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f potassium doped and transition
metal co-doped Ce0.75Zr0.25O2 for thermochemical
H2O/CO2 splitting†

Maria Portarapillo,a Gianluca Landi, *b Giuseppina Luciani, *a Claudio Imparato,a

Giuseppe Vitiello, ac Fabio A. Deorsola, d Antonio Aronne a and Almerinda Di
Benedettoa

CeO2 slow redox kinetics as well as low oxygen exchange ability limit its application as a catalyst in solar

thermochemical two-step cycles. In this study, Ce0.75Zr0.25O2 catalysts doped with potassium or

transition metals (Cu, Mn, Fe), as well as co-doped materials were synthesized. Samples were

investigated by X-ray diffraction (XRD), N2 sorption (BET), as well as by electron paramagnetic resonance

(EPR) and X-ray photoelectron spectroscopy (XPS) to gain insight into surface and bulk features, which

were connected to redox properties assessed both in a thermogravimetric (TG) balance and in a fixed

bed reactor. Obtained results revealed that doping as well as co-doping with non-reducible K cations

promoted the increase of both surface and bulk oxygen vacancies. Accordingly, K-doped and Fe-K co-

doped materials show the best redox performances evidencing the highest reduction degree, the largest

H2 amounts and the fastest kinetics, thus emerging as very interesting materials for solar

thermochemical splitting cycles.
Introduction

Solar thermochemical splitting cycles have been gaining
scientic and technological relevance as an environmentally
sustainable route to produce synthetic fuels from H2O and CO2.
Actually, they enable straight solar energy harvesting and
conversion into synthesis gas (syngas), a CO/H2 mixture, that
can be further processed to gaseous or liquid fuels.1–5

Among available technologies, two-step thermochemical
redox cycles based on non-stoichiometric metal oxides (MOx)
hold huge promise, exhibiting the lowest complexity as well as
the highest theoretical solar-to-fuel energy conversion efficiency
(hsolar-to-fuel) as a result of the use of the whole solar spectrum.

In the rst step of a typical red-ox cycle, MOx undergoes high
temperature self-reduction to MO(x�d), according to the
following reaction:

MOx / MO(x�d)+ d/2O2
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Then, in the second step, MO(x�d) is oxidized by CO2 and/or
H2O to form CO and/or H2 as described by the following
equations:

MO(x�d) + dCO2 / MOx + dCO

MO(x�d) + dH2O / MOx + dH2

Ceria (CeO2) is considered the most attractive material for
these processes, combining good thermal stability, high oxygen
storage capacity (OSC) without any structural changes as well as
faster reduction and splitting kinetics than other oxides.1,6

Notably, CeO2 based materials, particularly doped samples,
oen can outperform perovskites, affording higher solar-to-fuel
efficiency above all in the CO2 splitting reaction.7

However, several major drawbacks still prevent their tech-
nological application. These include the limited amount of
oxygen vacancies as well as high reduction temperature, which
involves poor cyclability due to structural modications.

Partial substitution of Ce(IV) species and doping with metal
cations in the uorite structure of ceria is a successful strategy
to address these issues, enhancing the redox activity of the
material.8–19

Density-functional-theory (DFT) calculations13 support
experimental results20 indicating that Ce(IV) substitution by
Zr(IV) ions could improve ceria splitting properties and
RSC Adv., 2022, 12, 14645–14654 | 14645
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particularly its self-reduction behavior. Among the investigated
compositions, Ce0.75Zr0.25O2 showed the best catalytic cyclabil-
ity.21–25 Moreover, bi- or trivalent cations doping, including
Cu(II), Mn(III), Fe(III), can improve both self-reducibility and
splitting activity of bare CeO2.16–18 Notably, Terribile et al. (1999)
analyzed the reduction and catalytic behavior of Mn- and Cu-
doped ceria–zirconia solid solutions. They found that manga-
nese and copper substitution created ionic defects in ceria
uorite structure, by a charge compensation mechanism, which
promoted low-temperature redox activity, involving reduction of
Cu2+ to Cu0 and of Mn3+/4+ to Mn2+.26

Recently, Takalkar et al. (2020) showed that doping with
alkali (Li), alkaline earth (Mg, Ca, Sr, Ba), and post-transition
(Sn) metal improved both O2 release and CO production
during CO2 red-ox splitting cycles, due to the formation of
mixed phases neglected by the DFT calculations.27 Moreover,
Ruan et al. (2017) reported that the formation of Ce2Sn2O7

pyrochlore phase in CeO2–SnO solid solution, boosted both self-
reduction and splitting activity.28 Similarly, according to Pap-
pacena et al. (2016 and 2017), the formation of nanostructured
Zr2ON2-like phase in Ce0.15Zr0.85O2 promoted splitting.29,30

An intimate mixing at the nanoscale of two different active
sites involved in oxygen evolution and splitting reactions has
been emerging as successful strategy for the design of high-
performance catalysts.31,32

In order to improve ceria thermochemical red-ox perfor-
mance, Charvin et al. (2009) proposed a three-step cycle.33

Aer the usual solar-driven self-reduction step, the process
involved reaction between reduced oxide and an alkali
hydroxide (NaOH or KOH), producing hydrogen and a mixed
oxide. Its subsequent hydrolysis regenerated the starting
oxide and the alkali hydroxide. Furthermore, potassium
cation doping has been reported to improve perovskite-based
catalysts performance towards water gas shi (WGS) reac-
tion.34 Moreover, for the same process, Zugic et al. (2014)
suggested that the addition of the electropositive alkali metal
cations promoted the formation of active –OH species, thus
increasing adsorption active sites number with high thermal
stability.35

Inspired by literature data, in this study, we investigated
the effect of K(I) doping on Ce0.75Zr0.25O2 (CeZr) red-ox activity
towards both CO2 and H2O splitting. K was also investigated as
co-dopant with transition metal cations (M ¼ Cu, Mn, Fe)
which were found to improve CeZr thermochemical perfor-
mance and were also used as reference to compare the
performances of K-doped samples. Prepared materials were
submitted to in-depth physical-chemical characterization
using different techniques. Furthermore, thermogravimetric
analysis (TGA) was carried out to assess redox activity towards
CO2 splitting during repeated cycles, whereas ow reactor tests
were performed to investigate catalytic activity towards H2O
splitting. Particularly, the outcomes of catalytic experiments
were combined with XPS and EPR spectroscopy results,
providing key information on the molecular features under-
lying redox behaviour, thus drawing strategic guidelines for
the design of high-performance catalysts for thermochemical
splitting cycles.
14646 | RSC Adv., 2022, 12, 14645–14654
Experimental section
Materials

The following reagents were employed for the catalyst synthesis:
cerium(III) nitrate hexahydrate, Ce(NO3)3$6H2O; zirconium(IV)
oxynitrate hydrate, ZrO(NO3)2$xH2O; iron(III) nitrate non-
ahydrate, Fe(NO3)3$9H2O; potassium nitrate, KNO3; copper(II)
nitrate tetrahydrate, Cu(NO3)2$4H2O; manganese(II) nitrate tet-
rahydrate, Mn(NO3)2$4H2O. All products were purchased from
Sigma-Aldrich and used as received.

Catalyst synthesis

To achieve high reduction behaviour, Ce/Zr molar ratio was kept
constant at 3 (Ce0.75Zr0.25O2 as general formula), since it
ensured high reducible behaviour.36

Bare ceria–zirconia, M-doped (M ¼ Cu, Fe, Mn) and K-doped
ceria–zirconia materials, as well as co-doped samples were
prepared according to the co-precipitation method described
elsewhere.32

Briey, stoichiometric amounts of cerium and zirconium
precursors were dissolved in 75 ml bi-distilled water and then
stoichiometric quantity of the doping metal was added and
stirred for 3 h. Aerwards, solutions were heated in amicrowave
oven (CEM SAM-155) and the resulting gel was calcined in air at
1100 �C for 4 h. Table 1 reports obtained material with their
nominal and ICP measured compositions as well as the label
used thereof, whereas Fig. S1† shows the co-precipitation
synthesis steps of the doped ceria materials.

Materials characterization

ICP-MS analysis (Agilent 7500CE instrument) was used to assess
the actual composition of the samples. The measured compo-
sitions differed from the nominal ones within the experimental
error (�5%).

X-ray diffraction (XRD) measurements were performed with
a PANalytical X'Pert Pro XRD diffractometer (step size: 0.02�;
counting time: 80 s per step). Scherrer equation was employed
to calculate the average crystal size (s):

s ¼ Kl

b cos q
(1)

where s is the mean size of the crystallite domains, K is
a dimensionless shape factor, l is the X-ray wavelength, ß is the
broadening at half the maximum intensity (FWHM), q is the
Bragg angle (in radiant). Bragg's law was used to determine
interplanar spacing (d):

nl ¼ 2d sin(q) (2)

Interplanar spacing values were employed to evaluate the cell
parameter (a), using the equation:

d ¼ a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
p (3)

N2 adsorption at 77 K with a Quantachrome Autosorb-1C
instrument was employed to measure BET specic surface
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Materials tested for the thermochemical splitting process, their nominal and ICP measured compositions (molar ratios), general
formulas, and the highest oxygen amount (mmol g�1) theoretically produced in the reduction step

Sample

Theoretical ICP
General
formula nO2,maxM/(Ce + Zr) K/(Ce + Zr) M/(Ce + Zr) K/(Ce + Zr) Ce/Zr

CeZr — — 3.02 Ce0.75Zr0.25O2 1.17
Fe-CeZr 0.05 — 0.0523 3.14 Fe0.05Ce0.71Zr0.24O1.98 1.22
Mn-CeZr 0.05 — 0.0479 2.97 Mn0.05Ce0.71Zr0.24O1.98 1.29
Cu-CeZr 0.05 — 0.0521 2.89 Cu0.05Ce0.71Zr0.24O1.95 1.3
K-CeZr — 0.05 0.0518 3.11 K0.05Ce0.71Zr0.24O1.93 1.16
K-Fe-CeZr 0.05 0.05 0.0485 0.0522 3.05 K0.045Fe0.045Ce0.68Zr0.23O1.91 1.2
K-Cu-CeZr 0.05 0.05 0.0509 0.0488 2.94 K0.045Cu0.045Ce0.68Zr0.23O1.88 1.28
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View Article Online
areas (SSA); samples were degassed at 150 �C for 1.5 h before
each measurement.

X-ray photoelectron spectroscopy (XPS; XPS PHI 5000 Versa
probe instrument) analyses were performed on both pristine
and used samples. The band-pass energy, the take-off angle,
and the X-ray spot size for survey spectra were set at 187.85 eV,
45�, and 100.0 mm diameter respectively. High-resolution XPS
spectra were recorded using the following experimental condi-
tions: pass energy 20 eV, resolution 1.1 eV and step 0.2 eV. The C
1s line with a binding energy (BE) value of 284.8 eV was used as
internal reference in order to compensate sample charging
effects. XP-spectra were deconvoluted bymeans of a commercial
soware (CasaXPS, version 2.3.17), using mixed Gaussian–Lor-
entzian (70–30%) proles.

Electron paramagnetic resonance (EPR; X-band (9 GHz)
Bruker Elexys E-500 spectrometer (Bruker, Rheinstetten, Ger-
many), equipped with a super-high sensitivity probe head)
measurements were carried out on selected as-prepared and
used samples. Solid samples were placed into ame-sealed
glass capillaries which, in turn, were coaxially put into a stan-
dard 3 mm quartz sample tube. EPR spectra were recorded with
an attenuation of 15 dB and by accumulating 128 scans to
improve the signal-to-noise ratio. Details of the measurements
settings are reported elsewhere.37 A quantitative analysis was
performed by determining the g-factor and DB values, as
previously described.37
Thermochemical CO2 splitting tests

Thermochemical CO2 splitting cycles were carried out in a TGA/
DSC apparatus (TA Q600SDT), according to the procedure re-
ported elsewhere32 and briey described hereaer. Fine
powdered samples (about 30 mg) were put into an alumina
crucible, rst pre-treated in air at 1200 �C (heating rate:
20 �C min�1) to remove any chemisorbed CO2, cooled down to
room temperature and purged under a nitrogen ow for 1 h.
Then, the samples were submitted to ve consecutive reduction
(1350 �C) and CO2 splitting steps (1000 �C). During each self-
reduction, the sample was heated up to 1350 �C (heating rate:
20 �C min�1), and then kept at this temperature for 20 min
under a nitrogen ow (0.1 l (STP) min�1). Aerwards, the
© 2022 The Author(s). Published by the Royal Society of Chemistry
sample was cooled down to 1000 �C (cooling rate: 40 �C min�1),
the gas ow was fast changed to pure CO2 and kept for 60 min.

The following equations were used to evaluate the amount of
gaseous products (mol g�1) released during the self-reduction
and oxidation step respectively:

nO2
¼ Dmloss

mcat �MO2

¼ mlossð%Þ
100�MO2

(4)

nCO ¼ mgainð%Þ
100�MO

(5)

where Dmloss is the mass loss (g), mloss(%) is the % mass change
evaluated by TGA starting from 200 �C to exclude any weight
loss due the moisture release, MO2

indicates O2 molecular
weight (g mol�1), mcat is the catalyst mass (g) used during each
experiment, mgain(%) is the mass gain percentage during the
splitting step, and MO is oxygen atomic weight (g mol�1).

The performance of the samples was assessed by evaluating
the reduction degree (xred,i) aer each reduction or oxidation
step (i), the oxidation yield (ai) and the reduction yield (bi) as
follows:

xred;i ¼ xred;i�1 þ nO2 ;i

nO2;max

ðreduction stepÞ (6a)

xred;i ¼ xred;i�1 � nCO;i

2� nO2;max

ðoxidation stepÞ (6b)

ai ¼ nCO;i

2� nO2 ;i�1

(7)

bi ¼
2� nO2 ;i

nCO;i�1

(8)

where nO2,max is the maximum O2 amount (mol g�1) that could
be released if reducible cations were completely reduced to their
lower oxidation state (Ce4+ to Ce3+, Fe3+ to Fe2+, Cu2+ to Cu0,
Mn4+ to Mn2+; amounts reported in Table 1) and xred,i�1 is the
reduction degree of the previous (oxidation or reduction) step.
The oxidation (ai) and reduction (bi) yield are calculated
through the mass change during the current step (re-oxidation
or reduction) and the amount of evolved gaseous product (O2 or
CO) during the previous step (reduction or re-oxidation). The
schematic of TGA apparatus is reported in Fig. S2.†
RSC Adv., 2022, 12, 14645–14654 | 14647
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Fig. 1 XRD profiles of samples after a redox cycle in TG (used
samples). Miller indices relative to fluorite CeO2 from Terribile et al.26
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Thermochemical H2O splitting tests

H2O splitting activity of prepared samples was assessed
following an experimental already employed in previous
papers.32,37,38 Briey, powdered samples (500 mg; 170–300 mm)
were submitted to consecutive temperature programmed
reduction (TPR) and oxidation (TPO) runs in a tubular quartz
reactor externally heated by an electric tubular furnace (Len-
ton). Temperature was measured by a K-type thermocouple
hosted inside a co-axial tube.

Evolved gases were continuously analysed by a Fisher-
Rosemount NGA2000 analyser which analyses CO and CO2 by
infrared detectors, O2 by a paramagnetic detector and hydrogen
by a thermal conductivity detector. The analyser is provided
with a cross-sensitivity system.

Samples were heated up to about 1000 �C at 10 �C min�1 in
H2 mixture ow (TPR; 10 l (STP) h�1; 5 vol% H2/N2)37,38 and then
cooled down to 60 �C under N2 ow. TPO was then performed
switching the atmosphere to 3 vol% H2O/N2 mixture (10 l (STP)
h�1), heating up to 1000 �C (heating rate: 10 �C min�1) and
keeping the sample at this temperature for 20 min. The use of
diluted water mixture was previously reported39 to enable reac-
tion rate control, particularly in the case of H2-reduced samples.
Reduction and oxidation proles obtained with the gas analyser
were deconvoluted using OriginPro 8.5 soware.

Oxygen and hydrogen amounts (mol g�1), nO2
and nH2

,
respectively, were evaluated as follows:

nO2;i
¼ 2� nH2_cons;i

mcat

¼
2� areaH2_cons;i

100
� Fred � P

R� T
mcat

(9)

nH2;i
¼ nH2_prod;i

mcat

¼
areaH2_prod;i

100
� Fox � P

R� T
mcat

(10)

where mcat (g) is the sample mass, P (atm) and T (K) indicate
standard pressure and temperature, respectively, R (atm l mol�1

K�1) is the ideal gas constant. Fred and Fox (l (STP) s
�1) express

the gases ow rates during H2 reduction and splitting step,
respectively, nH2_cons,i and nH2_prod,i are the amount of hydrogen
consumed and produced during reduction and splitting step,
respectively, and areaH2_cons,i and areaH2_prod,i (% s) are the areas
of reduction and oxidation H2 proles, respectively. During
these experiments, nO2

indicate the oxygen amount removed
from the materials during TPR rather than a real molecular
oxygen evolution. Fig. S3† reports the schematic of the quartz
reactor setup is reported.
Results and discussion
Materials characterization

Prepared samples were submitted to an in-depth physico-
chemical characterization to elucidate the microscopical
features accounting for their red-ox behaviour.

XRD analysis was carried out on investigated samples both
before (fresh samples, treated up to 1100 �C) and aer a redox
cycle in the TG apparatus (used samples, treated up to 1350 �C).
Fig. 1 shows the XRD patterns of the used samples, while lattice
14648 | RSC Adv., 2022, 12, 14645–14654
parameters are reported in Table S1.† All samples show a uo-
rite structure typical of CeO2 lattice, no additional phases due to
doping species being detectable. Moreover, the absence of any
other signicant diffraction peak in the XRD proles conrms
the formation of a solid solution, through the incorporation of
Zr4+ into CeO2 lattice. In Fe-CeZr and Mn-CeZr materials the
reection of the (111) plane at 2q ¼ 28.4� shis to lower angles
than bare CeZr; this could indicate the formation of solid
solutions. However, it is known that lower valence ions such as
Fe3+ and Mn3+ are extremely difficult to dissolve into the ceria–
zirconia lattice, especially when treating at high temperature.40

Thus, some iron and manganese ions could also be encapsu-
lated in ceria–zirconia lattice as free mixed (Fe,Mn)2O3 or
(Fe,Mn)O nanostructured oxides, not detectable by XRD anal-
ysis.41 Due to their smaller size than Ce4+ (ionic radius¼ 0.97 Å),
Fe3+ (ionic radius ¼ 0.55 Å) and Mn2+ (ionic radius ¼ 0.67 Å)
species are expected to be incorporated as interstitial defects,
which should produce an expanded lattice with a consequent
shi of XRD peaks to lower angles, as appreciated in XRD
patterns of doped samples. Conversely, potassium doping
induces a decrease in cell parameter, as conrmed by the shi
of (111) reection at higher angles. This could be due to the
formation of K2O species segregated into CeO2–ZrO2 lattice.42

Furthermore, a small peak at 2q ¼ 29.4� can be appreciated
in CeZr, Fe-CeZr andMn-CeZr XRD patterns probably due to the
presence of some segregate tetragonal ZrO2 phase. XRD spectra
of fresh samples are quite similar to those of used materials.
However, some of them, particularly fresh K-Fe-CeZr, show
wider and less intense peaks (Fig. S4†), indicating that the
reduction step at 1350 �C causes an increase in the average
crystal size.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 EPR spectra of K-Cu-CeZr, Mn-CeZr and Fe-CeZr samples,
fresh (a, c and e) and treated at 1350 �C (b, d and f).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

1/
21

/2
02

4 
8:

54
:3

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
BET surface areas (Table S1†) are very low, as expected for
samples treated at high temperature.

XPS and EPR spectroscopies were carried out on prepared
samples in order to assess surface and bulk oxygen vacancies,
respectively, which determine oxygen exchange ability, govern-
ing CeO2 catalytic performance.43 Notably, surface properties of
fresh and used samples were investigated by means of XPS to
assess any changes in surface composition aer splitting tests.
Table 2 reports Ce/Zr ratio, Ce oxidation states as evaluated
from high-resolution XPS spectra and the curve-tting of the Ce
3d region, respectively. The relative amount of surface labile
oxygen (expressed as ratio between labile oxygen (Oa) and bulk
oxygen (Ob) moles) are reported in Table S2.†

The nominal bulk Ce/Zr atomic ratio is equal to 3. In general,
all fresh samples show a decrease in this ratio, indicating
a zirconium surface enrichment. This segregation is more
evident for the CeZr sample and gradually decreases in the
doped samples, with the following order: CeZr > Mn-CeZr > Fe-
CeZr > K-Cu-CeZr > Cu-CeZr > K-CeZr > K-Fe-CeZr. This can be
attributed to the surface dispersion of the metal cation species
which partly replace the Zr atoms.44 The highest depletion in Zr
content is disclosed by K-Fe-CeZr sample, where the Ce/Zr ratio
is almost 4, thus suggesting a Zr depletion of the surface. Aer
the splitting tests, the Ce/Zr ratio increases for CeZr sample, in
agreement with our previous work,37 whilst it is considerably
smaller than the fresh catalyst for the doped samples, in
accordance with Trovarelli et al.30 From the analysis of XPS data
it can be inferred a zirconium enrichment, which grows in the
following order: K-CeZr < Fe-CeZr < Mn-CeZr < K-Cu-CeZr < Cu-
CeZr < K-Fe-CeZr. In particular, the K-Fe-CeZr sample shows the
biggest decrease in surface Ce content, since it passes from an
initial supercial Zr depletion to a nal remarkable enrichment.
As reported in the literature, the formation of Zr-rich phases
enhances the splitting activity.30 Eventually, this could explain
better red-ox performance of doped samples than bare CeZr that
will be investigated in the following sections.

The high-resolution XPS spectra of the Ce 3d region and the
relative curve-tting are illustrated in Fig. S5.† According to the
literature, 10 components were selected, “u” and “v”, corre-
sponding to Ce 3d3/2 and Ce 3d5/2 spin-orbits, respectively.45 The
u000, u00, u, v000, v00, v peaks were associated to the Ce4+ state while
the u0, u0, v0 and v0 peaks were attributed to the Ce3+ state.46–48 As
can be appreciated in Table 2, the fresh doped samples show
Table 2 Surface atomic composition of fresh and used samples by XPS

Sample

Fresh

Ce/Zr M/(Ce + Zr) K/(Ce + Zr) Ce3+/

CeZr 1.84 0.2
Fe-CeZr 2.46 0.31 0.3
Mn-CeZr 2.29 0.32 0.5
Cu-CeZr 2.73 0.60 0.7
K-CeZr 2.86 0.15 0.3

K-Fe-CeZr 3.92 0.30 0.06 0.5
K-Cu-CeZr 2.48 0.08 0.14 0.5

© 2022 The Author(s). Published by the Royal Society of Chemistry
a signicant increase in supercial Ce3+ with respect to the CeZr
sample. This suggests that the atoms of the transition metals
can enter into the CeZr lattice and then Ce4+ can be partially
converted to Ce3+.44 As reported in previous studies, Ce3+ ions
concentration is associated to the formation of oxygen vacan-
cies,49 which can promote oxygen migration during self-
reduction as well as the dissociation of the O–H bonds in the
H2O splitting reaction.43 Ce3+/Ce4+ atomic ratio aer the split-
ting tests follows different trends: it keeps constant in CeZr, K-
CeZr and K-Fe-CeZr, and signicantly decreases in Cu-CeZr and
Mn-CeZr samples. On the other hand, Fe-CeZr and K-Cu-CeZr
show a marked increase of this ratio, evidencing the ability to
keep a high concentration of surface Ce3+ ions that can be
available for next cycles. This behavior is envisaged to promote
CO/H2 production. Indeed, surface enrichment in Zr species
(decrease in the Ce/Zr ratio) oen determines an increase of the
Ce3+/Ce4+ atomic ratio since smaller Zr4+ ions could itself
promote the conversion of Ce4+ ions into larger Ce3+ species in
order to compensate for lattice distortion.

Since splitting reaction oen involves bulk sites, bulk prop-
erties were investigated through electron paramagnetic reso-
nance (EPR) analysis. EPR spectra of CeZr samples doped with
different metals were recorded at room temperature and are
shown in Fig. 2. Different behaviors were observed, also due to
analysis

Used

Ce4+ Ce/Zr M/(Ce + Zr) K/(Ce + Zr) Ce3+/Ce4+

4 2.80 0.30
1 1.93 0.28 0.73
9 1.36 0.26 0.44
0 1.41 0.47 0.39
6 2.70 0.06 0.41
5 2.17 0.40 0.15 0.58
3 1.43 0.37 0.35 1.01
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the presence of various paramagnetic species. For the fresh K-
Cu-CeZr, a single asymmetric broad peak with a g-factor value
of�1.968� 0.003 is observed (Fig. 2a) and presents a line-shape
amplitude DB¼ 8.4� 0.2 G. This peak is commonly assigned to
surface Ce3+ ions that contain unpaired electrons.50–52 Aer the
treatment at 1350 �C, a slight increase in the peak intensity is
observed conrming increase of Ce3+ species (Fig. 2b), in
accordance with XPS results. For the fresh K-CeZr sample no
signal is appreciated (spectra not shown), suggesting that no
paramagnetic species can be clearly revealed. On the other
hand, a weak signal at g-factor value of �1.971 � 0.004,
ascribable to Ce3+ ions,50 is observed for fresh Fe-CeZr (Fig. 2e),
which gets slightly more intense aer treatment (Fig. 2f), con-
rming an increase in the paramagnetic species as also indi-
cated by XPS results. For the Mn-CeZr sample, the EPR
spectrum shows the characteristic six-line hyperne splitting
pattern of Mn2+ at g-factor value of 2.004� 0.003 (Fig. 2c), due to
the interaction of electron spin (S ¼ 5/2) of Mn2+ ions with
nuclear spin I ¼ 5/2.53 Being the EPR signal of Mn2+ character-
ized by a high intensity, it is not possible to discriminate the
presence of any Ce3+ signal. However, aer treatment at
1350 �C, a strong decrease in Mn2+ peaks intensity is detected
(Fig. 2d), suggesting a change in its oxidation state.

Interestingly, even K+ species which cannot undergo any
reduction, are able to inuence the Ce3+/Ce4+ ratio, once
employed as dopants. This behavior has been more extensively
investigated in a previous study.54
Thermochemical CO2 splitting

Redox activity towards CO2-splitting was investigated by
repeated thermochemical cycles performed in TG apparatus.37,38

The reduction of samples was appreciated through a mass loss
in TG curve due to evolved O2 (Fig. S6†), and the corresponding
onset temperatures are displayed in Table 3.

Bare CeZr and Fe-CeZr samples show an onset temperature
of about 1150 �C, whereas the reduction process starts at lower
temperatures for all the other investigated materials. Notably,
Cu-doped samples are reduced in two steps the former of which
Table 3 Reduction onset temperature (TOR, �C), released O2 (nO2, mmol g
TGa

CeZr Fe-CeZr Mn-CeZr

TOR 1150 1150 1100
I cycle nO2

300 313 297
nCO 83 219 237

II cycle nO2
63 — —

nCO 25 — —
III cycle nO2

— — —
nCO — — —

IV cycle nO2
— — —

nCO — — —
V cycle nO2

— — —
nCO — — —

a Expected error (#10%). In the case of K-CeZr and K-Fe-CeZr during the
a reorganization of the catalytic active site during the rst cycle. In the case
baseline dri. In these conditions, the evaluation of this parameters is qu

14650 | RSC Adv., 2022, 12, 14645–14654
occurs at about 750 �C, producing 156 mmol gcat
�1 of oxygen. TG

curves of all doped samples display higher slope change than
bare CeZr in the reduction step suggesting faster self-reduction
kinetics (DTG curves, Fig. S7†). Overall, Cu containing materials
featured higher weight losses than bare CeZr indicating both
larger evolved oxygen amount and higher reduction degree
(Table 3).

Aer reduction, the samples underwent a consecutive
oxidation step in TG apparatus, that was carried out at 1000 �C
under a CO2 ow (Fig. S8†). The amount of produced CO was
driven from the recordedmass gain in TG curve, due to material
oxidation through eqn (5) (Table 3).

Cu-CeZr showed poor activity towards CO2 splitting and
overall oxidation yield comparable to bare CeZr in spite of its
high self-reduction extent, the highest among transition metal
doped samples. Conversely, the other doped materials have
better overall redox performance than bare CeZr, resulting into
higher oxidation yield (Table 3). Actually, K-containing samples
(K-CeZr, K-Fe-CeZr, K-Cu-CeZr) showed the best activity in the
redox cycle, featuring both the lowest reduction onset temper-
ature and the highest oxidation yield (Table 3). K and Cu appear
to have a synergistic effect, providing an outstanding reduction
degree, although it results partially irreversible giving an
oxidation yield of about 40%.

Red-ox activity of the most promising catalysts was also
evaluated in ve consecutive cycles in the TG apparatus, to
assess their cyclability. Fig. 3 reports obtained TG curves for K-
Fe-CeZr, K-Cu-CeZr and K-CeZr samples. The amounts of
oxygen and carbon oxide production were evaluated by mass
changes in TG curves and are reported in Table 3. Since bare
CeZr sample showed a marked decrease of redox activity aer
two redox cycles (Fig. S6†), it was not investigated over 5
repeated cycles. K-Fe-CeZr, and K-CeZr samples show very good
and stable activity during ve consecutive cycles (Fig. 3a), dis-
playing high oxidation yield, about 60%, as well as complete
reversibility, conrmed by a reduction yield of about 100%,
whereas K-Cu-CeZr sample evidences a poor stability due to
a heavy decrease of mass changes in TG apparatus over repeated
�1) and produced CO (nCO, mmol g�1) during thermochemical cycles in

Cu-CeZr K-CeZr K-Fe-CeZr K-Cu-CeZr

750, 1100 870 900 725, 880
406 307 279 553
125 332 294 331
— 72 46 161
— 160 122 59
— 73 54 109
— 134 99 19
— 71 51 65
— 110 97 0
— 70 56 81
— 107 90 12

II cycle, the CO is more than twice the released oxygen, probably due to
of K-Cu-CeZr during the III–V cycles, the ß value is abnormal due to the
ite useless.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TG profiles of five consecutive CO2 splitting cycles on (a) K-Fe-
CeZr and K-CeZr samples and (b) K-Cu-CeZr sample.

Fig. 4 TPR profile obtained on the K-Fe-CeZr during the first cycle
and related curve-fitting.
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redox cycles (Fig. 3b). Reduction degree aer each step (xred, %),
oxidation yield (a, %), and reduction yield (b, %) are reported in
ESI (Table S3†).
Fig. 5 Oxygen evolved during H2 treatments (a–g) and hydrogen
produced during H2O splitting tests (h–n) in two reduction–oxidation
cycles for investigated materials.
H2O splitting tests

In order to further assess the splitting properties of the inves-
tigated materials, these were tested towards H2O splitting
following a procedure, which submitted the samples to alter-
nated ows of H2 and H2O mixtures.29,30 Actually, H2 driven
reduction is expected to lead to higher reduction degrees than
self-reduction. However, recent studies proved that the quali-
tative trends of red-ox performance were closely related to
doping and not inuenced by reduction pathway, thus allowing
for effective comparison between H2O splitting (lab-reactor)
tests and CO2 oxidation measurements in TG apparatus.32

Fig. 4 reports a typical TPR prole together with its deconvo-
lution by Gaussian functions obtained for K-Fe-CeZr sample,
which can be considered as representative of TPR curves of the
other samples (Fig. S9†).

Overall amounts of released oxygen and produced hydrogen
were assessed by integrating the obtained peaks in TPR (Fig. S9†)
and TPO proles (Fig. S10†). Fig. 5 reports evolved oxygen and
hydrogen amounts at eachmain peak vs. peak temperature in two
consecutive reduction–oxidation cycles. Overall oxygen and
hydrogen amounts produced in each cycle are reported in Table 4.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Reduction degree aer each step (xred, %), oxidation yield (a, %),
and reduction yield (b, %) are reported in ESI (Table S4†).

During the rst reduction cycle the TPR prole of CeZr
sample shows three peaks at about 530, 660, and 870 �C, while
only two peaks, at about 670 and 835 �C can be detected in the
RSC Adv., 2022, 12, 14645–14654 | 14651

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01355j


Table 4 Released O2 (nO2
, mmol g�1) and produced H2 (nH2

, mmol g�1) during TPR and TPO cycling, reduction degree after each step (xred, %),
oxidation yield (a, %), and reduction yield (b, %)

Sample CeZr Fe-CeZr Mn-CeZr Cu-CeZr K-CeZr K-Fe-CeZr K-Cu-CeZr

I cycle nO2
428 866 814 785 516 676 1008

nH2
436 1440 1445 1127 573 1517 1064

II cycle nO2
450 847 738 576 549 747 559

nH2
509 1437 1344 1070 1380 1458 1237

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

1/
21

/2
02

4 
8:

54
:3

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
second reduction run (Fig. 5a and S9†). For CeZr low tempera-
ture reduction peaks in the range 300–600 �C are usually
ascribed to surface sites, whereas those occurring at high
temperature, T $ 800 �C, are expected to involve bulk sites.55

The decrease in the number of reduction peaks aer the rst
run could be due to sintering phenomenon, which might likely
convert surface sites into bulk ones.41,55

K, Fe, Cu andMn doping signicantly modies the reduction
proles, which disclose at least two superimposed (Fe-CeZr
sample) or well-resolved peaks involving surface and bulk
sites reduction, respectively. Notably, the changes of both peak
temperature and peak shape recorded in the second run for
most samples suggest that they undergo a restructuring during
thermal treatments (Fig. 5b–g).

TPR prole of Cu-CeZr shows a peak at low temperature
(about 365 �C) that is no longer evident in the second cycle
(Fig. 5d). This could be due to reduction of some copper (or
copper-ceria) species, which are not re-oxidized by H2O during
the splitting step, in accordance with the red-ox behavior
assessed through TG analysis. In fact, it has been reported that
different copper species in CuO/CeO2-based catalysts can be
reduced at low temperature (100–250 �C).55,56 K-Cu-CeZr shows
a similar behavior in which the reduction peak is further shied
to lower temperatures. Actually, the low temperature peak
(about 310 �C) exhibits very similar shape and area in Cu-doped
and K-Cu co-doped samples, which share the same Cu content,
conrming its attribution to reduction of copper (or copper-
containing) species. In general, all doped samples show better
reduction performance than bare CeZr, as already evidenced by
TG measurements. Indeed, peak edge in TPR proles corre-
spond to the highest reaction rate. Thus, since in copper and
iron doped samples, these maxima occur at lower temperature
than any other investigated material (Fig. S9†), it can be driven
that copper and iron doping results in faster reduction kinetics
(especially for Fe starting from the second cycle), in agreement
with previous studies. On the contrary, Mn-CeZr does not show
any improvement in reduction kinetics aer its re-organization
during the rst redox cycle, as driven from the shi of the larger
reduction effect towards higher temperatures in the second
cycle (Fig. S9† and 5g).

Moreover, K-containing samples (K-CeZr, K-Fe-CeZr) show
stable TPR proles during two consecutive red-ox cycle (Fig. 5b),
evidencing comparable peak temperature (Fig. 5) as well as
evolved O2 amount (Table 4), differences lying within expected
range of uncertainty (#10%). These features suggest that K-
doping improves thermal stability of CeZr samples preventing
the sintering phenomenon, in accordance with TG results.
14652 | RSC Adv., 2022, 12, 14645–14654
Re-oxidation occurs through one or two phenomena which
can involve surface and sub-surface sites or bulk sites. TPO
proles of bare CeZr (Fig. 5h and S10†), Cu-CeZr (Fig. 5k and
S10†) and Mn-CeZr (Fig. 5n and S10†) samples evidence a broad
oxidation effect, at 350 �C, 400 �C and 450 �C, respectively. This
suggests that Mn doping gets splitting kinetics decreased
(Fig. 5n). On the contrary, two effects characterize the oxidation
proles of Fe-CeZr in both cycles (Fig. 5j). The rst oxidation
phenomenon occurs in a wide temperature range, with a main
peak at about 100 and 300 �C. K-CeZr, K-Fe-CeZr. Moreover K-
Cu-CeZr samples show faster oxidation kinetics than the cor-
responding K-free materials. In particular, H2 production
occurs at lower temperature; only K-Fe-CeZr shows a second
oxidation phenomenon at intermediate temperature (at about
590 �C, Fig. 5l).

Doping by transition metals signicantly improves the
reducibility of the ceria–zirconia, as well as hydrogen produc-
tion and oxidation yield (a). Interestingly, both reduction (b)
and oxidation (a) yields of the second cycle are very high and
close to 100% (Table 4).

Notably, K-doping promotes red-ox performance, since it
enables reduction at lower temperature than bare CeZr and
improves water splitting activity, as evidenced by the marked
increase of evolved H2, starting from the second red-ox cycle
(Fig. 3b and i).

K addition to the lattice does not signicantly affect the
quantitative redox performance of the Fe and Cu doped mate-
rials (Fig. 5 and Table 4). Interestingly, K-Fe-CeZr shows nega-
tive reduction degrees aer TPO; this means that the atomic
oxygen captured by the sample during the rst TPO is larger
than the oxygen evolved during rst TPR. This behavior can be
addressed to the presence of oxygen vacancies aer the high
temperature calcination that can be fully oxidized by water
during TPO.

The effect of doping and co-doping on hydrogen production
and oxidation temperature is better illustrated in Fig. 6, where
average temperatures are reported for the best performing
samples, i.e. those containing either Fe(III) or Cu(II) and/or K(I)
species. Fig. 6 clearly evidences that hydrogen production is
markedly inuenced by doping either with transition metals
(Fe(III), Cu(II)) or potassium ions. Moreover, K-addition to the
lattice improves the oxidation kinetics, as evidenced by lower
reaction temperature (Fig. 6b). The positive inuence of K-
doping on oxidation kinetics is conrmed by results of a math-
ematical model which recently formulated and evidenced that K
species can increase the number of active sites, promoting
redox performances.54
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 H2 production (top) and average oxidation temperature
(bottom) during the oxidation steps of the second cycle for transition
metals (Cu and Fe) co-doped and K-doped materials.
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K-doped and co-doped materials showed the best redox
performances in terms of (i) higher reduction degrees, reduc-
tion and oxidation yields (i.e. larger H2 amounts), (ii) lower
reduction and oxidation temperatures. These results are in
accordance with red-ox performance towards CO2 splitting
evaluated through TG analysis. Obtained materials were further
cycled showing stable performance, especially the co-doped
samples; Fig. S11† shows the H2 production measured during
ve consecutive cycles. It can be noticed that from the second
cycle H2 production keeps the same value within the 6% error
range.

Combining results of thermochemical splitting tests towards
CO2 and H2O with physico-chemical features driven from EPR
and XPS analysis, it can be inferred that red-ox activity is posi-
tively affected by surface segregation of Zr species, as well as by
a high fraction of Ce3+ both on the surface and in the bulk,
which should account for a high concentration of oxygen
vacancies. Notably, Ce3+/Ce4+ surface amount and related
oxygen vacancies exert a heavy inuence on overall redox
behavior; actually, this parameter either increases aer use or
© 2022 The Author(s). Published by the Royal Society of Chemistry
keeps constant and higher than bare CeZr in all the best per-
forming compositions: K-CeZr and K-Fe-CeZr, enabling relevant
and stable activity towards both CO2 and H2O splitting.

Conclusions

In this study, Ce0.75Zr0.25O2 mixed oxides were doped with both
transition metal (Cu, Mn, Fe) and potassium cations and tested
in CO2 and H2O thermochemical splitting cycles. Furthermore,
on the basis of XPS and EPR spectroscopic evidence bulk and
surface properties accounting for red-ox behavior were
enlightened. K doping enhances splitting properties towards
both CO2 and H2O improving evolved oxygen amounts and
lowering activation temperature (i.e. faster kinetics) during
reduction step. Even Fe and Cu doping and Fe/K or Cu/K co-
doping improves redox performance, reducing reduction/
oxidation temperatures.

Physico-chemical characterization evidences a higher frac-
tion of both surface and bulk oxygen vacancies (OV) in K-doped
and co-doped samples. Both govern the catalytic activity,
promoting oxygen diffusion through the sample during self-
reduction as well as the dissociation of the O–H bonds in H2O
splitting. The improved OV migration in the bulk phase and
between the bulk and the surface, account for enhanced
thermo-catalytic properties.

Oxygen vacancies can be tuned by modifying the catalyst
with reducible as well as non-reducible cations. In particular,
the use of alkali metals appears a promising route to enhance
the redox properties. Moreover, co-doping can produce
a synergistic effect as shown by K-Fe-CeZr and K-Cu-CeZr
materials.

Overall this study provides strategic guidelines to tailor
catalytic performance in thermochemical splitting cycles.
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