 eV. The principal peaks of Cu 2p were
corrected against C 1s (284.8 eV) to determine the binding
energies which were then compared with literature.

Raman spectroscopy was performed using a Renishaw
spectrometer. A x50 microscope objective lens was employed
to focus on the samples. The spectra were collected at RT using
a 785 nm laser. Raman spectra were acquired with 30 repeat
scans and acquisition time set to 10 s per scan. The range for

the collected spectrum was 100-1200 cm™ .

2.3. Computational modelling

The density functional theory (DFT) calculations presented in
this work were performed using the plane-wave DFT method
available within the code CASTEP.®® Generalised-gradient
approximation for the exchange-correlation energy, was
selected in the form of the PBE functional.®> Ground state
DFT was expanded by expressing the exchange-correlation
potential in terms of local-density band theory via the PBE+U
method.®® An effective U value of 5 eV was included in such
calculations, as reported in the Materials project database for
Fe,05.%

The copper ions in hematite were modelled with the inclusion
of a substitutional Cu defectin a 2 x 2 x 2 supercell of Fe,Os. The
structure was relaxed with converged parameters of 700 eV for the
kinetic energy cut-off and of a (12 x 12 x 12) Monkhorst-Pack
k-point grid. Self-consistent cycles were performed to a convergence
value of 1 x 10~ eV. The relaxed structure was used as a starting
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configuration for molecular dynamics within NVT ensemble at the
constant temperatures of 300 K, 773 K and 1000 K. Structures were
allowed to thermalize for 25 fs and then allowed to evolve for
further 100 fs, after which, a window of 10 fs was considered and
the structure minimising the forces in such time-frame was
selected as representative for the material at the temperature of
simulation.

The obtained relaxed structures were used (with copper as
the central atom) for FDMNES calculations using the freely
available software. SCF and Green functions within this soft-
ware were used for this purpose and 6 A radius cut off was
employed along with the default convolution parameters.

3. Results and discussion

The Cu-Cr-Fe mixed metal oxide that underwent thermal
treatment in air at 773 K was examined by XRD (see
Fig. 1(a)).®® It is clear that the main crystalline phase present
in the system is primarily Fe,O; and no other phases could be
identified based on XRD studies.”® Similar results were
observed from Raman analysis (Fig. S2, ESIt) where Fe,O3
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Fig. 1 (a) XRD pattern of the Cu—Cr—Fe oxide thermally treated at 773 K.
(b) Cu 2p XPS spectra of the same sample.
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was mainly detected and an additional Fe-Cr oxide phase at
773 K could be inferred, however, no clear structural information
regarding the copper species can be deduced from the Raman
spectrum. The XPS study (see Fig. 1(b)) of the sample calcined at
773 K suggested the presence of Cu®" state which was also
confirmed by the appearance of a satellite peak at 941-943 eV
along with the broad 2p;, peak and its components between
934-935 eV. Whilst XPS (see Fig. 1(b)) revealed that the copper
ions are present as 2+, no evidence can be obtained whether it
is CuO or any other forms of copper ions in the system.
Furthermore, XPS is sensitive to only the surface species and
what is present beneath the surface is difficult to determine.
Therefore, to obtain more detailed information on the nature of
copper ions it is necessary to use the XAS technique as it is
element specific and does not depend on long-range order of the
overall structure or its concentration more importantly this
technique is sensitive to local site symmetry of copper ions.*®

Fig. 2(a) shows Cu K-edge HR-XANES of a set of Cu®*
reference compounds which clearly demonstrate the differences
in all aspects related to the pre-edge, edge and post-edge features
of these selected compounds. It is known from the crystal-
lographic data of these systems that they all have different local
coordination environment ranging from square planar to tetra-
hedral and octahedral symmetries. This also demonstrates that
the HR-XANES technique is able to resolve all these complex
differences in the spectra which appears to be related to different
local geometries present in the system. We compare the normalised
Cu K-edge HR-XANES data of a Cu-Cr-Fe oxide material®® of an
ex situ sample thermally heated at 773 K with the data recorded
in situ at a range of air calcination temperatures in Fig. 2(b).
There are three regions of interest in a typical XANES spectrum:
(1) the pre-edge which is due to the 1s to 3d transition (marked
as P in Fig. 2(b)) and has been noted to be sensitive to the local
coordination geometry,®® (2) the edge position through the
midway of the rising absorption edge which is known to be
sensitive to the oxidation state of the metal ions of interest**
and (3) the so-called “white-line” intensity at the top of the
edge (marked as WL in Fig. 2(b)),***”®® which is known to show
differences depending on the nature of the local coordination
geometry.

First, we discuss the shift in the absorption edge of the
systems followed by the analysis of the pre-edge peak area and
the white line intensity differences in the top of the edge of the
spectrum. We also show the results from the analysis of the
EXAFS data, which is less conclusive in determining local
symmetry of copper ions.

From the HR-XANES measurements of the Cu-Cr-Fe mixed
oxide system (Fig. 2(b) and 3(a)), a slight decrease in edge
position upon in situ heating above 473 K from ca. 8986.5 to
8986.1 eV is determined. To emphasise the need for in situ, a
comparison of an ex situ sample treated at 773 K (1 h in air) and
exposed to atmosphere is shown, which indicates a slight
increase in edge position from ca. 8986.5 to 8987.2 eV
(Fig. 3(a)). A shift in the edge position within a specific oxidation
state of series reference compounds is well-known. For example,
CuO shows an enhanced shift to a lower energy of ca. 2.5 eV with
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Fig.2 (a) The Cu K-edge HR-XANES spectra of selected reference

compounds, representing Cu?" in tetrahedral, square-planar and octahedral
coordination geometries. (b) The Cu K-edge HR-XANES spectra of the
Cu-Cr—Fe sample, calcined at various temperatures, in situ, in a flowing air
atmosphere. Pre-edge peak is marked as P, E for the edge and WL for the
white line on the top of the peak. In the inset in (a and b), we highlight the
pre-edge region (marked P) to show variation in the intensity and position of
the peak.

respect to the inverse spinel, Fe(Cu,Fe)O, system, in its absorption
edge®®*? (see Fig. 2(a), 3(a) and Table S1 in ESIf) and also CuO
shows a distinct shoulder in the rising absorption edge, which
was rationalised as due to a square planar geometry and bonding
effects.®® The Cu-Cr-Fe oxide material studied here, did not show
an enhanced shoulder (either in in situ or ex situ studies) as seen
for CuO; thus, we can rule out the formation of any bulk CuO or
any square planar coordination geometry, as noted by Gaur et al.*®
in copper-containing complexes. To highlight the nature of
the edge shift, we plot the “difference-XANES” with respect to
the as-prepared starting material in Fig. S3 (ESIt). The plot also
highlights the changes in the pre-edge peak with respect to
as-prepared material. We plot the edge position of various
copper-containing systems studied here in Fig. 3(a), along with
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Fig. 3 (a) Comparison of the edge position with reference compounds
and the Cu—-Cr—Fe systems heated from RT to 773 K; (b) change in the
pre-edge peak area for the thermally treated samples and for comparison
the pre-edge area of physical mixture of CuO and Cu,O are also given.
Note that the temperature indicated in y-axis of (a) and x-axis (bottom) of
(b) are the actual temperature at which the data were recorded in the case
of in situ measurements and for ex situ samples, these were the temperatures
at which the samples underwent thermal treatments, but the data were
recorded at room temperature. The average estimated error in the area under
the peak is ca. 3%.

the materials that underwent thermal treatments. The Cu®*-
containing reference compounds show variation of 2.6 €V in the
edge position between 8984.4 to 8987 eV.

We also note that CuCr,O, (normal spinel structure),
wherein Cu®" ions are in tetrahedral geometry, shows a ca.
0.3 €V shift of feature E to a lower value compared with
Fe(Cu,Fe)O, (inverse spinel), wherein Cu®" are in an octahedral
coordination®® (see Fig. 3(a) and 2(a)). All the edge positions of
the Cu-Cr-Fe materials calcined at various temperatures
indeed show small variations (+0.7 to —0.4 eV with respect to
as prepared material) but lie well within the range expected of
Cu”" ions. Further support for the presence of the Cu** oxidation
state comes from investigating the pre-edge intensity, as one
should see a decrease in the pre-edge intensity, in addition to the
edge shift to a lower value compared to the starting material,
when Cu'" is present in the material.

This journal is © the Owner Societies 2021
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Van Bokhoven et al.*® observed a clear decrease in the pre-edge
peak intensity as well as a shift in the edge position to a lower
value for Cu-MOR catalysts during calcination followed by the
methane oxidation catalytic process. Here we demonstrate the
effect of presence of reduced copper species in the XANES spectra
through the investigation of physical mixtures of CuO and Cu,0,
shown in Fig. S4 (ESIf), and the pre-edge peak area vs. the
position of these ratios in Fig. 3(b) for various Cu®"/Cu"" ratios.
The pre-edge peak area decreases with an increase in the Cu'*
content, whereas the pre-edge peak area, in the data of our
materials (see Fig. 3(b)), shows a clear increase with thermal
treatment in air, especially for the samples studied in situ.
Therefore, we can discount the small edge shift seen in in situ
studies as due to partial reduction of Cu®" ions.

An attempt was made to extract the Cu-O coordination
number of the Cu-Cr-Fe oxides and their interatomic distances
by analysing the EXAFS data (using ARTEMIS® software over a
krange of 2.7 and 10 A™). The results for the investigated
Cu-Cr-Fe oxides together with the reference compounds are
shown in Table 1. Almost all the samples, including most of the
reference compounds, showed an average coordination number
of 4 with Cu-O distances in the range of ca. 1.94 + 0.04 A
(see Table 1). For example, both CuCr,0, and CuO showed a
coordination number of ca. 4, which is expected for a tetrahedral
and square planar configuration, respectively, and EXAFS failed

Table 1 Local structural parameters, specifically first neighbour environ-
ment determined though the analysis of the Cu K-edge EXAFS data for the
copper-containing reference samples and the in situ and ex situ Cu-Cr—
Fe materials

Cu-O, Crystallographic Fit

System CN* R/A®  Cu-O distance/A ¢*/A*“ index“
Cu0”™ 4 195 2x1.95 0.0065 0.062

2 x 1.96

2 x 2.78
CuCr,0,” 4 195 4x1.96 0.006 0.13
Fe(Cu,Fe)0,”° 4 1.98 4 x 1.97 0.0076 (0.41)

2 2.25 2 X 2.22 0.0076

Cu(OH),” 3.7 194 2x1.95 0.0069 0.033

2 x 1.97

1 x 2.35

1x 2091
Cu hydroxy carbonate 3.6 1.93 — 0.0088 0.039
As-prepared material 4.1 197 — 0.0079 0.041
Ex situ 773 K 6.2 1.98 — 0.0137 0.116
In situ at 373 K 4.5 1.96 0.0103 0.037
In situ at 473 K 4.7 1.96 0.0130 0.041
In situ at 573 K 4.4 1.95 0.0115 0.032
In situ at 673 K 4.8 1.95 0.0151 0.036
In situ at 773 K 4.3 1.95 0.0131 0.052

CN - Average coordination number for the first neighbour; Cu-O, R is
the average interatomic distance (A) for the first neighbour and ¢%/A* is
the Debye-Waller factor for this atom pair (cumulant terms were not
included in the analysis). “ The values reported based on the EXAFS
analysis from this work. All the data were analysed over the k-range of
2.7 and 10 A~* and over the R-range of 1 and 2.7 A. Amplitude reduction
factor, SO” was fixed at 0.817 based on the analysis of CuO taking only
the square planar, 4 oxygen neighbours in the same k and R ranges.
Error in estimation of coordination number is ca. 15% and interatomic
distances are ca. +0.02 A. Typical best fit to the Cu K-edge EXAFS and
corresponding FT’s are given in Fig. S5 in the ESI.
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to distinguish the site symmetry. Similarly a restrained refinement
is necessary to get the best fit between experimental and
calculated EXAFS for the Fe(Cu,Fe)O, system, where 4 short and
two long Cu-O distances of ca. 1.97 and 2.22 A, respectively, are
noted to exist.” Although the analysis of Cu(OH), suggests that it
is 4 coordinated, the crystallographic report” indicates that they
are slightly distorted four Cu-O short distance and two long Cu-O
distances between 2.35 and 2.91 A due to the Jahn-Teller effect.

The analysis of the EXAFS data (only a limited k-range was
available between 2.7 and 10 A™" from this data and was used
for extracting only the average first neighbour local structure)
indeed shows variations in the copper coordination number
between 4 and 6 depending on the samples. Although the CN of
6 is obtained for the samples treated at 773 K for the ex situ
sample, the fit index is not satisfactory, and inclusion of
distorted octahedra did not yield satisfactory structural para-
meters due to high correlations. The analysis of the EXAFS data
of in situ thermally treated samples showed an increase in
Debye-Waller factor, as expected for an increase in tempera-
ture, and a small increase in coordination number (from 4.3
and 4.8) but the distances remained closely similar (see
Table 1). Thus, the EXAFS analysis is insufficient to gain any
detailed information on the local geometry of copper ions in
various systems studied here.

In such a situation the use of XANES is more appropriate for
the investigation of the site symmetry of Cu®" ions. Evidence for
the effect of change in the local coordination geometry (site
symmetry) around copper ions on the pre-edge intensity can be
clearly seen by comparing the HR-XANES of various Cu’*-
containing reference compounds (see Fig. 2(a)). Here, a tetra-
hedrally coordinated copper-containing system (CuCr,0,4, normal
spinel) shows the highest intensity and lowest energy position of
its pre-edge peak compared to octahedrally coordinated (CuFe,O,,
inverse spinel); square planar coordinated CuO shows a low
pre-edge peak intensity and highest in its peak energy position.
Similar observations have been made in a previous study of
copper ions with various ligands.**®® Therefore, important
information can be extracted by comparing the pre-edge peak
area and its position for all the catalysts with respect to these
reference compounds. The plot of pre-edge peak position versus
peak area of four relevant reference compounds (Fig. 4) shows the
nature of variation in the area under the pre-edge peak and
position of the peak.

A similar method of analysing the pre-edge peak position
against intensity has been applied for a selected range of
systems, notably for Ti(iv) and Fe based minerals by Farges
et al.**”* Sankar and co-workers”>”® exploited this method to
examine titanium-containing porous materials; Weckhuysen
and co-workers”” as well as Grunwaldt® used high resolution
XANES to investigate Fe-ZSM5 catalysts. In general, the trend
seen for Cu**-containing systems is very similar to the Ti- and
Fe-containing materials where tetrahedrally coordinated ions
showed higher pre-edge peak intensity compared to octahedrally
coordinated Ti or Fe.*""**7* At the same time, the energy position
of the peak was lowest for the tetrahedral and highest for
octahedrally coordinated systems. Fig. 4 illustrates that this is
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Fig. 4 The pre-edge area against the pre-edge position for the ex situ
sample thermally treated in air at 773 K (in dotted square) and in situ,
recorded during thermal treatment in air of the Cu—Cr-Fe mixed oxide
sample from RT to 773 K (red circle), compared with linear combinations of
reference compounds with ratios of 0.1:0.9, 0.25:0.75, 0.5:0.5,
0.75:0.25, 0.9:0.1, of CuCr: CuFe (orange line), CuCr: CuO (purple line)
and CuOH:CuO (dark green line). Here CuOH = Cu(OH), CuCr =
CuCr,04, and CuFe = CuFe,O,4. Note that the peak area was obtained
from the normalised HR-XANES data and the estimated error in the
determination of the area under the peak is ca. 3%.

an ideal method to determine changes in local structure around
active metal cations in copper-containing catalysts. In Fig. 4 we
also show the observed change in the intensity of the pre-edge
peak and its position for the Cu-Cr-Fe oxide both measured
under in situ during thermal treatment and compared with the
same material heated ex situ at 773 K. Selected linear combina-
tions of the respective reference compounds are shown here to
determine whether there are multiple copper 2+ sites (including
mixed components) present in the oxide system. The samples
measured in situ HR-XANES during the thermal treatments
clearly reveal enhancement in the pre-edge peak area of ca.
0.01, while the peak position remains largely unchanged with
a marginal shift in energy of within 0.03 eV. In the case of ex situ
sample, a marginal variation (£0.001 with respect to the fresh
material) in the pre-edge peak area and a slight shift (ca. 0.18 eV)
in its peak position to a lower energy are observed in comparison
to the as-prepared material. Comparison with the data (see
Fig. 4) of reference compounds and the ones obtained through
linear combinations of different Cu** symmetries indicates
that the ex situ sample heated at ca. 773 K showed a decrease
in its pre-edge peak position, almost coinciding with the linear
combination of CuCr,0, and Fe(Cu,Fe)O, in ca. 10:90 ratio.
We discount this possibility of a mixture of tetrahedral and
octahedral sites as they differ considerably when comparing the
white line features (see Fig. S6, ESIT) in which Cu*" in tetrahedral
and octahedral coordination differs significantly.

Spectral changes in other in situ thermally treated samples
do not appear to follow any trend resulting from linear combination
of the various possible coordination environments. Therefore, we
propose the Cu®" in the Cu-Cr-Fe-oxide are likely to be in a unique
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distorted octahedral environment, rather than a mixture of two
phases or combination of possible sites (tetrahedral and octahedral)
arising from relocation of Cu®" species in two different environ-
ments in the material during the thermal treatment in air. In
addition to the pre-edge peak and its energy position, it is also
noted that the white line (WL) intensity can reveal changes in the
local coordination environment of copper ions. We therefore carried
out the evaluation of the white line (WL) intensity of the absorption
spectrum.*®*® In Fig. 5(a), we plot the WL part of the XANES spectra
for both the ex situ and in situ materials. The WL part of the XANES
spectra of the in situ heat treated samples show a continuous
decrease in the WL intensity with increasing temperature, whilst
their positions are unchanged as a function of the temperature. The
increase in WL intensity for ex situ 773 K sample and shift to a
distorted octahedral environment is different from the in situ
samples; we suggest that this distorted coordination environ-
ment may include adsorbed water molecules coordinated
to copper ions as this material was exposed to the atmosphere.
In general, the WL of all the Cu-Cr-Fe materials were in
between those of Fe(CuFe)O, and CuO (reference compounds
are shown in Fig. 2(a)). To understand this behaviour, specifi-
cally the change in normalised white-line intensity, we under-
took a series of XANES calculations using the FDMNES suite of
software.>” As suggested by Puig-Molina et al., Grunwaldt et al.,
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Fig. 5 In (a) white line part of the experimental Cu K-edge HR-XANES is
shown here to highlight the change in intensity of this peak in the materials
studied in situ. In (b) the simulated Cu K-edge XANES using FDMNES
software of the four clusters (generated by MD simulation and clusters are
shown Scheme 1) along with as-prepared, ex situ and in situ samples
treated at 773 K.
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Scheme 1 Proposed local structure of Cu?*-O coordination environment
in the iron oxide (hematite) lattice obtained using combination of DFT and
MD simulation at selected temperatures. Various Cu—O distances resulting
from these quenched structures are also given.

and Kappen et al.,"”*>’® the HTWGS catalysts may have Cu®*
ions interacting with the iron oxide host lattice.”®

The copper ions in hematite were modelled with the inclusion
of a substitutional Cu defect in a supercell of Fe,0;. The cell was
relaxed with DFT methods and the resulting structure was used as
a starting configuration for molecular dynamics (MD) simulations
at the temperatures of 300, 773 and 1000 K. The final local
structure (see Scheme 1) obtained from this calculation is used
for further XANES simulation using the code FDMNES to evaluate
the effect of local structure on the WL intensity (simulation of the
pre-edge feature is not shown here as it is not reliably calculated)
and they are plotted in Fig. 5(b). Here, we also compare the
as-prepared and thermally treated materials. It is interesting to
note that the WL intensity of the as-prepared material appears
similar to the structure calculated for the 300 K than 0 K cluster.
This emphasises that the Cu®* in the as prepared material has
distorted octahedral environment supporting the pre-edge
intensity observation. Similarly, the XANES spectra for the
material treated in situ at 773 K is comparable to the simulated
XANES using the structure obtained from MD at 773 K calculations,
thus suggesting that the distortions in the coordination
environment are likely to be similar to this computed structure.
The ex situ calcined sample at 773 K shows intensity approaching
that of the DFT calculated structure but with lesser intensity,
indicating that the ex situ calcined sample is likely to be more
distorted compared to the DFT simulated structure.

4. Conclusions

Based on the high-resolution XANES observations combined
with DFT and MD simulations, we propose the following local
structural model for copper ions in the Cu-Cr-Fe oxide in the
thermally activated state, prior to catalytic reactions. The
as-prepared material is proposed to have a distorted CuOg

This journal is © the Owner Societies 2021
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environment, specifically the WL part of the data closely
resembles that simulated at 300 K. During thermal treatment,
the Cu®" ions remain as Cu®" but undergo a further distortion
in their octahedral environment. Our work is in agreement with
the proposal that copper ions are in a solid solution'”** and
certainly discount any physical mixture of CuO (in any notice-
able amounts) along with the solid solution. Importantly, the
present work clearly demonstrates that the use of all the
spectral features present in the HR-XANES spectra, in particular
the pre-edge peak area and its position and comparison with
selected relevant reference compounds, can be the basis for
evaluating and understanding the local site symmetry of copper
ions in a range of copper-containing materials.
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