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Ce(OH),Cl and lanthanide-substituted variants as
precursors to redox-active CeO, materialst
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The cerium(in) hydroxide chloride Ce(OH),Cl crystallises directly as a polycrystalline powder from a solu-
tion of CeCls-7H,O in poly(ethylene) glycol (M,, = 400) heated at 240 °C and is found to be isostructural
with La(OH),Cl, as determined from high-resolution synchrotron powder X-ray diffraction (P2;/m, a =
6.2868(2) A, b = 3.94950(3) A, c = 6.8740(3) A, p = 113.5120(5)°). Replacement of a proportion of the
cerium chloride in synthesis by a second lanthanide chloride yields a set of materials Ce;_,Ln,(OH),Cl for

Ln = La, Pr, Gd, Tb. For La the maximum value of x is 0.2, with an isotropic expansion of the unit cell, but

for the other lanthanides a wider composition range is possible, and the lattice parameters show an iso-

tropic contraction with increasing x. Thermal decomposition of the hydroxide chlorides at 700 °C yields

mixed-oxides Ce;_,Ln,O,_; that all have cubic fluorite structures with either expanded (Ln = La, Gd) or

contracted (Ln = Pr, Tb) unit cells compared to CeO,. Scanning electron microscopy shows a shape

memory effect in crystal morphology upon decomposition, with clusters of anisotropic sub-micron crys-

tallites being seen in the precursor and oxide products. The Pr- and Tb-substituted oxides contain the
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1. Introduction

Cerium dioxide is well-known for its widespread applications in
catalysis, where it commonly plays the role of a redox-active
support, making use of its easy and reversible release and uptake
of oxygen." This chemistry is exploited in various practical appli-
cations, such as the oxygen storage component in three-way cata-
lytic convertors for abatement of pollutants in automotive
exhausts,” and as an oxide-conducting electrolyte in solid oxide
fuel cells.® Emerging applications of ceria in catalysis include in
steam 1'eforming,4 soot oxidation,” water-gas shift,® oxidation of
volatile organics,” and thermochemical water splitting.® Beyond
heterogeneous catalysis, biomedical applications of ceria are
being explored,” and the material also finds use in UV-shield-
ing,'® as an abrasive agent,'" and in humidity sensors."

The defect chemistry of ceria is crucial in determining its pro-
perties," as is its crystallite morphology and size,'* particularly
on the nanoscale.'® These aspects of fine control of properties of
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substituent in a mixture of +3 and +4 oxidation states, as seen by X-ray absorption near edge structure
spectroscopy at the lanthanide L, edges. The mixed oxide materials are examined using temperature pro-
grammed reduction in 10%H, in N, which reveals redox properties suitable for heterogeneous catalysis,
with the Pr-substituted materials showing the greatest reducibility at lower temperature.

ceria mean that the synthesis method used is of the utmost
importance in forming materials with desirable properties.'®
The simplest synthesis method is precipitation by increasing the
PH of aqueous solutions of cerium salts, such as ammonium
cerium(iv) nitrate or cerium(ur) nitrate, followed by calcination of
the isolated amorphous solid at temperatures of typically
500-700 °C to induce crystallisation."” Greater control over
crystal morphology is obtained by hydrothermal, or more gener-
ally solvothermal, routes that allow one-step crystallisation from
solutions heated above the boiling point of the solvent.'® Other
synthesis routes to ceria fine powders include combustion, with
inclusion of a suitable oxidant to induce rapid formation of the
oxide product,'® and reverse micelle sol gel techniques, with sur-
factants to allow confined growth of small particles.>”

The thermal decomposition of crystalline precursors pro-
vides another convenient approach for formation of ceria, and
it has been commonly observed that the crystallite morphology
of the ceria product reflects the morphology of the precursor
salt.”’ This ‘shape memory effect’ has the potential for
forming ceria crystallites with unusual surface reactivity, while
the inclusion of substituent cations in the precursor salt pro-
vides a way of achieving a homogeneous elemental distri-
bution in the oxide. Cerium(m) carboxylates, such as
formate,” and oxalate,> yield nanostructured ceria at temp-
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eratures around 400 °C. The basic carbonate CeCO;(OH) has
been widely studied as a precursor and the typical anisotropic
morphology of the crystallites permit the formation of par-
ticles of CeO, with unusual morphologies.>* Isovalent substi-
tution of Ce®* by other trivalent lanthanides to yield
Ce;_,Ln,CO3(OH) has proved possible,”® and recently cobalt-
doping of the precursor was found as a facile route to Co-
doped CeO, nanosheets with electrocatalytic properties.>

The crystalline lanthanide chloride hydroxides,
Ln(OH),Cl, were reported in the 1960s for Ln = La, Pr, Nd, Sm
and Gd,”” and their crystal structures determined in these
and subsequent works,*® as well as further examples found
for other lanthanides.”® An exception is the case of Ce
(OH),Cl, which although was mentioned by Klevtsov et al. in
1969,%’° was not structurally characterised until 2017 when
Kim et al prepared the material using a hexamethyl-
enetetramine solution route in the form of powders and as
films.?° In this paper we describe a convenient solvothermal
route to bulk, polycrystalline samples of Ce(OH),Cl, and then
show how replacement of the cerium for other lanthanides is
possible, before studying their thermal decomposition to give
substituted cerium oxides, Ce;_,Ln,0,_s, with four examples
of substituents chosen to illustrate the scope for substitu-
tional chemistry.
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2. Experimental section

CeCl;-7H,0 (Sigma-Aldrich, 99.9% purity), LaCl;-7H,O (Alfa
Aesar, 99.9% purity), PrCl;-7H,0O (Alfa Aesar, 99.9% purity),
GdCl;-7H,0 (Alfa Aesar, 99.9% purity) and TbCl;-7H,0 (Alfa
Aesar, 99.999% purity) powders were used as precursor
materials. The level of hydration of the metal salts was deter-
mined accurately using thermogravimetric analysis. Samples
of Ce;_,Ln,(OH),Cl were prepared by solvothermal synthesis
from metal salts using Teflon-lined, stainless-steel autoclaves
(20 mL). In a typical synthesis, CeCl;-7H,O and LnCl;-7H,0
(Ln = La, Pr, Gd and Tb) with desired molar ratio (2 mmol
total) were stirred in 8 mL of polyethylene glycol (M, = 400,
Sigma-Aldrich) for 1 h. The reaction mixtures were sealed in
autoclaves and then placed in a preheated fan oven at 240 °C
for 24 h, before cooling to room temperature. After the reac-
tion, precipitates were obtained that were recovered by suction
filtration. All the solid products were washed with deionised
water and dried at 70 °C overnight in air before further
characterisation.

Powder X-ray diffraction (PXRD) was initially performed to
assess phase purity using a Siemens D5000 diffractometer
operating with Cu Ka,, radiation in Bragg-Brentano geometry.
Higher resolution PXRD data were recorded at room tempera-
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Fig. 1 Final Rietveld fit (WR, = 4.66%, GOF = 6.76) of Ce(OH),Cl. The measured data are the black circles, the red line the fitted profile, the blue line
the difference curve and the black ticks the positions of allowed Bragg reflections. See Table 1 for crystal data.
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ture using a Panalytical X’Pert Pro MPD operating with mono-
chromatic Cu K, radiation and equipped with a PIXcel solid-
state detector. For structure solution and refinement of Ce
(OH),Cl PXRD was recorded using the I11 beamline at the
Diamond Light Source synchrotron facility (UK) under
ambient conditions. A finely-ground sample was mounted in a
spinning quartz capillary, and data were collected across a
range of 2-92° 26 with a step size of 0.004° using a wide-angle
position sensitive detector based on Mythen-2 Si strip
modules. The incident X-ray beam wavelength was 0.82496(10)
A. Data were analysed using the GSAS software visualised
using the EXPGUI interface,! to allow Rietveld refinement of
structural models or refinement of lattice parameters using
the Le Bail method.

Thermogravimetric analysis (TGA) was performed using a
Mettler Toledo TGA/DSC 1 instrument under a constant flow
of air (50 mL min'). Simultaneous differential scanning
calorimetry (DSC) curves were also recorded. Data were
recorded from room temperature to 1000 °C at a rate of 10 °C
min~'. Seven point nitrogen adsorption isotherms were
measured on a Micromeritics Tristar Instrument. The samples
were pre-treated in flowing nitrogen at 200 °C for 16 h. BET
analysis was performed to obtain surface areas.

Scanning electron microscopy was performed using a Zeiss
Supra 55-VP field emission scanning electron microscope with
applied accelerating voltages within the range of 5-10 kv at an
aperture size of around 10 pm. SmartSEM software was used to
capture and process images. Aluminium circular SEM stubs
(12.5 mm diameter) were covered by adhesive conductive
carbon tape. The powdered samples were transferred on to
individual SEM stubs. The stubs were placed within a carbon
evaporator to coat the sample with carbon particles to reduce
charging. Energy dispersive X-ray analysis (EDXA) was used to
determine approximate metal ratios and their homogeneity by
selectively analysing ~6 areas of the specimens. Genesis
Software was used to collect and quantify the data and process
the information into EDXA spectra and the are results quoted
as average atomic percentage of the elements identified.

Pr and Tb Lyredge X-ray absorption spectra were collected
on Beamline B18 at Diamond Light Source, UK. The incident
energy was selected using a water-cooled, fixed-exit, double-
crystal monochromator with Si (111) crystals. On B18 a double
toroidal mirror, coated with Cr and Pt, 25 m from the source is
used to focus the beam horizontally and vertically onto the
sample and a pair of smaller plane mirrors are used for harmo-
nic rejection. X-ray absorption near edge structure (XANES)
spectra were normalised to the edge step using the software
ATHENA.**> The samples were diluted with polyethylene powder
and pressed into a 13 mm diameter pellets, approximately
1 mm thick. The absorption data were collected in transmission
mode and the spectra were normalised using the ATHENA soft-
ware package. The PrsO;; and Tb,0; reference materials were
supplied by Johnson Matthey Technology Centre, UK.

Temperature programmed reduction (TPR) was measured by
thermal conductivity of 10% H, in N, (at a flow rate of 30 ml
min~") before and after contact with 0.05-0.10 g sample as a

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

function of temperature. A H,O trap after the sample was used
to absorb water created by H, oxidation. Temperature was
increased linearly as a function of time. In order to quantify
accurately the hydrogen consumption a known quantity (1 ml)
of N, was injected into the H,/N, gas stream before the experi-
ment began to create a calibration peak. Quantification of H,
consumption was carried by the integration of TPR profile as a
function of time results are presented as the amount of H atoms
oxidised per gram of sample, mmol(H) g~* which can be related
to fraction of lanthanide atoms reduced. The error is estimated
to be £5% for the total H, consumption in these measurements.

3. Results and discussion

The synthesis of Ce(OH),Cl was achieved using poly(ethylene
glycol) with average M, = 400 as solvent and using

Table 1 Crystal structure data for Ce(OH),Cl. The U5, values were fixed
at the values shown

a/A = 6.2868(2), b/A = 3.94950(3), c/A = 6.8740(3), § (°) =
space group P2,/m

113.5120(5),

Site  Wyckoff position  x,y, z Usso/A?
Ce 2 0.31183(8), 0.25000, 0.13465(7)  0.001
a2 0.24658(25), 0.75000, 0.44103(23)  0.004
o1 2 0.0970(6), 0.75000, —0.0805(6) 0.006
02 2 0.5718(6), 0.75000, 0.1647(6) 0.009

-
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Fig. 2 Views of the crystal structure of Ce(OH),ClL: (a) the capped trigo-
nal prismatic coordination environment of Ce, (b) columns of face-
shared trigonal bipyramids running along b and (c) the ac plane showing
hydrogen bond interactions as dotted lines between neighbouring
chains. Cerium atoms are grey, oxygen are red and chlorine green and
hydrogen atoms are not shown.
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CeCl;-7H,O as a reagent at temperatures of 240 °C. Ce
(OH),Cl was mentioned in the 1960s but never structurally
characterised until recent work by Kim et al., which appeared
during the work we describe here.>® Our sample is a highly
crystalline polycrystalline powder and hence we measured
synchrotron powder X-ray diffraction in order to refine its
structure, based on the structure known for other Ln(OH),Cl
materials. The powder XRD pattern could be indexed and the
profile fitted to a monoclinic cell (space group: P2,/m), and
atomic positions taken from the published structure of Nd
(OH),CI?®*¢ to allow a full structure refinement. The final
Rietveld fit is shown in Fig. 1 and crystallographic data are
presented in Table 1. Bond valence sums®® give a value of
3.09 for the single cerium site in the unit cell, consistent with
the expected +3 oxidation state for cerium. Our structural
model for Ce(OH),Cl is very similar to that deduced by Kim
et al.*® and shows that the material is isostructural with La
(OH),Cl and other Ln(OH),Cl materials.?®” Fig. 2 shows rep-
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resentations of the crystal structure. The cerium is co-
ordinated to 6 hydroxide ions (Ce-O ~ 2.5 A) and 2 chloride
ions (Ce-Cl = 3.03 A), with a further Cl at slightly longer dis-
tance (3.12 A). The immediate coordination environment can
therefore be described as capped trigonal prismatic, Fig. 2a.
The trigonal prisms share triangular faces to create chains
running parallel to the b axis, that are crossed linked by brid-
ging hydroxides to create an extended structure, Fig. 2b.
These motifs are held by OH-CI hydrogen bonds (3.18 A) in
the ac plane, Fig. 2c.

As with Ce(OH),Cl the powder XRD patterns of the
Ce;_,La,(OH),Cl materials can be indexed and the profile
fitted to a monoclinic cell (space group: P2,/m). A composition
range 0.1 < x < 0.2 was found and increasing the lanthanum
content to x = 0.3 or above led to phase segregation, with an
unidentified byproduct. Indeed when LaCl;-7H,O is used
solely in the solvothermal reaction the product formed is the
same unidentified phase. In contrast to Ce;_,La,(OH),Cl,
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Fig. 3 Plots of monoclinic lattice parameters of Ce;_,Ln,(OH),Cl for Ln = La, Pr, Gd, Tb: (a) a, (b) b, (c) c and (d) . The error bars are smaller than

the data points.
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there is a greater capability to incorporate praseodymium,
gadolinium and terbium into the monoclinic structure, and
indeed the pure lanathanide end members Pr(OH),Cl, Gd
(OH),Cl and Tb(OH),Cl also proved possible to synthesise by
the same method (ESIt). Fig. 3 summarises the fitted lattice
parameters, as determined by Pawley fits of measured powder
diffraction patterns, of the materials Ce;_,Ln,(OH),Cl for Ln =
La, Pr, Gd, Th. We studied cerium-rich materials since our aim
to later use the materials as precursors to substituted cerium
oxides so materials with up to x = 0.5 were prepared, except for
La, where up to the maximum value of x = 0.2 were produced.
It can be seen that for the Pr, Gd and Tb materials there is an
almost linear contraction of all lattice parameters, and hence
unit cell volume, with increased replacement of cerium, con-
sistent with the smaller ionic radii of the trivalent substitu-
ents®* and implying an isotropic response of the crystal struc-
ture to the elemental substitution. Only for the case of La does
its larger radius lead to an expansion of the unit cell volume.
The elemental composition of the materials was confirmed
using EDXA on the SEM (ESIf), which gave good agreement
with the expected values from the reagent ratios used in the
synthesis.

If the lanthanide chloride precursors were replaced by
lanthanide nitrates, the products of the solvothermal reactions
were lanthanide carbonate hydroxides Ce;_,Ln,CO;OH (ESI{).
Cerium carbonate hydroxide has been studied previously as a
precursor to cerium dioxides, so instead we focussed on study-
ing the hydroxide chloride phase, along with its new substi-
tuted variants. We used thermogravimetric analysis to define
the temperature of decomposition of the Ce;_,La,(OH),Cl
materials, Fig. 4. The parent Ce(OH),Cl decomposes in air
with a total mass loss of 21.54% to 800 °C. This is larger than
the release of hydroxide and chloride and oxidation of Ce*" to
Ce"" to give CeO, as the final product (expected mass loss
17.9%), but the TGA trace shows a low temperature mass loss
below 200 °C of at least 2.5% that is likely to be due to loss of
residual solvent at the surface of the crystallites. The TGA
traces for all the Ce,_,La,(OH),Cl materials show a similar
behaviour to give Ce;_,Ln,O, s Fig. 4 shows the materials
with the highest Ln content, and others are plotted in the
ESL.T The oxide product is confirmed by XRD analysis (see
below), but note that the oxygen content of the oxide product
will depend upon the amount of substituent and also its oxi-
dation state. The substituted materials all show a higher temp-
erature of decomposition by at least 50 °C, and also show a
more complex decomposition, with several inflections
observed in the mass loss. It has been previously reported that
the end members Ln(OH),Cl Ln = La, Pr, Nd, Sn, and Gd, all
decompose to give LnOCI before forming Ln,0; products.””
The exception is Ce(OH),Cl and indeed the phase CeOCl is
known to require rather different conditions for its formation
and is unstable in excess oxygen,*® and also does not form on
decomposition of CeCl;7H,0, for example.’® For the
Ce;_,La,(OH),Cl materials it is possible that decomposition
takes place via LnOCI intermediate phases. Note that the final
mass loss is not easy to interpret, notwithstanding it does not

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Thermogravimetric analysis of Ce;_,Ln,(OH),Cl for Ln = La, Pr,
Gd, Tb normalised to show the major mass loss above 250 °C. The inset
shows the full trace for the parent Ce(OH),Cl showing solvent loss at
lower temperatures.

plateau at the highest temperature studied, since the oxygen
content of the product will depend upon the oxidation state of
the lanthanide present, which may not be +3 for Pr and Tb
(see below for further discussion of this), and also the oxygen
content may be different at elevated temperature compared to
after cooling to ambient conditions.

Guided by the TGA analysis, a temperature of 700 °C was
used to decompose the Ce;_,Ln,(OH),Cl materials to investi-
gate the formation of mixed-metal oxide materials. The precur-
sors were heated until a constant mass was reached, and a
time of 5 hours was found to be suitable; note that this is con-
siderably longer than the TGA experiment to ensure that all
volatile products were removed. Fig. 5 shows scanning electron
microscopy image of representative samples before and after
decomposition (see ESIT for further images).

All of the Ce;_,Ln,(OH),Cl materials form as agglomerates
in which the primary particles are anisotropic forms with sub-
micron dimensions and but overall spherical secondary par-
ticles of a few microns in size are found. There is little effect
on crystal form on addition of the substituent lanthanide, nor
on the amount of the substituent (see ESIf). Upon thermal
treatment and collapse to the oxides, the particle morphology
is maintained. Such a ‘shape memory effect’ has been
observed upon decomposition of other cerium salt precursors
into CeO,, such as cerium formate,* cerium oxalate,”® and
cerium basic carbonate.**

Powder XRD of the oxides, produced on decomposition of
the Ce;_,Ln,(OH),Cl precursors, shows a fluorite-like CeO,
structure is found for all the materials, with no evidence of
phase separation nor the presence of any crystalline chloride-
containing byproducts. Fig. 6 shows the patterns of the
materials with the highest lanthanide concentration, with
other patterns presented in ESIL.j Full pattern fitting provides
the cubic lattice parameter, while analysis of the angle-depen-

Dalton Trans., 2020, 49, 14871-14880 | 14875
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Fig. 5 SEM images of Ce;_,Ln,(OH),Cl as-made (left) and after heating
at 700 °C (right) heating for (a) and (b) Ce(OH),Cl, (c) and (d) Ln = La, x =
0.2, (e) and (f) Ln = Pr, x = 0.5, (g) and (h) Ln = Gd, x = 0.5, and (i) and (j)
Ln =Tb, x = 0.5.

dent peak broadening using the Williamson-Hall method
(ESIY) yields an estimate of crystallite domain size and also a
strain-broadening parameter, Table 2.

Fig. 7 shows the evolution of lattice parameters with level of
lanthanide substitution. This shows an expansion of the unit
cell for Ln = La, which is consistent with the larger eight-coor-
dinate ionic radius of La** (1.16 A) compared to Ce** (0.97 A)
and a similar effect, although lesser, is seen also for Ln = Gd
due to the only slightly larger radius of Gd*" (1.053 A) com-
pared to Ce*.** The upper limit of La inclusion, x = 0.2, was
dictated by the amount included in the Ce;_,La,(OH),Cl pre-
cursor phase, as noted above. Previous work has also found a
limit to the amount of La®*" that can be included in CeO,

14876 | Dalton Trans., 2020, 49, 14871-14880
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Fig. 6 Profile fits of Ce;_,Ln,O,_; oxides formed by thermal decompo-
sition of Ce;_,Ln,(OH),Cl materials: (a) CeO,, (b) Cegglag,0,_5 (c)
Ceo.gPro.202_s (d) Cep gGdo 2025, (€) Ce gTho 2025

which is highly dependent on the synthesis methods, and is
typically up to 40-70%,*” although in cubic nanocrystals pre-
pared by a solvothermal route, much lower concentrations of
La were achieved of 7.5 mol%.*® The case of Pr is more
complex, with a small expansion of the unit at the lower levels
of substitution and a small contraction at higher levels of sub-
stitution, but overall the lattice parameter does not change sig-
nificantly. Although Pr** (1.126 A) is larger than Ce*" the pres-
ence of Pr'’, which is slightly smaller (0.96 A) is a distinct
possibility, thus it is likely that the Ce;_,Pr,O,_s contain mix-
tures of Pr** and Pr*" (see below for further analysis of this). In

This journal is © The Royal Society of Chemistry 2020
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Table 2 Powder diffraction analysis of mixed oxides from thermal
decomposition of Ce;_,Ln,(OH),CL. a is the cubic lattice parameter, Ce is
the strain parameter and L the average crystallite domain size, the last
two determined from Williamson—Hall analysis

Sample a(A) Ce L(A)
CeO, 5.4104(2) 0.0110(3) 223(1)
Cegolag 10,5 5.4371(3) 0.01418(6) 139(1)
Cegglag 0,5 5.4664(4) 0.015(1) 113(6)
Ceg.oPro10,_s 5.4163(2) 0.0141(3) 176(5)
Ceo.gPry,0,_s 5.4178(2) 0.0178(3) 167(4)
Ceg 7P 30,5 5.4171(2) 0.0201(1) 176(2)
Ceo 6Pro40,_s 5.4130(4) 0.0225(6) 245(2)
Cey.5Pro 50,5 5.4099(6) 0.0199(1) 223(1)
Ce.0Gdg10s_s 5.4181(2) 0.0113(3) 174(3)
Cey 5Gdg,0,_s 5.4246(3) 0.0113(3) 232(6)
Ceo5,Gdg 30,5 5.4296(2) 0.0167(2) 373(13)
Cey.6Gdy 40,5 5.4360(3) 0.0218(2) 679(28)
Ceo.5Gdg505_5 5.4378(6) 0.0281(1) 1240(98)
Cey.9Thby 10,5 5.4003(2) 0.0047(5) 135(4)
Ceo gThg 0,5 5.3922(4) 0.0065(5) 148(5)
Cey7Tby ;0,5 5.3832(2) 0.01826(6) 296(2)
Ceg.¢Tbg 40,5 5.3735(4) 0.0224(2) 385(17)
Cey 5Ty 50,5 5.3616(2) 0.01888(4) 508(5)

548 T T T T T T

5.46 B

5.44 4 A

/A
© —
5.40 - \ J
—s—La \
538 |—e—Pr \v .
536 Cv—Tb !
0.0 0.1 02 0.3 0.4 0.5

xin Ce,Ln0O, 5

Fig. 7 Cubic lattice parameters of Ce; ,Ln,O,_s oxides formed by
thermal decomposition of Ce;_,Ln,(OH),Cl materials. The error bars are
smaller than the data points (see Table 2).

the case of Th-substitution, a linear contraction of the unit cell
is seen with increasing Tb content despite the larger size of
Tb>" (1.04 A), which would imply the presence of some of the
smaller Tb** (0.88 A).

The Williamson-Hall analysis, Table 2, reveals that most
samples have a greater strain parameter than the pure CeO,
prepared by the same method. The increased strain is consist-
ent with the size mismatch between the substituent lantha-
The only exception is the
Ce,_,Tb,0,_s materials with low levels of substitution and for
these there is a closer match in ionic radii (see above). The
effect of substituent lanthanide on lattice strain has been
observed previously using the Williamson-Hall method: for

nide and cerium cations.

This journal is © The Royal Society of Chemistry 2020
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example, Kumar et al., studied Eu-CeO, produced by coprecipi-
tation and found increased strain with Eu content,*® while
Jamshidijam et al. found that different lanthanide cations gave
different lattice strains.’® For our materials, the Williamson-
Hall analysis yields average crystallite sizes for all the materials
in the range 10-130 nm, which is consistent with the primary
particles seen by SEM, as mentioned above.

To investigate the oxidation state of Pr and Tb in the oxide
materials, we used XANES spectroscopy at the lanthanide Ly
edges, Fig. 8. The Ly-edges of these lanthanides show charac-
teristic spectra in the +3 and +4 oxidation states. For the +3
oxidation a strong white line is seen that corresponds to the
electron transition 2ps, — (4f')5d, while for the +4 oxidation
state the main absorption is shifted to higher energy and a
characteristic double feature is observed that corresponds to
the 2ps, — (4fL)5d and 2p;, — (4f°)5d transitions.*' These
features provide a fingerprint of the oxidation state.”” For the
Ce,_,Pr,O,_; materials the spectra are all shifted to higher
energies than Pr(OH),Cl, which contains solely Pr’*, and
resemble that of the mixed-valent oxide PrgO,; (Pr**,Pr*",0,),

25 T T T
(a)
c 2.0+
Xe]
=
3 1.5
Q
<
°
3 1.04
E Pr(OH),CI
S 0.5 CeoPro10,.4|
z CeygPro,0,.4
—— CegsPros0x.g
0.0 — PrsOy4 T
5960 5970 5980
Energy/ eV
25
(b)
S 2.0+
a
2 15
<C
°
8 1.0
© — Tb(OH),CI
g 054 —CeggTb 10,4
z - Ceg5Tby ;0,4
Cey 5Dy 50,4
0.0+ — Tb,0, -
7510 7520 7530 7540
Energy/ eV

Fig. 8 XANES spectra measured at (a) the Pr Ly-edge and (b) the Tb
L;-edge from Ce;_,Ln,O,_s oxides and reference materials.
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with the x = 0.5 material likely to have a higher proportion of
Pr**. A similar conclusion can be made for the Ce,_,Tb,0,_s
materials, with a shift in the Tb L;;; absorption edge to higher
energy from Tb(OH),Cl and the characteristic double feature
seen as in Tb,0, (Tb**,Tb*",0,). It can be concluded that the
Tb-Ce oxides contain a higher proportion of the +3 oxidation
state than the +4, but as with the Pr materials, the proportion
changes with composition of the oxide.

The results from XANES are consistent with the powder
XRD analysis discussed above. The presence of a majority of
Pr"", but some Pr**, explains the small contraction of the unit
cell with increasing Pr content. Similar results have been seen
previously for Pr-substituted ceria prepared by calcination
methods.*® For Tb the +3 oxidation predominates, but there is
a proportion of Th**.3

Temperature programmed reduction of the oxide materials
was performed to assess their redox properties, Fig. 9. This is a
standard measurement made to examine the ease of release of
oxygen from the solids and provides an indication of their
potential use in heterogeneous catalysis. To make a comparison,
we studied Ce,_,Ln,O,_s materials with x = 0.2. Table 3 summar-
ise the analysis of the results, with the percentage of lanthanide
reduced and the temperature of the maximum TPR response.
Two TPR runs are shown: these were acquired from the same
sample with a mild oxidation between the first and second.

The first TPR response from the CeO, sample is character-
istic of small particle size ceria, with a low temperature feature
at around 500 °C, corresponding to surface reduction followed
by a high temperature feature at ~820 °C that represents bulk
reduction.** The second TPR of the ceria shows loss of the
surface reduction so that only the bulk reduction remains: this
would be consistent with an annealing of the material. The La-

Hydrogen uptake / arbritrary units g™

400 600 800
Temperature / °C

200
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Table 3 Analysis of TPR of CeO, and Ce;_,Ln,O,_; synthesised from
the thermal decomposition of Ce;_,Ln,(OH),CLl. T,.x corresponds to the
temperature at which the maximum of H, uptake occurs. The surface
areas obtained from nitrogen adsorption, Sget, are also reported

First TPR Second TPR

Sger/ Total Ln Tmax Total Ln Tinax
Sample m>g™'  reduced (%) (°C) reduced (%) (°C)
CeO, 93.3 48.1 836 38.4 837
Cepslag,0,_s 917 20.2 569  36.4 630
CeosPro0, s  69.6 56.0 463 79.2 542
CepGdg 0,5 63.7 31.4 555  33.8 742
CeosTh0, s  45.4 45.6 773 44.6 295

substituted oxide shows a lower temperature of reduction than
the pure ceria, and no distinction between a surface and bulk
reduction, at least on the first cycle: this is consistent with a
greater lattice strain, which conceivably lowers the activation
for reduction, but overall there is less lanthanide that can be
reduced owing to the fixed valence state of La. The TPR
response is similar to other reported La-CeO, materials.*” The
Gd-substituted oxide shows a very similar response to the La
analogue, both in terms of the extent of reduction and the
form of the TPR traces. The Pr and Tb materials show the best
performance, and this is to be anticipated with the presence of
the substituents in the +4 oxidation state, which themselves
add to the total reducibility, along with an ionic size mismatch
that leads to lattice strain and a lower activation for reduction,
evident by a lower temperature of peak reduction. This is par-
ticularly evident for the Pr-containing sample, which would be
consistent with a greater proportion of the +4 oxidation state
of Pr, as seen by XANES (see above). The TPR traces we have

PR R B |
—
%
~

PR I SO |

L

{ P (PR | B T |

:(.) /\

Hydrogen uptake / arbritrary units g’

400 600 800

Temperature / °C

200

Fig. 9 Temperature programmed reduction of CeO, and Ce;_,Ln,O,_s measured under 10% H, in N for (a) first cycle TPR1 and (b) second cycle
TPR2 for (i) CeO,, (ii) Ce;_yLayO,_s, (iii) Cey_xPryO,_s, (vi) Ce;_,GdO,_s, (V) Ces_,ThOp_s.
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reported are very similar to similar compositions prepared by
other methods, particularly the low temperature reduction
characteristic of Pr-Ce0,."® It is already established that Pr-
substitution in ceria provides the lowest temperature
reduction, amongst the lanthanides, followed by Tb-substi-
tution.”” It should be noted that for all materials there is no
evidence for phase separation after the two cycles of TPR:
powder XRD shows that the average fluorite structure is main-
tained in all cases (ESI}). It is also noteworthy that the surface
areas of the samples show some variation, Table 2, and the
poorer reducibility of the Tb-substituted oxide may in part be
due to its lower surface area. The contrast between the Pr- and
Gd-substituted materials is particularly evident when surface
area is considered, since the materials have similar values but
markedly different redox behaviour.

4. Conclusions

The solvothermal synthesis of Ce(OH),Cl provides a convenient
precursor route to CeO, with thermal decomposition providing
the shape-memory formation of agglomerates of submicron
crystallites. Substitution of cerium by various lanthanides is
possible in Ce(OH),Cl and four examples are provided that lead
to substituted ceria materials with redox properties that match
those of similar compositions prepared by other methods. The
results will add to the repertoire of methods for the preparation
of materials for heterogeneous catalysis applications.
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