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5 wt.% Ni was prepared over Ce, Ti O, , (0<x<05 0<4
< 0.5) for dry reforming of methane (DRM). At low Ti
compositions (x < 0.3), Ti can be well incorporated into the
ceria lattice to form Ce_Ti O, ; mixed oxides. Additional
TiO, crystallites were formed over Ce, Ti O, with higher

Ti compositions. Combined spectroscopy and microscopy
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Introduction

Effect of Ti dopants in Ce; ,Ti,O,_s-supported Ni
catalysts: structure, redox properties, and carbon
resistance in DRM

Jintao Miao, © Nishan Paudyal, @ Rosa V. Melinda ® and Jing Zhou (D}

In this study, 5 wt% Ni catalysts over a series of Ce;_,Ti,O,_s supports with controlled Ti dopant composition
(x = 0-0.5) were synthesized by sol-gel and impregnation methods. Compositions, crystal structures, and
surface properties were investigated to confirm the formation of Ce;_,Ti,O,_s mixed oxides with low Ti
compositions (e.g., CegoTin10,-¢). Ce** in Ce-O-Ti shows a lower reduction temperature compared to bulk
Ce™in CeO,_s, and thus Ti-doped ceria exhibits better reducibility. TiO; is also formed over Ce;_, Ti,O5_s with
high Ti compositions (e.g., Ceg5Tins05-5), suggesting the limited solubility of Ti in the ceria lattice. The amount
of Ti in Cey_,TiyO,_s plays a role in the formation of Ni species. NiO was found to be the major species over
CeO,_5 and CeggTig10,-5. However, NiTiOs was observed over Ce;,Ti,O,5 (x = 0.2). Compared to Ni/
CeO,_s, Ni/CeqgTig10,-5 delivers better CH4 and CO, conversions in DRM. This can be attributed to the
enhanced reducibility of CeggTig10,-5 and the stronger metal-support interaction by a small amount of Ti
doping in ceria. The DRM activity of Ni decreases with the increased Ti composition in Ni/Ceq sTig50,-s. This
can be correlated with the formation of NiTiOs, which produces significantly less metallic Ni as the active
species for DRM compared to NiO that is formed over CeO,_s and CeggTin10,-s. The TGA results of spent
catalysts indicate a decrease in carbon deposition during DRM with increasing Ti composition in Ni/Ce;_,Tiy-
O,_s. XRD data suggest the formation of a new Ce,Ti,O; phase in spent Ni/Ceq 5Tig50,-5 which could better
help remove carbon deposits. Doping Ti into the ceria lattice significantly helps mitigate the issue related to
carbon deposition over the Ni catalyst during DRM. Similar behavior was also observed over Ce;_,TiyOp_s-
supported Co catalysts. Our study clearly demonstrates that doping Ti in ceria can tune both the activity and
stability of supported metal catalysts in DRM.

active metal for breaking the C-H bond.'*"* Furthermore, it is
more cost-effective as practical catalysts compared to noble

Dry reforming of methane (DRM, CH, + CO, — 2H, + 2CO,
AHyogx = +247 KJ mol_l) has attracted attention over recent
decades because of (a) simultaneous utilization of two major
greenhouse gases (CH, and CO,) and (b) the ability to produce
syngas (mixture of H, and CO) over heterogeneous catalysts." ™
The reaction involves activation of C-H and C-O bonds followed
by a subsequent reaction to produce CO and H,.° Oxide-
supported metal catalysts, particularly Ni/CeO,, have been
widely studied as potential catalysts.”® The overall activity
depends on the type of the active metal, the nature of the
support, and the interaction between the metal and support. It
is commonly accepted that the reaction mechanism is
bifunctional.® Methane and CO, can be activated on the metal
and support, respectively. The interface between the metal and
the metal oxide provides sites to complete the reaction. Ni is an
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metals."® However, Ni is more prone to deactivation, especially
due to carbon deposition.’ Side reactions in DRM including
methane decomposition and the Boudouard reaction can result
in carbon deposition over Ni catalysts, blocking the active sites
for further reaction.'>'® Ceria has been studied as a viable
support to Ni. Due to its unique redox properties and oxygen
storage capacity, ceria could act as the active phase to help
remove C deposits on the Ni metal by oxidation of surface
carbon as CO."”"® It has been shown that the Ni/CeO, catalyst
exhibits a promising catalytic behavior as a result of the unique
metal-support interaction.'>***

Doping of ceria with other metal cations can enhance the
thermal stability as well as the redox properties of ceria and
thus better improve the activity and stability of Ni in DRM.>>?*
Various metal elements have been selected as dopants to
prepare doped ceria, including Zr, La, Ti, and Mg.***® Ti was
found to be a good candidate as a dopant based on both
computational and experimental work.*>*° Compared to pure
ceria, Ti-doped ceria has a lower formation energy of oxygen

This journal is © The Royal Society of Chemistry 2025
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vacancies, which enhances the oxygen mobility in the ceria
lattice.**** The Ce/Ti ratio was found to be an important
parameter in tuning the redox properties of ceria. Efstathiou's
group prepared Ce, gTi,0,-5 and Ceg 5Tiy 50,-5 supports for Ni
and Pt catalysts and examined their catalytic performance for
DRM and water-gas shift (WGS) reactions.>*> They reported a
better carbon resistance behavior over Ni/CegTij,0,-s than
over Ni/CeO,_s and Ni/Ce, 5Ti,50,-5, Which is attributed to the
effect of the particle size and supports. Since the effect of the
particle size and support are usually coupled, in an attempt to
decouple these two factors, Han and co-workers prepared Ni-
based catalysts over various supports with controlled particle
sizes. They suggested that a small particle size of Ni particles
and their interaction with a basic metal oxide support are
beneficial to the performance in DRM.*® In our previous study,
we prepared well-ordered CeO,(111) thin films as well as Ce;_,-
Ti,0,-5(111) thin films over Ru(0001) under ultra-high vacuum
(UHV) conditions. We found that Ti-doped ceria can better
anchor Ni as smaller particles and help inhibit its sintering with
heating to 800 K than pure ceria.*! Sintering of Ni at high
reaction temperatures also causes catalyst deactivation.'®*®
Smaller metal particles not only provide more active sites for
the reaction, but also minimize carbon formation.>®*” To
extend the exciting observation from the model system of Ni/
Ce;-,Ti,0,-5(111) thin films, we synthesized powder materials
of Ce;,Ti,O,-s with controlled Ti compositions by sol-gel
methods and dispersed 5 wt% Ni over as-synthesized supports
by impregnation methods. The composition of Ti was
controlled between x = 0 and x = 0.5. Compared to previous
studies, a smaller increment of the Ti composition (i.e., 0.1) was
considered with a motivation to better tune the structure and
redox properties of ceria and thus examine potential
improvement of supported Ni catalysts towards the DRM
reaction and carbon resistance.**** In our study, conventional
and synchrotron X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM),
inductively coupled plasma-optical emission spectrometry (ICP-
OES), Brunauer-Emmett-Teller ~ (BET), H,-temperature-
programmed reduction (H,-TPR), and H, chemisorption were
used to examine the composition, the crystal structure, the
reducibility, and the surface properties of prepared Ni catalysts
with respect to the Ti composition in ceria. XRD and
thermogravimetric analysis (TGA) were used to examine the
structure and the extent of carbon deposition over spent
catalysts. This systematic study using combined spectroscopy
and microscopy techniques allowed for the elucidation of the
role of Ti doping in ceria in the activity, stability, and carbon
resistance of supported Ni in DRM. It was found that, by doping
Ti into the ceria lattice, significant enhancement in the
reducibility of the supports as well as the metal-support
interaction was observed. Furthermore, the amount of Ti
dopant plays a role in the nature of Ni species including NiO
and NiTiO; formed over Ce;_,Ti,O,-s5, which exhibits a strong
correlation with their physical properties and catalytic
performance in DRM. Such behavior was also observed for Co
catalysts over Ti-doped ceria.

This journal is © The Royal Society of Chemistry 2025
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Experimental section
Catalyst preparation

Ce;_,Ti, 0,5 with controlled Ti composition (0 < x < 0.5) was
prepared by mixing appropriate amounts of cerium(u) nitrate
hexahydrate (Sigma Aldrich, 99.99%) and titanium(wv)
isopropoxide (Sigma Aldrich, > 97%) with citric acid (Fisher
Scientific, 99.6%), following a reported synthesis procedure
with a modified calcination temperature of 800 °C.** For
example, 7.0785 g of citric acid, 9.5937 g of cerium(m) nitrate
hexahydrate, and 13.0 mL of titanium(iv) isopropoxide stock
solution (0.200 mol L") were used for the preparation of
CeyoTip10,-5. The mixture was heated at 60 °C under
constant stirring at a speed of 500 rounds per minute until a
gel-like material was obtained. The material was then dried
in an oven at 120 °C overnight and subsequently calcined in
a tube furnace (GSL-1500X, MTI corporation) at 800 °C for 2
h in ambient air. Supported Ni catalysts with a nominal
loading of 5 wt% were prepared by the impregnation method
by weighing out appropriate amounts of selected Ce;_,Ti,O,_s
support of interest and nickel(n) nitrate hexahydrate (Sigma
Aldrich, 99.999%). The mixture was stirred for 2 h at 60 °C
followed by drying overnight at 120 °C. The dried powder was
further calcined at 800 °C for 2 h in the tube furnace and
stored into an airtight container for further tests. In our
study, the choice of Ni amount was based on our DRM
results with respect to controlled weight loadings of Ni over
pure ceria supports (data not shown). We observed an
increase in DRM activity with the increase of the Ni amount
from 2 to 5 wt%. Further increase of the Ni loading to 7 wt%
did not introduce any detectable change in the DRM activity,
while exhibiting a larger extent of carbon formation. The
choice of 5 wt% Ni over Ce;_,Ti,O,_s for DRM in our study is
also consistent with previous research over 4 wt% Ni over
CeZrO, considering that the interaction between Ni and ceria
plays an important role in DRM.”” § was introduced in the
stoichiometry of Ce,_,Ti,O,_s to suggest that the supports are
partially reduced as indicated by XPS studies shown in Fig.
S1 in the SI. Like Ni catalysts, ceria-supported Co catalysts
can be prepared following the steps using cobalt(n) nitrate
hexahydrate (Sigma Aldrich, >98%).

Catalyst characterization

Conventional XRD experiments of the as-prepared and spent
catalysts were performed on a Rigaku SmartLab
diffractometer with Cu Ko radiation (40 kV, 40 mA, 1.5419 A)
in a 2-theta mode from 10 to 90° at a scanning rate of 10°
min~" with a step size of 0.01°. In situ synchrotron XRD was
conducted at the beamline (BM-17) at the Advanced Photon
Source, Argonne National Laboratory. Around 1 mg sample
was loaded in a capillary quartz tube with quartz wool at both
ends to contain the sample. The XRD data were collected
upon heating the sample from 20 to 750 °C with a ramping
rate of 30 °C min™" under a mixture gas flow of 5 mL min™
H, and 5 mL min~" He. The synchrotron XRD data were first
processed using the GSAS-II software.>® All XRD patterns were
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analyzed for peak positions to examine the structure and
crystallinity of the samples using the ICDD database. The
lattice constant and crystallite size of CeO, were calculated
based on Bragg's law and the Scherrer equation. The BET
surface area of the samples was obtained by N, physisorption
using a Micromeritics ASAP 2020 apparatus. Prior to the
analysis, all powder samples were degassed at 300 °C for 3 h
under vacuum conditions. H,-TPR and H, chemisorption
experiments were conducted using a Micromeritics
AutoChem II 2920 instrument equipped with a thermal
conductivity detector. For H,-TPR experiments, around 0.05 g
of the sample was heated from room temperature to 850 °C
with a ramp rate of 10 °C min™ under 25 mL min™" 10% H,
in Ar flow (Praxair) and held for 5 min at 850 °C. The metal
dispersion was collected over 0.3 g of the sample at 35 °C
using H, pulse measurement. Prior to the test, the sample
was reduced at 750 °C for 1 h, followed by purging with 50
mL min" Ar at 750 °C. It was noted that the reduction
temperature of all samples from in situ synchrotron XRD
experiments was consistently lower than that from H,-TPR
tests, which could be due to the higher H, concentration and
gas hourly space velocity (GHSV) for the XRD experimental
setup.*>*® The XPS experiments of the as-prepared and
reduced Ni/Ce;_,Ti,O,-s samples were conducted with a HiPP
Omicron Nanotechnology XPS system. For the experiment of
reduced samples, catalysts were reduced at 750 °C for 1 h
under 50 mL min™" H, flow and then kept in airtight vials.
ICP-OES experiments were conducted using a PerkinElmer
Optima 8300 instrument. The SEM studies were carried out
using an FEI Quanta FEG 450 instrument with an
accelerating voltage of 20 kV. For the preparation, the sample
was dissolved using the fusion method. LiBO, (Sigma-
Aldrich, 99.99%) was chosen as the flux and the solid mixture
of the flux and sample was calcined at 900 °C in a graphite
crucible. The TGA tests were conducted using Netzsch TG
209 instruments. The sample was first purged with 50 mL
min~' O, at room temperature and then ramped up to 750 °C
with a heating rate of 5 °C min™".

Catalyst reaction

The DRM reactions were performed in a fixed-bed reactor with
controlled temperatures and feed flow rates. Around 0.1 g of the
sample was loaded in a quartz tube (1/4 inch inner diameter)
with quartz wool on both ends. The sample was heated in a
vertical tube furnace (Keison Products, VST 1200). The flow rates
of all gases were controlled using digital mass flow controllers
(Aalborg). The reaction gas composition was analyzed using an
Agilent 7890B instrument equipped with both a thermal
conductivity detector and a flame ionization detector. The
conversions of CH, and CO, as well as the yields of H, and CO
were calculated via the following equations:

input [ Fcy,] — output [ Feg,]

: X 100%
input [Fcg,]

1)

CH, Conversion (%) =
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input [FCOZ] - output [FCOZ}

CO, Conversion (%) = ; x100%
input [ Fco,]
(2)
. output | F
H, Yield (%) = upUt [Fin] o000 (3)

2 x input [Fcp,]

output [ Foo

Y' 1 0, —
CO Yield (%) input [Fcy,] + input [Fco,]

x100%  (4)

where [F] indicates the flow rate (in mL min™") of gas species i
(i = CH,, CO,, H,, and CO).

Results and discussion

To examine the effect of Ti doping on the properties of ceria
and ceria-supported Ni catalysts, a series of Ce;_,Ti,O,s
supports with controlled amounts of Ti up to x = 0.5 were
prepared. The elemental composition of Ti was examined by
ICP-OES and the measured values (Table 1) agree well with
the nominal numbers as intended during the synthesis. As
suggested by the XRD pattern (Fig. 1a), the synthesized
Ce0,-s; sample exhibits high crystallinity. Sharp reflection
peaks at around 28.5°, 33.1°, 47.5°, 56.3°, 59.1°, 69.4°, 76.7°,
79.1°, and 88.4° match well with the (111), (200), (220), (311),
(222), (400), (331), (420), and (422) planes of the face-centered
cubic cell of the fluorite structure of CeO, (PDF #34-0394).
With addition of Ti into CeO,, a line broadening and an
upward shift in the peak positions were observed. As shown
in Table 1, with an initial 10% Ti doping amount, the
crystallite size of ceria significantly decreases from 298 to 142
A and further increase of the doping amount of Ti causes less
change in the crystallite size. This decreasing trend of the
crystallite size with the increase of Ti concentration is
consistent with previously reported results.*>*" The lattice
constant of ceria calculated based on the analysis of the (111)
plane showed a change from 5.41 to 5.39 A with Ti doping
concentration up to 0.5. This is consistent with the
substitution of Ce*" with Ti*" into the ceria lattice that has a
smaller radius.**** Due to the difference in the metal-oxygen
bonds, incorporation of Ti into the ceria lattice can result in
the distortion in the crystal structure and the formation of
the charge compensation oxygen vacancies.***> Therefore, in
our study, it is reasonable to expect and as shown in Fig. S1
in the SI that Ce;—,Ti,O,-s supports are partially reduced. The
structure distortion and formation of vacancies can promote
the oxygen storage capacity and redox properties of ceria that
are important for catalytic reactions.>***™*® For ceria supports
with relatively high Ti compositions, a new reflection peak at
25.3° was shown, which is associated with TiO, (PDF #29-
1360), suggesting the limited solubility of Ti in the ceria
lattice. This reflection peak was broad for Ce,;Tij30,-s5, but
it became sharper and more intense with further increase of
the Ti stoichiometry for Ceg¢Tip40,-5 and CeysTip 50,5
samples. Ti can be well incorporated into the ceria lattice
with low Ti compositions (x < 0.3) to form Ce;_,Ti, O,

This journal is © The Royal Society of Chemistry 2025
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Table 1 Indicated physical properties of pure CeO,_s and Ce;_,Ti,O2-s
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Ti composition, Lattice constant

Crystallite size

BET surface area Metal dispersion of supported

Ce;_,Ti 0,5 x, by ICP-OES (&) (&) (m>g™) Ni catalysts (%)
CeO,_s 0 5.413 298 13.7 1.2
Ceo oTio 105 0.10 5.403 142 15.2 1.0
Cep sTio205-s 0.22 5.403 127 17.0 0.3
Ce+Tio50s-s 0.32 5.394 125 12.6 0.3
Cep ¢Tioa0s-s 0.42 5.392 119 8.8 0.4
Ceo 5Tio.505-s 0.51 5.394 121 8.8 0.3
) A NiO & NiTiO
Ce0, v TiO b )
(a) z 2 (b) Ce0, ¥ TiO,
> SR 7
e £
G s
2 2
& £
2 c
X 2
£ £
|| | TiO, (PDF #29-1360) ; | [ Do NiTiO, (PDF #33-0960)
- Vsl v { 3 R = . N . wis Ko [l w: N g G -
| | : CeO, (PDF #34-0394) | | NiO (PDF #47-1049)
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(c) — ceo,, CeooTio1025 (d) — nirceo,, NilCeqsTig 105
— CeggTip 20,5 Ce7Tig 3025 — NilCeqgTip 20,5 Ni/Ceq 7Tig 30,5
— CeggTig 40,5 — Cey5Tig 50,5 — NilCeg Tip 4055 —— NilCeysTiy 50,5
- —— reference TiO, - —— reference TiO,
= =5
G s
® °
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Fig. 1 XRD patterns of (a) Ce;_,TiO,_s supports and (b) 5 wt% Ni over Ce;_, Ti,O,_; with controlled Ti compositions (i: x = 0, ii: x = 0.1, iii: x = 0.2,
iv: x = 0.3, v: x = 0.4, vi: x = 0.5). Reference XRD patterns of TiO,, CeO,, NiTiOs, and NiO are also shown. H,-TPR profiles collected from (c) as-
prepared Ce; ,Ti,O,_s and (d) 5 wt% Ni dispersed over Ce;_,Ti,O,_s5. H>-TPR profiles of a reference TiO, sample are also shown in (c) and (d).

mixed oxides. However, when further introducing Ti with
heating during the synthesis, additional TiO, crystallites were
formed. This is consistent with reported studies of Ce;_, Ti,
0,.***9%% gegregation from the ceria lattice and formation of
titania are dependent on synthesis methods and
temperatures, which was reported for Ce,_,Ti,O, with a Ti
composition, x, of as low as 0.2.°*°* Mordekovitz and co-
workers synthesized Ce;_,Ti, O, nanomaterials (x = 0.1, 0.2)
using a non-aqueous sol-gel method. There was no
indication of isolated domains of titania in the XRD patterns
of these products that were calcined at 400 °C. Ce,Tip10,
and Ce, gTip 0, samples were stable with heating to 700 °C.

This journal is © The Royal Society of Chemistry 2025

However, starting with the heating temperature of 800 °C,
the TiO, phase was clearly observed in the XRD pattern of
Ce, sTiy,0,.”" Isolated domains of TiO, were also observed
for the Ce, gTip.,0, sample by Kim and co-workers, where the
sample was calcined to a temperature of 850 °C.>¢

The reducibility of the same series of Ce;_,Ti,O,-s supports
was examined by performing H,-TPR experiments in a
temperature range between 50 and 850 °C (Fig. 1c). The H,-TPR
profile of a standard TiO, powder sample (Sigma-Aldrich,
>99.5%) is also shown, which exhibits little signal in this
temperature range. To deconvolute the reduction features
originating from different species formed over each sample, the

Catal. Sci. Technol., 2025, 15, 7030-7042 | 7033
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peak fitting of the H,-TPR results was conducted using Voigt
functions in the Fityk software and the detailed fitting
information can be found in Fig. S2a and Table S1 in the SL
Reduction in two temperature ranges with peaks at ~481 and
791 °C was observed for CeO,_s;, which can be attributed to the
reduction of surface and bulk Ce", respectively.***>** The
surface area and crystallite size of CeO, significantly affect the
peak intensity and reduction temperature of both surface and
bulk Ce*". Rao reported the synthesis of CeO, samples with the
surface area values ranging from 1.5 to 130 m> g™ and the
characterization of the reducibility using H,-TPR.>* For the
sample with a surface area value of 1.5 m> g, ignorable
reduction of surface Ce*" species was detected and only
reduction of bulk Ce*" was observed at 900 °C. When the
surface area value was increased to 130 m”> g ', surface
reduction features between 200 and 600 °C were clearly
observed and the bulk reduction temperature decreased to 800
°C. In our study, for the ceria support with a 10% Ti dopant
amount, the reduction temperature of bulk Ce®" in ceria
decreases to ~763 °C. This is consistent with the decrease in its
crystallite size and surface area as well as the formation of
reduced ceria as a result of Ti doping that exhibits enhanced
reducibility.** Additional reduction signals between 400 and 650
°C over Ce;_,Ti,0,_s can be associated with Ce*" in Ce-O-Ti
that has a lower reduction temperature compared to bulk Ce**
in CeO,_s.>"*° Doping additional metal cations (e.g., Zr, Nb, and
Ti) into the ceria lattice can modify the metal-oxygen bond
length, which results in the formation of labile oxygen near Ce
cations.>****” Thus, doped ceria usually exhibits a lower
reduction temperature and higher oxygen storage capacity
compared to pure ceria.”® The intensity associated with the
reduction of Ce*" in Ce-O-Ti increases when the Ti composition
(x) increases to 0.3. However, it shows no significant change
with further increase in Ti composition to 0.5. A sharp
reduction peak at around 800 °C was observed in Ce;—,Ti, 0,5
(x = 0.3) supports and the intensity of this peak increases while
further increasing Ti composition. This peak could suggest a
change in the bulk structure of ceria. Smal and co-workers
observed a decrease in the reduction temperature of ceria
supports modified with Ti dopant and detected a sharp
reduction peak at around 792 °C with high Ti concentrations in
ceria. They ran H,-TPR on 5 wt% Ni over Ces5Ti450, and
Ce65Ti0 350, and examined their crystal structures during the
H,-TPR experiment as well as after cooling down to room
temperature. The pyrochlore structure of Ce,Ti,O; was detected
after cooling down to room temperature.”® In our study, after
reduction, Ce,Ti,O; was also observed in Ni/Ce, 5Tiy 50,5, while
the fluorite structure of ceria was maintained for both Ni/CeO,_s
and Ni/Ce, ¢Tiy 10,-s as shown in Fig. S3. It is known that ceria
with a pyrochlore structure can have high oxygen mobility due
to its disordered structure, which could assist in oxidizing
deposited carbon during the DRM reaction.*

Pure ceria (CeO,_s) and Ti-doped ceria with a low Ti
composition of x = 0.1 and a high value of x = 0.5 (Ce ¢Tip.1-
0,-5 and Ce(sTip50,-5) were selected as representative
samples to further examine the effect of Ti doping using in

7034 | Catal Sci. Technol,, 2025, 15, 7030-7042
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situ synchrotron XRD. The XRD data (Fig. 2a-c) were
collected with 2-theta values between 0.500° and 16.500°
while the sample was heated from 50 °C up to 750 °C with a
rate of 30 °C min~" under a mixture gas flow of 5 mL min™"
H, and 5 mL min~' He. For comparison, the XRD data of
CeO,-s with heating under an inert environment of a 10 mL
min~' He flow were also collected. All three samples exhibit
XRD patterns consistent with the fluorite structure of CeO,
(PDF #34-0394). In agreement with the results from
conventional XRD experiments in Fig. 1a, the calculated
lattice constant (Fig. 2d) decreases from 5.410 A for CeO, ; to
5.394 A for Ce,sTips0,-s due to the substitution of Ti into
the ceria lattice. With heating, the CeO,-s; support under an
inert He flow shows a gradual increase in the lattice constant
from 5.410 A at room temperature to 5.457 A at 800 °C,
consistent with the thermal expansion of ceria.®*®* When
switching the gas from He to H,He, an increase in the lattice
constant of CeO,-s with temperature due to thermal
expansion was observed. Additionally, a more significant
increase in the lattice constant was detected at around 675
°C. This is attributed to the reduction of Ce*" to Ce** under a
reducing environment as Ce*" cations have a larger radius
(1.14 A) than Ce** (0.97 A).2”**>°* Such behavior was also
observed for Ce(oTip10,-s and Ceq 5Tip50,-s during heating
under a H,He flow. However, the extensive change in the
lattice constant associated with the Ce*" reduction occurred
at lower temperatures. This behavior agrees well with the
above H,-TPR results as well as the XPS data shown in Fig. S1
in the SI, suggesting the enhanced reducibility of ceria with
Ti doping.

The XRD patterns of 5 wt% Ni dispersed over the series of
Ce;,Ti,0,_5 supports (x = 0-0.5) were collected as shown in
Fig. 1b. In addition to the reflections associated with ceria
and titania, the peaks related to different Ni species were
observed, demonstrating that the nature of the ceria supports
plays a role in the formation of these Ni species. For Ni/
CeO,_s and Ni/Ce( oTip10,-5, the peaks at 37.2° and 43.3°
were detected, corresponding to the (111) and (200) planes of
NiO (PDF #47-1049). The peaks at 35.7°, 40.9°, and 54.0° that
are associated with the (110), (113), and (116) planes of
NiTiO; (PDF #33-0960) were observed over Ni/Ceg gTip20s-s
and became more pronounced with further increase of Ti
composition to 0.5 in Ce;_,Ti,O,_s. The formation of NiTiO;
is suggested due to the reaction of Ni with isolated domains
of TiO, during the metal dispersion and calcination process
with a temperature typically higher than 550 °C,>¢:%9:>0:66769

The H,-TPR profile of 5 wt% Ni/CeO,; (Fig. 1d) shows
reduction peaks at 213 and 312 °C, which are attributed to
the reduction of surface and bulk NiO, respectively.”””" The
detailed peak fitting results of H,-TPR can be found in Fig.
S2b and Table S2. For Ni/Ce, oTip10,-s5, reduction peaks of
NiO shift to 330 and 453 °C, suggesting that Ti doping can
enhance the metal-support interaction. For Ni/Ce;_,TiyO,;
with higher Ti compositions (x = 0.3-0.5), the major
reduction peak was observed at around 650 °C. This
temperature is higher than that for reduction of NiO over

This journal is © The Royal Society of Chemistry 2025
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temperature under the indicated gas species.

pure titania and is consistent with reduction of Ni*' in
NiTiO; that takes place in a temperature range between 550
and 700 °C.*9°%68:6972 The H,-TPR data are consistent with
the XRD results, demonstrating that doping Ce,Ti;—,O,_5 by
Ti influences the formation of Ni species (e.g., NiO and
NiTiO;). It seems like the nature of Ni species formed over
the ceria support also affects the measured metal dispersion
value of Ni as shown in Table 1. Despite the fact that the
surface area values are not particularly high for CeO,_s and
CeyoTip10,-5, the metal dispersions of Ni over these two
supports in our study are comparable with previously
reported data.”*”* However, the metal dispersion values of Ni
decreased extensively with further increase in Ti composition
to 0.3 or higher in Ce,Ti;—,O,-s. This is consistent with the
observation that NiO is the major species over CeO,_s and
Cey.oTip10,-5, While NiTiO; is formed over ceria supports
with higher Ti compositions. During reduction, NiTiO; is
reduced to metallic Ni and TiO,, where Ni could be
encapsulated by TiO, that could inhibit the adsorption of
active gases (e.g., H, and CO) over Ni and thus result in a low
metal dispersion measured by chemisorption.”>”> In addition
to the formation of NiO over ceria, incorporation of Ni into
its lattice to form a Ce;_,Ni,O,_; solid solution was reported,

This journal is © The Royal Society of Chemistry 2025

the extent of which depends on synthesis methods.”®®" The
XRD pattern of 5 wt% Ni/CeO,_; clearly shows the diffraction
peaks associated with the NiO phase (Fig. 1b), which is
consistent with the intense reduction peak at 312 °C in the
H,-TPR profile (Fig. 1d). In our study, there could be the
possibility of incorporation of a small amount of Ni into the
ceria lattice. A slight decrease in the lattice constant value of
ceria from 5.413 A for CeO,_s to 5.409 A for CeO,_s with
dispersed 5 wt% Ni was detected. Although this change in
the lattice constant is within the range of the XRD resolution
of the instrument, incorporation of Ni into the ceria lattice
can cause the decrease of the lattice constant considering
that Ni** has a smaller size (0.72 A) than Ce** (0.97 A).%
When comparing the H,-TPR profile of 5 wt% Ni/CeO,_s to
that of pure CeO,_; (Fig. 1c and d), it shows small, enhanced
signals between 350 and 650 °C. This could be due to the
reduction of NiO that strongly interacts with ceria and/or the
reduction of the ceria support.*®**¢%6%7278 Thig could also
be due to reduction of Ni in Ni-O-Ce by H,, which was
observed at temperatures above 400 °C.””

To examine the effect of the Ti dopant on the activity of
Ni in DRM, temperature-dependent tests were conducted for
5 wt% Ni catalysts supported over all prepared Ce;_,Ti,O,-s
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supports. Prior to the studies, all samples were reduced at
750 °C in H, for 1 h. A total flow rate of 30 mL min™" (Nj:
CH,:CO, = 10:10:10) was used for DRM. As shown in
Fig. 3a and b, the percent conversion values of CO, and CH,
reactants for all catalysts increase with increasing reaction
temperature. The results are consistent with the endothermic
nature of the DRM reaction.>® A higher percent conversion
value of CO, was observed compared to that of CH,, which
could be due to the reverse-water-gas shift (RWGS) reaction
as a side reaction in DRM.*'® The ignition temperature and
activity of catalysts vary with the composition of Ti dopant in
Ce;—,Ti,O,_s supports. Ni over pure CeO,_s and Ceg oTip10,-5
exhibited a comparable DRM activity except during the
temperature range between 550 and 750 °C. Compared to
these two catalysts, Ni/Ce Tip,0,-5 showed a slightly lower
activity in DRM, and further increase in the Ti composition
resulted in a further decrease in the activity of Ni/Ce;_,Ti,-

View Article Online
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0O,_s. As it is known that metallic Ni is the active species in
DRM, the lower activity of Ni over ceria with high Ti amounts
(e.g., Ceg5Tip50,-5) could be correlated with a significantly
lower Ni metal dispersion value with a much lower metallic
Ni amount present over the catalyst surface.®%

5 wt% Ni catalysts over pure CeO,_; as well as over doped
ceria with a low Ti composition (Cey ¢Tip10,-s) and a high Ti
composition (Ce, 5Tiy50,-s5) were selected for stability tests at
750 °C for 24 h. The results shown in Fig. 3c and d were
collected with a gas mixture of N,, CH,, and CO, with a flow
rate of 10-10-10 mL min ', corresponding to a GHSV value
of 18000 mL g™* h™". There is around 5% difference in the
conversion values reported at 750 °C in the stability tests
compared to those in temperature-dependent DRM results.
This is likely due to the additional stepwise heating
treatments in temperature-dependent DRM tests during
which all catalysts were heated from 300 to 800 °C with a
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(@) CH4 and (b) CO;, conversion values with respect to the reaction temperature between 300 and 800 °C collected from the DRM reaction

over 5 wt% Ni supported on Ce;_,Ti,O,_s at a GHSV value of 18 000 mL g* h™%; (c) CH, and CO, conversions and (d) H, and CO yields versus time
on stream over 5 wt% Ni supported on CeO,_s5, Ceg oTip10,-5 and Ceq sTig 50,5 during the reaction at 750 °C at the same GHSV value; (e) XRD
patterns of spent catalysts after stability tests; TGA results of (f) spent catalysts after stability tests and (g) reduced catalysts, respectively; (h) SEM

results of spent Ni/CeO,_; after stability tests.
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temperature increment of 50 °C under the reaction stream
and held at each temperature for 0.5 h during the data
collection. For the stability tests, all catalysts were directly
heated up to 750 °C in a temperate ramp of 20 °C min"
under the reaction stream. As shown in Fig. 3¢ and d, all
three catalysts showed good stability with less than 5% loss
of activity after 24 h. It is known that Ni-based catalysts are
prone to deactivation due to carbon deposits in DRM.">%
Therefore, after the stability test, the TGA analysis (Fig. 3f)
was carried out over spent catalysts for the investigation of
carbon that was present over the catalyst surface, which was
compared to that of reduced catalysts prepared prior to the
DRM tests (Fig. 3g). In the temperature range between 400
and 600 °C, the weight loss in TGA data can be attributed to
the oxidation of carbon to CO,.** Our TGA results (Fig. 3f) in
general suggest significantly less carbon deposits over Ni
supported on Ti-doped ceria. The spent sample of Ni/CeO,_;
showed around 7% weight loss due to carbon deposition.
The carbon exhibits fiber-like features in the SEM image
(Fig. 3h). However, only about 2 wt% or even a negligible
amount of weight loss was detected in spent samples of Ni/
Cey.oTip.10,-s and Ni/Ce( 5Tiy.50,-5. At around 350 °C, there is
a weight increase of the catalysts, observed especially clearly
for Ni/Ce(.5Tiy50,-s and this is attributed to the oxidation of
the reduced catalyst as shown in Fig. 3g.>" The same behavior
was observed when we increased the GHSV value from 18 000
to 36000 mL g ' h™" as shown in Fig. S4. The amount of
carbon deposits over these samples followed the trend Ni/
Cey 5Tip.50,-5 < Ni/Ce( 9Tip10,-5 < Ni/CeO,_s. As suggested
by combined catalyst characterization and activity studies, Ni
catalysts supported over Ti-doped ceria exhibited an enhanced
reducibility and a stronger metal-support interaction, which
could promote the removal of carbon deposits in DRM.>%¢
The XRD patterns of spent samples of Ni catalysts over
CeO,_s5, CeyoTip10,-5, and Cey5Tip50,-5 were obtained
(Fig. 3e). Both samples of Ni/CeO,- s and Ni/CeoTip105-s
maintained the fluorite structure of CeO,. A small intensity
at 44.5° was attributed to metallic Ni, confirming that Ni° is
the active metal species during the DRM reaction. However,
for the spent sample of Ni/Ce, 5Tiy.50,-5, the reflections due
to CeO, became much boarder, indicating a less crystalline
fluorite structure. The patterns related to TiO, were not
clearly detected. Furthermore, new reflections at 21.3°, 23.2°,
27.8°, 30.1°, 32.3°, 40.3°, 43.3°, 48.4°, 52.0°, 55.2°, and 58.4°
were observed which can be attributed to (210), (002), (400),
(112), (410), (022), (420), (520), (114), (304) and (232) of Ce,-
Ti,O; (PDF #47-0667). This indicates a reduction of Ce"" to
Ce*" and the formation of a new crystal phase of Ce,Ti,O;
after sample reduction and the DRM reaction. Ruan and co-
workers investigated the structure change between CeO,-
TiO, and Ce,Ti,O; and observed the transformation of CeO,-
TiO, mixed oxides into Ce,Ti, O, promoted by the dispersed
Ni metal under reduction in CH,.*® Compared to pure ceria,
Ce,Ti,O; has a higher oxygen mobility due to the disorder of
both cations and anions in the sublattice.®” Although Ni/
Cey 5Tip50,-5 delivered the least activity in DRM among all

This journal is © The Royal Society of Chemistry 2025
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three catalysts, it showed very little carbon deposit. Such
behavior could also be correlated with the enhanced oxygen
mobility and redox properties due to the formation of Ce,Ti,-
0, in Ni/Ce, sTip 5055

Our study provides new insight into the role of Ti doping
in the formation of Ni species over Ce;_,Ti,O,-s and
associated activity and stability in DRM. The effect of the Ti*"
dopant over 5 wt% Ni/Ce;_,Ti, O, s was previously studied by
Damaskinos and co-workers.*> They chose the Ti
stoichiometry of x = 0.2 and 0.5. The fluorite structure of
CeO, was maintained through the different concentrations of
Ti** doping. After the doping of CeO, with Ti with the
stoichiometry of 0.5, the diffraction peaks shifted to higher
2-theta angles in XRD, indicating a decrease in the lattice
constant of ceria due to incorporation of Ti*" ions in the
CeO, lattice. Also, a broadening of peaks representing CeO,
was observed for Ti-doped samples indicating a decrease in
crystallite size of the support which correlated well with our
XRD data. Although not mentioned in their study, the XRD
pattern of 5 wt% Ni/Ce, 5Tip50,-5 seemed to suggest the
formation of isolated titania domains and NiTiO3z, which are
similar to what have been observed in our studies. For the
DRM reactivity studies, they observed an increase in the CH,
conversion and a significant decrease in carbon deposition
for 5 wt% Ni/Ce gTip,0,-s compared to the 5 wt% Ni/CeO,
catalyst. However, the CH, conversion was lower for the 5
wt% Ni/Ce, 5Tip.s0,-5. This in general agrees well with our
results which showed that a small amount of Ti dopant can
enhance both the catalyst activity and the resistance to
carbon in DRM due to the participation of lattice labile
oxygen from the support for gasification of C, leading to the
formation of CO.*>** With the control of the small increment
of Ti dopant, our study demonstrated that 5 wt% Ni/Ceg.o-
Tiy.10,-s gave the highest conversion of CH, compared to all
the other catalysts, indicating that the small stoichiometry of
0.1 for Ti in Ce;—,Ti,O,-s delivers a good enhancement of the
catalytic performance of Ni. A major difference observed
between our study and the one performed by Damaskinos
et al. was in the C resistance for Ni/Ce, 5Tiy.50,-5. Our results
(Fig. 3f) clearly show that the spent 5 wt% Ni/Ce 5Tio50,-s
catalyst had negligible C deposition compared to Ni/CeO,_;
and Ni/Ceg Tip10,-5. As shown in Fig. 3e and Fig. S3, 5 wt%
Ni/Ce, 5Tip50,-s underwent a change in the crystal structure
for CeO, during the reduction with H, at 750 °C and the
DRM reaction, leading to the formation of Ce,Ti,O,. It is
known that Ce,Ti,O; has high O mobility that could facilitate
the removal of deposited C.°° Damaskinos and co-workers
concluded higher C deposition over spent Ni/Ceg 5Tip 50,5
compared to 5 wt% Ni/Ceg ¢Tip ,0,-5. They explained that this
was due to the least participation of lattice labile O for
removal of C in DRM as demonstrated in transient
experiments using '°0, isotope species.*® The exact nature
for the difference between our results and the previous report
is not clear, although there is a likelihood due to the
differences in catalyst synthesis that could result in some
variations in the size, structure, and composition of the
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prepared samples. In particular, the Ti doping level plays an
important role in the nature of synthesized ceria supports,
which in turn could influence the formation of Ni species
(NiO and NiTiO;). Our group has confirmed the
concentration of Ti for the prepared catalysts through ICP-
OES studies with the stoichiometry of Ti matching the
targeted values. The quantification of the amount of Ti
dopant was not indicated in their study. Furthermore, it
would be interesting to know if there was a composition and
structure change for spent Ni/Cey 5Tip 505-5.

To extrapolate the effect of Ti doping in ceria on the catalytic
performance of other metals in DRM, our group carried out a
study over Co catalysts considering that Co shows good DRM
activity.®*®® CegoTip10,-ssupported Co catalysts with both 5
and 10 wt% loadings were prepared considering that among the
studied series of Ce;_,Ti,O,-s, Ni supported over Ce,oTip10,-5
showed a good activity with a reasonable amount of carbon
deposits during the DRM reaction. As a comparison, Co
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temperature between 300 and 800 °C collected from the DRM reaction over 5 wt% and 10 wt% Co supported on CeO,_s and Ceg oTip10,-5 at a
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catalysts over pure ceria were also synthesized. As shown in
Fig. 4a, the fluorite structure of ceria was observed in both ceria
supports and all ceria-supported Co catalysts. No clear reflection
peaks of Co species were observed for Co catalysts with a 5 wt%
Co loading, and Coz;0, was identified with a peak located at
37.0° (PDF #42-1467) for the samples with a 10 wt% Co loading.
This indicates that Co could maintain good dispersion as small
particles over the support at a low weight loading (i.e., 5 wt%).
With higher amounts of Co (i.e., 10 wt%), it can aggregate and
form crystallite structures during calcination. Like the study of
Ni as described above, a small decrease of 0.003 A in the lattice
constant of CeO, was detected with dispersed 5 wt% Co, which
increased to 0.011 A with dispersed 10 wt% Co. This is
consistent with the suggestion of incorporation of Co into the
ceria lattice.**° The extent of formation of Co-doped ceria
could be small when compared to the study by Yang and co-
workers as they reported a reduction in the ceria lattice by
~0.019 A for 2% atom doping of Co in ceria (Ce.05C00.0202-)
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and by 0.036 A for 10% atom doping of Co in ceria (Ceg.99C0g 10-
0,-5).*° Fig. 4b shows the H,-TPR profiles of both supports with
and without 5 wt% Co. The reduction features between ~200
and 450 °C with two peaks at 284 and 332 °C from 5 wt% Co/
CeO,_s were assigned to two reduction steps of CozO4 to CoO
and CoO to Co, respectively.”’** These two peaks representing
stepwise reduction of Coz;O, are also present over 5 wt% Co/
CeoTip10,-s Additionally, a small reduction peak at 535 °C
was observed in the TPR profile for 5 wt% Co/Cej ¢Tip10,-s,
which could be due to the reduction of Co;0, that has a strong
interaction with Ti-doped ceria.” The temperature-dependent
DRM results of Co over CeO,_s and Ce,oTiy10,-5 are given in
Fig. 4c and d. Prior to the DRM reaction, all catalysts were
reduced at 750 °C under H, for 1 h, which reduced Co;0, to
metallic Co through a CoO transition as demonstrated in
previous reports.®**?%9% However, during the DRM reaction,
it has been shown that the chemical state and/or structure of
Co species along with the ceria support experience dynamic
changes with respect to the temperature and gas species in the
reaction stream.®>®” In DRM, CoO can reappear at 200 °C and
metallic Co becomes predominant with the increase of the
reaction temperature to 500 °C, which are active species for
methane activation. This is consistent with our XRD patterns of
all spent samples of 5 and 10 wt% Co catalysts over CeO,_; and
Ce oTig.10,-5 (Fig. 4f), which show metallic Co as evident with a
small intensity at 44.2° (PDF #15-0806). For a 5 wt% Co loading,
a clear decrease in the ignition temperature was observed for
Co/Cey oTip10,-5 compared to that of Co/CeO,_s. With the
increase of the Co loading to 10 wt%, the ignition temperatures
for Co over both ceria supports were similar. For both 5 and 10
wt% Co loadings, Co over CeoTi10,-s showed similar activity
in DRM. However, the increase in the cobalt loading to 10 wt%
increased the activity of Co/CeO,-; but at the cost of extensive
formation of carbon deposits. TGA analysis indicated an
increased weight loss from 5 to 16% due to carbon burn off as
the weight loading of Co was increased from 5 to 10 wt% over the
CeO,_s support (Fig. 4e). On the other hand, both CeoTiy10,-5
supported Co catalysts showed a weight loss of around 2%. As
shown in the SEM images (Fig. 4g and h), there is little
evidence of carbon deposition over the spent sample of 5 wt%
Co/Ce(oTip10,-s. However, filamentous carbon-like features
were clearly observed over 5 wt% Co/CeO,_s. Similar to Ni, Ti
doping in ceria has a promotional effect on the redox
properties of ceria and the interaction of supported Co catalysts
that help remove carbon deposits during the DRM reaction.

Conclusions

In summary, Ce;_,Ti,O,_; supports were synthesized using a
sol-gel method with controlled Ti compositions (x = 0-0.5).
At a low composition of Ti dopant (x < 0.3), Ti can be more
well incorporated into the ceria lattice to form Ce;_,Ti,O,-s
mixed oxides while maintaining the fluorite structure of
ceria. Further introducing Ti into ceria produces additional
TiO, crystallites. Ti doping enhances the reducibility of ceria
as additional reduction features were observed related to

This journal is © The Royal Society of Chemistry 2025
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Ce*" in Ce-O-Ti structures at lower temperatures compared
to that of Ce*" in bulk ceria. 5 wt% Ni was prepared over
Ce;,Ti,O,-s and the composition of Ti dopant in Ce;_,Ti,-
0,5 plays a role in the formation of Ni species. NiO is the
major species over doped-ceria with a very low amount of Ti
dopant (e.g., CeoTip10,-5), while NiTiO; becomes the
predominant component over Ce;_,Ti,O,_s with high Ti
composition values (i.e., CeysTip50,-5). Compared to Ni/
Ce0,-s5, Ni/CegoTip10,-5 delivers better activity in DRM,
which can be attributed to the enhanced reducibility of Ti-
doped ceria and the stronger metal-support interaction by a
small amount of Ti doping. The lower activity was observed
over Ni/Ce,5Tiys0,-5s in DRM, which can be due to the
formation of NiTiO; that produces significantly less metallic
Ni as the active species for DRM compared to NiO formed
over CeO,_s and Ce(oTip;0,-s5. Characterization of spent
samples showed a significant enhancement in carbon
resistance in Ni catalysts supported over Ti-doped ceria. After
a 24 h reaction on stream, a significant amount of weight
loss was detected for Ni/CeO,_s due to the carbon removal.
Less carbon was found over the spent Ni/CeoTip 10,5
sample and the Ni/Ce,5Ti50,-5; catalyst even showed no
clear sign of carbon deposition. The formation of a new Ce,-
Ti,O, phase in spent Ni/Ce,5Tips50,-5 could better help
remove carbon deposits. Our results clearly demonstrate that
the Ti dopant can modify the crystal structures, surface
properties, and redox properties of ceria, which can affect the
formation of supported Ni species and thus influence their
activity, stability, and carbon resistance in the DRM reaction.
Similar effects of the Ti dopant were also found in ceria-
supported Co catalysts.
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