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ABSTRACT

Ceria-zirconia solid solution (Ce0.5Zr0.5O2)-supported Ni catalyst (15 wt. %) is

prepared by one-step co-precipitation followed by calcination reduction for CO2

reforming of CH4 (DRM). Oxygen storage capacity (OSC) is measured by O2

pulse injection at the reaction temperature. The solid solution is formed upon

incorporating Zr4? into ceria, subsequently accelerating oxygen mobility from

lattice (bulk) to the surface, enhancing %Ce3? due to increased oxygen vacan-

cies, and thus improving OSC, reducibility, surface basicity, and Ni dispersion

compared to pure CeO2 and ZrO2. The solid solution exhibits better conversions

of CH4 and CO2, a higher H2/CO ratio, and low carbon deposition compared to

its pure counterpart. The density functional theory (DFT) studies unveil oxygen

vacancy formation energy (OVFE) as a descriptor that decreased for Ce0.5Zr0.5O2

due to the incorporation of Zr4? and enhanced mobility of O anions, OSC, and

reducibility.

Introduction

Oxygen storage capacity (OSC) is the ability of a

material to exchange its lattice oxygen for redox

reactions under suitable operating conditions due to

low redox potential [1, 2]. A catalyst with higher OSC

can be efficiently used in several industrially

important reactions such as reforming, water–gas

shift, catalytic conversion of pollutants, dehydration

of alcohols, fine chemicals production, photocataly-

sis, etc. [1, 3, 4]. In this context, the application of

higher OSC materials in dry reforming of methane

(DRM), which converts CO2 and CH4 into syngas, has

gained significant attention [5, 6]. The high OSC helps

to diminish the carbon deposition during the highly
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endothermic reaction of DRM. Deposited carbona-

ceous species cause severe catalyst deactivation [7, 8].

In this context, ceria (CeO2)-based catalysts attracted

attention over the last few years due to their high

OSC associated with rich oxygen vacancies, which

arises from low redox potential between Ce3? and

Ce4? [2, 6]. However, at higher temperatures

([ 623 K), pure ceria suffers from limited OSC and

poor thermal stability due to sintering and subse-

quent decrease in the surface area [9, 10]. Modifica-

tion of pure ceria’s properties by incorporating

suitable isovalent dopants like Zr4?, Hf4?, Si4?, Tb4?,

Pr4?, Ti4?, Sn4?, Mn2?/3?, Fe2?/3?, and aliovalent

dopants such as La3? (Sm3?, Eu3?, Tb3?/4?, Pr3?/4?)

is explored [2, 4]. Incorporating Zr4? into ceria to

form the ceria-zirconia (CZ) solid solution (CexZr1-

xO2) is one of the most promising approaches to

enhance OSC, redox properties, and basic properties

[6, 8]. It has also been observed that solid solution is

beneficial for smaller catalyst size, increased metal

dispersion, improved structural stability, and

enhanced catalytic performances [1, 3, 6].

Catalyst preparation techniques play a vital role in

catalytic performances. Methods like hydrothermal,

solvothermal, surfactant-assisted, sol-gel, solution

combustion, mechanical mixing, and co-precipitation

are used to prepare CexZr1-xO2 [11–13]. The co-pre-

cipitation method offers higher homogeneity,

enhanced surface area, smaller catalyst size, and

improved OSC leading to higher catalytic perfor-

mances [14, 15]. It is also observed that the co-pre-

cipitation method provides improved thermal

stability and a strong interaction between metal cat-

alyst and support [11, 13, 16, 17]. Studies are available

to synthesize CZ supports via the co-precipitation

method, however different techniques are employed

for metal loading. This technique often leads to

inhomogeneous metal distribution and poor metal–

support interaction, causing metal agglomeration at

high temperatures leading to loss of catalytic activity.

In this context, one-step co-precipitation of metal and

support could be a desirable approach for metal-

supported CZ catalyst for DRM, which is rarely

reported.

Incidentally, previous studies quantitatively rela-

ted the unique properties of CexZr1-xO2 solid solu-

tions, i.e., OSC with oxygen vacancy formation

energy (OVFE) [18–21]. OVFE determines whether

one or more vacant oxygen sites can be created,

which renders the structure capable of storing or

releasing oxygen atoms during a catalytic cycle. The

addition of dopants such as Pd, Pt, and Zr into the

CeO2 lattice has effects on lowering the oxygen

vacancy formation energy, thereby creating vacant

sites more favorably than pure CeO2 [20, 22–24]. The

effects on either bulk or surface structure are the

result of various factors such as the type of dopant,

the concentration of dopant, and the location of the

oxygen vacancy site. In the last few years, density

functional theory (DFT) calculations have emerged to

shed more insights on OVFE and estimate quantita-

tively the same [18, 19, 25]. However, available

studies investigated OVFE either for very low con-

centration of zirconia for the bulk structure of

(2 9 2 9 2), or various concentrations of zirconia for

the bulk structures of (1 9 1 9 1) and (1 9 2 9 1)

only at very high Monkhorst-Pack k point (6 9 6 9 6)

[18, 19, 21, 25]. The OSC of CeO2 plays an important

role in the redox reaction and facilitates catalysis by

favorable adsorption and activation of the key reac-

tant molecule; therefore, it is necessary to understand

such rationale behind the DRM reaction. Therefore, it

is desirable to develop correlations involving OSC,

OVFE, catalytic activity, and deactivation of the ceria-

zirconia solid solution for improved understanding.

This development will eventually be helpful for the

design of CZ-supported catalysts for large-scale

applications.

Herein, supports (ceria, ceria-zirconia, and zirco-

nia) and Ni-supported catalysts were synthesized via

the one-step co-precipitation method for DRM reac-

tion. The OSC of the support was measured by the

oxygen pulse injection method at the DRM reaction

temperature. Traditionally, various techniques like

thermogravimetric analysis (TGA), temperature-pro-

grammed reduction/temperature-programmed oxi-

dation (TPR/TPO), O2-chemisorption, CO/H2 pulse

injection, and magnetic susceptibility measurement

methods are employed to measure OSC quantita-

tively, based on the reduction of oxides by molecular

H2/CO and re-oxidation by molecular O2 [2, 15, 26].

It is observed that measured OSC is affected by the

concentration of H2/CO and the presence of H2O and

CO2 produced during measurement [2, 27]. Addi-

tionally, it is observed that the OSC is often measured

at a lower temperature [2, 12, 15, 17], which may not

provide the exact OSC available at a higher reaction

temperature. Hence, it appears to be desirable to

perform an OSC measurement experiment at the

reaction temperature. Further, temperature-
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programmed hydrogenation (TPH) studies are also

carried out to understand the source of carbon for-

mation during the DRM reaction. Finally, DFT cal-

culations are performed on the (2 9 2 9 2) bulk

structure of pure ceria, zirconia, and one CZ oxide by

introducing Zr into the ceria lattice at a particular

Ce/Zr ratio to obtain relaxed cell parameters, inter-

atomic distances, and the OVFE. The computational

results were correlated with our experimental

observations to provide an improved understanding

of DRM catalysis.

Experimental

Catalysts synthesis

CeO2, ZrO2, and Ce0.5Zr0.5O2 were prepared by the

co-precipitation method using aqueous 1N NaOH as

a precipitating agent. In a typical process, the

required amount of Ce (NO3)3�6H2O (Sigma-Aldrich,

99.9%) and ZrO (NO3)2�6H2O (Sigma-Aldrich, 99%)

were dissolved in 50 ml deionized water. Aqueous

NaOH was added drop-wise to the freshly prepared

solution for precipitation, and pH was adjusted

to * 9. Then, the precipitate was kept at room tem-

perature for aging with continuous stirring at

350 rpm for 5 h. After aging, the residue was washed

with distilled water several times to remove nitrates

and other impurities. Finally, the obtained precipitate

was dried at 373 K for 24 h, followed by calcination

at 823 K for 5 h in air.

A similar procedure was followed to synthesize

NiO-loaded CeO2, ZrO2, and Ce0.5Zr0.5O2 using Ni

(NO3)2�6H2O (Sigma Aldrich, 99.9%). The materials

were further reduced in H2 at 823 K for 2 h to obtain

Ni-loaded CeO2, ZrO2, and Ce0.5Zr0.5O2. Total metal

loading was 15 wt.% concerning each support.

Characterizations

The powder X-ray diffraction (XRD) patterns were

measured by using a Bruker D-8 advance diffrac-

tometer. The 2h = 208 - 808 was recorded using Cu

Ka x-ray radiation with a step size of 0.058/h. The
Debye–Scherer equation was used to calculate the

average crystallite size (D).

Raman spectroscopy measurements were per-

formed using a LabRAM HR Evolution Raman

Spectrometer (Horiba Scientific, Japan) with a 532 nm

laser source.

The X-ray photoelectron spectra (XPS) were recor-

ded with PHI 5000 versa probe III using a standard

X-ray source with Al mono (24.1 W, 100 l, 318 K, and

280 eV).

The morphology, particle size distribution, scan-

ning transmission electron microscopy (STEM), ele-

mental mapping, and energy-dispersive X-ray

spectroscopy (EDS) analysis of catalysts were mea-

sured using High-Resolution Transmission Electron

Microscope (HRTEM), Talos F200X G2 (Thermo

scientific).

The OSC was calculated using the O2 pulse injec-

tion experiment in catalyst characterization equip-

ment BELCAT II, Japan. The total amount of O2

uptake was equal to the total OSC [2]. In a typical

procedure, the sample was heated to 873 K in 20%

O2/He, and then the sample was cooled to 323 K,

followed by purging with He for 0.5 h. Then, the

sample was reduced under 10% H2/Ar at varying

temperatures (323–873 K), followed by purging by

He for 0.5 h. After that, O2 pulse was injected every

0.033 h at 873 K, and O2 uptake was measured till

saturation.

Hydrogen temperature-programmed reduction

(H2-TPR) was used to determine the reducibility of

the sample in BELCAT II. Approximately 0.030 g of

sample was calcined at 823 K in 5% O2/He for 1 h

and cooled to 323 K in He. Then, the H2-TPR profile

was obtained using 10% H2/Ar at a variable tem-

perature ranging from 323 to 880 K with a hold time

of 0.33 h. The amount of H2 consumed is assumed to

be equal to the amount of NiO reduced [7].

Hydrogen temperature-programmed desorption

(H2-TPD) was used to find the number of surface-

active metal sites using BELCAT II. The number of

surface-active metal sites was calculated based on H2

chemisorption, assuming stoichiometry ratio of H2/

Niactive site = 1 [28]. Before measuring H2-TPD, about

0.05 g of sample was reduced at 823 K and cooled to

323 K. To obtain the H2-TPD profile, temperature was

increased (0.167 K h-1) from 323 to 800 K in Ar.

Carbon dioxide temperature-programmed desorp-

tion (CO2-TPD) was carried out using BELCAT II to

estimate the basicity of the samples. The sample

(0.05 g) was reduced at 823 K and cooled to 323 K,

followed by He flushing for 0.5 h. Then, CO2 was

allowed to flow at a gas hourly space velocity (GHSV)

of 60,000 ml g-1 h-1 for 0.5 h, followed by He
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flushing for 0.5 h. Finally, the CO2-TPD profile was

recorded at a temperature ranging from 323 to 800 K

with a heating rate of 0.167 K h-1 in He.

Dry reforming of methane (DRM)

The catalytic DRM was performed in a down-flow

fixed bed reactor (id 15.75 mm and 300 mm length)

of INC 800, supplied by Chemito, India, enclosed in a

half split-type tubular furnace made of stainless steel

equipped with a PID temperature controller. The

catalyst bed was placed on quartz wool, which was

made at the center of the reactor. A mixture of NiO-

loaded catalyst and quartz particles (used as dilu-

ents) was taken to form a bed height of about 0.01 m

to prevent gas channeling within the catalyst bed. An

in situ reduction step was performed before the

reaction to convert NiO to Ni. The reactor’s temper-

ature was measured by a thermocouple located above

the catalyst bed, controlled by a PID temperature

controller, and sustained at 873 K throughout the

reaction. The flow rates of all the reactants: CO2, CH4,

and N2, were controlled by separate mass flow con-

trollers, and the volumetric ratio of CH4/CO2/N2

was kept at 1: 1: 3. N2 was used as an inert to control

the mass and heat transfer effects, and

GHSV = 60,000 ml g-1 h-1 was maintained. The

catalyst was reduced in situ with H2 at 823 K for 2 h

to obtain the active form. The gaseous products were

studied using a gas chromatograph (GC) (MICHO

9100, Netel, India) equipped with an SS column

(3.2 mm o.d. 9 1.8 m long) packed with a carbo-

sphere (80–100 mesh). The reaction was monitored at

a periodic interval of 0.5 h for the duration of 4 h. The

conversions and H2/CO ratio were calculated from

the GC results using the formulae found elsewhere

[29, 30].

The turnover frequency (TOF) was estimated based

on CH4 conversion and surface-active metal sites

from H2-TPD result using the formulae [29, 30]:

TOF s�1
� �

¼ CH4 flow rate mol/sð Þ
wt. of cat: g

� �

� CH4 conversion %ð Þ
100

� 1

Ms mol/g
� �

Carbon deposition study

CH4 cracking to CHx(x = 0–3) species is a vital step

for the DRM reaction, and it is one of the crucial

sources of carbon along with Boudouard (CO dis-

proportionation) reaction on the supported Ni-based

catalysts [31]. Temperature-programmed hydro-

genation (TPH) was studied using BELCAT II to

analyze the nature of carbon deposited on the cata-

lysts after CO2, CH4 cracking and DRM reaction at

873 K. Before the measurement, 0.02 g of pre-reduced

sample was reduced again (in situ) for 0.5 h in 10%

H2/Ar followed by flushing with Ar for 0.17 h and

temperature was increased to 873 K. After that, two

different techniques were performed to investigate

the deposited carbon species.

a) At 873 K, CO2 and CH4 were treated separately

for 0.17 h using 20% CO2/Ar and 20% CH4

(GHSV = 60,000 ml g-1 h-1), respectively, fol-

lowed by purging with Ar and cooled to 323 K.

Then, the sample was heated to 1173 K with a

heating rate of 0.167 K h-1 in 10% H2/Ar.

b) At 873 K, a reaction was performed to replicate

the DRM for 0.17 h using a volumetric ratio of

CH4/CO2/Ar = 1:1:3; a similar gaseous feed

was used for DRM reaction. Then, the sample

was treated with a stream of Ar and cooled to

323 K. The temperature was increased to 1173 K

with a heating rate of 0.167 K h-1 in 10% H2/

Ar. The experiment is denoted as replicated

DRM (r-DRM).

The H2 uptake during the TPH experiment was

measured, and the obtained profiles were compared.

Measurement of total deposited carbon

The amount of deposited carbon after 4 h was

determined by elemental analysis of spent catalyst

using a CHNSO Element analyzer (Vario, Elementar).

Density functional theory calculations

The generalized gradient approximation (GGA) and

Perdew-Wang 1991 (PW91) exchange–correlation

functional were used to relax the bulk structure

under the DFT formalism using the CASTEP code

[32–34]. The cutoff energy of 540 eV was chosen fol-

lowing the typical procedure of input parameter

optimization. The calculations were made using a

supercell (2 9 2 9 2) to keep the defect–defect inter-

actions small and accurately estimate the oxygen

vacancy formation energy of the bulk structure [25].

The convergence threshold was set to 1.0 9 10-6 eV/
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atom for a self-consistent field (SCF), 5.0 9 10-6 eV/

atom for energy, 0.02 eV/Å for maximum force, and

2.0 9 10-3 Å for maximum displacement. The self-

consistent electron density was obtained by iterative

diagonalization of the Kohn–Sham Hamiltonian, and

the occupation of the Kohn-Sham states was smeared

according to the Fermi–Dirac distribution with a

smearing factor of kBT = 0.05 eV [35]. The effect of

spin polarization was not considered in this study.

The oxygen vacancy formation energy (E
f
v expres-

sed in eV) was calculated according to the following

formulae:

E
f
v ¼ E CexZr1�xO2�dð Þ þ 1

2 E O2ð Þ � EðCexZr1�xO2Þ-
where E(CexZr1-xO2) and E(CexZr1-xO2-d) are the total

energy of optimized bulk structure and optimized

defect bulk structure (due to an oxygen vacancy) and

E(O2) is gas-phase energy of an oxygen molecule

[18, 19].

Results and discussion

Structural and morphological analysis

The powder XRD pattern of the prepared samples

was recorded, and the results are presented in Fig. 1.

The XRD pattern (Fig. 1a) of CeO2 exhibited peaks at

2h = 28.67�, 33.09�, 47.49�, 56.41�, 59.11�, 69.71�,
76.73�, 79.21�, and 88.51� corresponding to planes

[111], [200], [220] [311], [222], [400], [331], [420], and

[422], respectively, of CeO2 cubic fluorite structure

with space group Fm3m (JCPDS: 34-0394) [36, 37].

For ZrO2, peaks at 2h = 24.41�, 28.31�, 31.61�, and

34.55�, were corresponding to planes [011], [-111],

[111], and [200], respectively, of monoclinic zirconia

(m-ZrO2) [JCPDS: 37-1484] [3, 38]. The peaks at

2h = 30.37�, 34.37�, 50.43�, and 60.31� can be assigned

to either planes [101], [110], [112], and [211], respec-

tively, of tetragonal zirconia (t-ZrO2) [JCPDS:

80-0965] or planes [111], [200], [220], and [311] of

cubic zirconia (c-ZrO2) [JCPDS: 27-0997] [36, 38, 39].

The more broadened XRD peaks of Ce0.5Zr0.5O2

observed at 2h = 28.93�, 33.65�, 48.12�, and 57.13�
related to the ceria cubic fluorite structure. However,

it is reported that the XRD pattern limits the dis-

tinction of tetragonal and cubic phases [4, 26]. Fur-

ther, Raman spectra of the samples confirmed the

formation of primarily cubic fluorite crystal structure

(Fig. S1), indicating retention of the original crystal

structure in Ce0.5Zr0.5O2. The obtained results are in

line with previous literature that suggested 2h varies

from 28� to 29�, 33� to 34�, 47� to 48�, and 54� to 57�
corresponding to [111], [200], [220], and [311] planes,

respectively [4, 36]. Further, a distinguishable peak

shifting was observed for the XRD pattern of Ce0.5-
Zr0.5O2 compared to CeO2. The peak shifting toward

higher 2h in solid solution is the outcome of the unit

cell’s shrinkage due to substitution of larger Ce4?

ions (* 0.97 Å) with smaller Zr4? cations (* 0.84 Å

[40, 41]. The formation of a solid solution is critical for

the material’s thermal stability [40, 41]. The crystallite

size obtained from the XRD pattern is as follows:

CeO2-14.74 nm, Ce0.5Zr0.5O2-4.62 nm, and ZrO2-

22.81 nm.

Figure S2 represents the XRD pattern of NiO-loa-

ded CeO2, ZrO2, and Ce0.5Zr0.5O2 synthesized by co-

precipitation. The XRD patterns revealed peaks of

cubic NiO at 2h = 37�37�, 43�41�, 62�99�, 75.51�, and
79�49� corresponding to planes [111], [200], [220],

[311], and [222], respectively [JCPDS: 47–1049] [36]. In

the presence of NiO, the XRD peaks corresponding to

supports experienced some alteration (Fig. 1a). NiO-

CeO2 exhibited peaks corresponding to cubic phase,

similar to pure CeO2. NiO-ZrO2 exhibited diffraction

peaks related to tetragonal/cubic phases, while pure

ZrO2 exhibited mixed phases.

The peaks for NiO-Ce0.5Zr0.5O2 are broadened

compared to Ce0.5Zr0.5O2 because of the strong

interaction between NiO and support prepared by

co-precipitation [42]. The prepared NiO-containing

samples were reduced at 823 K for 2 h using H2 to

obtain metallic Ni-loaded support, and the XRD

patterns are represented in Fig. 1b. Three peaks are

observed at 2h = 44.61�, 51.97�, and 76.71� confirmed

the presence of metallic Ni (JCPDS# 45–1027) [36].

Further, peaks broadening is observed for Ni-Ce0.5-
Zr0.5O2 due to the transition distortion of the cubic

fluorite structure [41, 43]. The peaks broadening also

indicates the formation of smaller crystallite [41, 43].

Peak shifting is also observed in the XRD pattern of

reduced catalysts, further confirming the solid solu-

tion for supported Ni catalyst [1, 36]. The crystallite

size of the reduced catalyst obtained from the XRD

pattern is as follows: Ni-CeO2–12.21 nm, Ni-

C0.5Z0.5O2–5.77 nm, and Ni-ZrO2–19.89 nm.

The XPS analysis of the NiO-Ce0.5Zr0.5O2 was

performed and represented in Fig. 2. The high-reso-

lution Ni2p XPS profiles appear as broad-spectrum,

indicating Ni2? corresponding to a 2p3/2 peak at
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855.2 eV. Ni2? peak position is shifted compared to

isolated NiO (* 853.7 eV) toward higher binding

energy due to solid solution formation [10]. Addi-

tionally, the higher binding energy of Ni element

than pure NiO indicates the formation of strong

metal–support interaction [10, 17]. The high-resolu-

tion XPS spectra of Ce3d core-level electron (Fig. 2b)

reveal a complicated profile consisting of two major

sets of spin-orbital multiplets, i.e., 3d3/2 (u) and 3d5/2

(v). The complex shape of the Ce3d spectrum was

observed because of the interaction of Ce4f and O2p

electrons, which are denoted by using the superscript

for peak u and v [39]. The assigned peaks v and v00 are

a mix of Ce 3d9 4f2 O2p4 and Ce 3d9 4f1 O2p5 Ce4?

final states, while the peak labeled v000 is corre-

sponding to the Ce 3d9 4f0 O2p6 Ce4? final state. On

the other hand, peaks v0 and v0 are denoted for Ce 3d9

4f2 O2p5 and Ce 3d9 4f1 O2p6 of Ce3?, respectively.

Figure 1 XRD patterns of

a supports and b catalysts

(reduced).

Figure 2 XPS spectra of

a Ni2P b Ce3d c Zr3d and

d O1s for NiO-Ce0.5Zr0.5O2.

2844 J Mater Sci (2022) 57:2839–2856



Similarly, u structures are assigned to correspond to

the Ce 3d3/2 levels. The present spectra suggest the

presence of both Ce3? and Ce4? [8, 10, 39]. The %

Ce3? was calculated according to the following

equation [44, 45]:

½Ce3þ�% ¼ Av0 þ Av0 þ Au0 þ Au0

Av þ Av00 þ Av000 þ Au þ Au00 þ Au000
� 100

ð1Þ

where Ai is the area of the corresponding peaks.

The %Ce3? was calculated to be * 47 for NiO-

Ce0.5Zr0.5O2. Additionally, the %Ce3? was also esti-

mated for NiO-CeO2 as shown in Fig. S3 and found to

be * 25. The increase of % Ce3? denotes the

improvement of oxygen vacancy for NiO-Ce0.5Zr0.5O2

catalyst. Further, the Zr3d spectrum shows two peaks

at 180.8 (3d5/2) and 183.4 (3d3/2) eV corresponding to

Zr4? confirm the presence of Zr in the CeO2 cubic

fluorite structure [10]. The O1s XPS profile also

indicated multiple oxygen species corresponding to

the prepared solid solution. Two major peaks at 528.6

and 531.1 eV correspond to lattice oxygen and oxy-

gen vacancies due to the presence of a large amount

of Ce3? [8, 10]. It is noted that there are no peaks

found corresponding to the Na species as NaOH was

used as precipitating agent, confirming the precipi-

tate was appropriately washed to remove impurities.

The HRTEM images of NiO-Ce0.5Zr0.5O2 were also

acquired. The low magnified image (Fig. 3a) displays

the distribution of small NiO nanoparticles over the

Ce0.5Zr0.5O2 support. The particle size distribution

reveals most NiO nanoparticles are in the size range

of * 12 to 15 nm (inset Fig. 3a). The high-resolution

image displays a highly crystalline structure of the

solid solution. The lattice d-spacing of 0.32 nm cor-

responding to (111) plane of fluorite cubic structure

of ceria confirms solid-solution formation [44]. The d-

spacing of 0.24 nm also ensures the (111) plane of

NiO [46]. The images also unveil the strong interac-

tion between NiO and support, as observed in XPS

and XRD analysis. Fig. S4 represents a high-resolu-

tion SEM image and elemental mapping analysis. The

HRSEM image (Fig. S4a) displays the small NiO

nanoparticles on larger support nanoparti-

cles and also confirms the distribution of NiO

nanoparticles. The elemental mapping analysis

(Fig. S4 b–f) confirms homogeneous dispersion of Ni,

Ce, Zr, and O, further supporting the solid solution

formation.

Oxygen storage capacity and temperature-
programmed reduction

The OSC was assessed by the O2 pulse injection

method for CeO2, ZrO2, and Ce0.5Zr0.5O2, and the

results are presented in Fig. 4a and S5. Here, it

should be noted that measurement of OSC at DRM

reaction temperature by oxygen pulse injection tech-

nique is rare. It can be observed from Fig. 4a that the

OSC of pure CeO2 and ZrO2 is * 14.3 and 3.5 mol/g,

whereas, for Ce0.5Zr0.5O2, it increases to 16.9 mol/g.

The high OSC is attributed to the enhanced ratio of

Ce3?/ Ce4? and oxygen vacancy due to the presence

of Zr4?, as also observed in XPS analysis

[2, 3, 10, 43, 47].

The H2-TPR profiles for the supported NiO cata-

lysts were recorded and represented in Fig. 4b. The

reduction temperature of pure NiO was * 697 K.

For NiO-CeO2, two reduction peaks are observed at a

reduction temperature of * 535 and * 613 K. The

former peak appeared due to surface reduction,

while the later peak was for bulk reduction. For NiO-

ZrO2, two reduction peaks are observed around 662

and 790 K. For NiO-Ce0.5Zr0.5O2, the single reduction

peak is observed * 663 K. Relatively low-tempera-

ture reduction peak corresponding to NiO-CeO2 was

observed due to the increased reducibility of the

metal oxide loaded on ceria [9, 38]. In NiO-ZrO2, the

peak-shifting toward higher reduction temperature

can be ascribed to the presence of stable oxide spe-

cies, which is hard to reduce [17, 48]. The single

reduction peak at a higher temperature for NiO-

Ce0.5Zr0.5O2 can be attributed to the stronger inter-

action of the metal with the solid solution and the

presence of mobile oxygen as established from XPS

and HRTEM analysis [6, 47]. Further, the reason

behind the single peak for NiO-Ce0.5Zr0.5O2 catalyst

is that as soon as the surface oxygen is being reduced,

the bulk oxygen comes to the surface due to the

increased mobility or chemical diffusion of oxygen;

as a result, continuous reduction of metal oxide is

observed [49, 50]. The incorporated Zr4? increases

oxygen vacancies, enhances the bulk oxygen diffu-

sion/mobility, and helps to improve the OSC and

redox properties [15, 51]. Additionally, the widening

of the reduction peak implied wide particle size

distribution and stronger interaction with support at

a higher temperature compared to purely supported

catalysts [3, 52].
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Temperature-programmed desorption

The H2-TPD profiles were obtained from 323 to 800 K

and are shown in Fig. 5a. Two H2 desorption peaks

(after deconvolution) are observed, which indicate

two types of surface-active metal sites. The higher

temperature peak denotes strongly bonded hydrogen

species [5, 7]. The peaks for Ni-CeO2 are at * 510

and 640 K, while the peaks for Ni-ZrO2 are observed

at comparatively lower temperatures at * 430 and

560 K. Further lower temperature peaks (* 395 and

500 K) are identified for Ni-Ce0.5Zr0.5O2. The des-

orption peaks for Ni-Ce0.5Zr0.5O2 are broader than

Ni-CeO2 and Ni-ZrO2, which can be ascribed to an

increment of surface-active metal sites due to incor-

poration of Zr4? into ceria as the peak area is

increased [7]. The calculated amount of surface-active

metal sites for the catalysts is tabulated in Table 1. It

can be observed that the amount of surface-active

metal sites is 67 and 31 lmol/g for Ni-CeO2 and Ni-

ZrO2, respectively. The highest amount of surface-

active metal sites is obtained for Ni-Ce0.5Zr0.5O2

(75 lmol/g). Hence, it can be realized that the Ni-

Ce0.5Zr0.5O2 exhibited the best metal dispersion,

which might be extrapolated from the results

obtained from XRD, HRTEM, and H2-TPR analysis.

The basic sites available on the surface of the cat-

alysts were characterized by CO2-TPD, and the pro-

files are shown in Fig. 5b. It is assumed that the

quantity of CO2 consumed is equal to CO2 desorbed

and is the measurement of the basicity of the catalyst

[7]. The amount of CO2 desorbed for the catalysts is

tabulated in Table 1. The CO2 desorption profiles

deconvoluted to multiple peaks in the temperature

range of 323–800 K suggest desorption of CO2 is a

function of temperature, indicating the basic sites of

different strengths [53]. The peaks at low temperature

and high temperature are attributed to the desorption

of CO2 from support and metal, respectively [54]. The

low-temperature peak (* 405–440 K) is gradually

shifted toward a higher temperature in the order of

Ni-CeO2\Ni-C0.5Z0.5O2\Ni-ZrO2. Further, the

Figure 3 a, b HRTEM

images of NiO-Ce0.5Zr0.5O2.

The particle size distribution

of NiO in inset a.

Figure 4 The profiles of

a OSC for supports b H2-TPR

for calcined catalysts.
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peaks’ shape suggests an increment of desorbed CO2

can be correlated to the amount of surface-active

metal sites observed in H2-TPD (Table 1). The higher

temperature peak (* 565 K) displayed maximum

CO2 desorption for Ni-C0.5Z0.5O2 (Table 1) credited to

solid solution formation. The adsorption and activa-

tion of CO2 are facilitated by enriched oxygen

vacancies as well as improved basic sites (Table 1)

[53, 54].

Oxygen vacancy formation energies (OVFE):
effect of Zr substitution

The model structures of CeO2, Ce0.5Zr0.5O2, and ZrO2

are shown in Fig. 6, and the geometry-optimized

structural parameters of the three systems are

reported in Table 2. It is evident that the substitution

of 50% atomic Ce by the same amount of Zr resulting

in Ce0.5Zr0.5O2 structure produced large perturbation

in cell parameters. The decrease in the mixed oxide

cell parameter from pure ceria is due to the substi-

tution of smaller Zr4? cations (* 0.84 Å) into larger

Ce4? ions (* 0.97 Å), confirming the formation of

mixed solid solution. These findings are in line with

the other reported results [19, 25]. Importantly, per-

turbation in cell parameters was more for the mixed

oxide structure compared to their oxide counterpart.

Additionally, the nearest O anions move toward the

vacancy site, while cations (Ce3? and Zr4?) move

away from it in the defect structure. As a result of

such displacement and structural distortion, the

redox properties of the oxides are affected [19, 25].

This distortion led to having shorter (2.344–2.345 Å)

Ce–O and longer (2.248 Å) Zr-O interatomic dis-

tances when compared with the pure oxide (2.373 for

Ce–O in CeO2 and 2.218 for Zr-O in ZrO2) structures.

The decrease in Ce–O distance caused by Zr addition

was also observed in EXAFS and XANES measure-

ments [19]. These interatomic distances are reported

in Table S1 (in supplementary section), and it is clear

that the extent of distortion was more for all the

defect structures than their original ones. Such a large

Figure 5 The profiles of a H2-

TPD b CO2-TPD for reduced

catalysts.

Table 1 Characterizations

information of H2-TPD and

CO2-TPD for reduced

catalysts

Catalysts H2 desorbed (lmol/g)

from H2-TPD analysis

CO2 desorption (lmol/g)

from CO2-TPD analysis

Ni-CeO2 67 40

Ni-Ce0.5Zr0.5O2 75 94

Ni-ZrO2 31 88

Table 2 Geometric parameter and oxygen vacancy formation

energy of CeO2, Ce0.5Zr0.5O2, and ZrO2

Model Optimized lattice parameter (Å) Oxygen vacancy

formation energy

(eV)
original defect

CeO2 a = b = c = 10.962 a = 10.975,
b = 10.976,
c = 10.977

3.70

Ce0.5Zr0.5O2 a = b = 10.619,
c = 10.566

a = 10.641,
b = 10.642
c = 10.572

3.20

ZrO2 a = b = c = 10.243 a = b = 10.242,
c = 10.243

5.95
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range of cation–oxygen interatomic distances in the

defect structures have effects on OVFE.

The oxygen vacancy formation energy obtained

after DFT calculation for CeO2 was 3.70 eV, which is

in good agreement with the reported theoretical

value of 3.72 [19]. The highest value of Ev
f was cal-

culated nearby 5.95 eV for ZrO2, which is slight

higher value compared to 5.89 and 5.86 eV reported

previously [18, 19]. This difference may be due to the

full relaxation of the cell and the convergence toler-

ance used in our calculations. When 50% cerium is

substituted by 50% zirconium in Ce0.5Zr0.5O2, the Ev
f

was decreased to 3.20 eV. As reported in Table 2, the

introduction of Zr in ceria lowered the Ev
f of

ceria * 0.50 eV [19]. The lowering in Ev
f of

Ce0.5Zr0.5O2 structure is consistent with previous

studies which confirmed that it is easier to create

oxygen vacancy for Zr-substituted CeO2 (Ce0.5Zr0.5-
O2) than pure CeO2 [18]. Such a reduction in the

oxygen vacancy formation energy also suggests that

the Zr-doping can serve as nucleation centers for

vacancy clustering [25, 55].

The decrement of lattice parameters by the addi-

tion of Zr4? suggested the formation of solid solution,

as revealed by our experimental XRD results. The

solid solution formed was of the type CexZr1-xO2 and

possessed a smaller crystallite size. The reduction of

Ev
f value suggests that the reducibility of Ce0.5Zr0.5O2

is greatly enhanced by the incorporation of Zr4? into

ceria to form mixed solid solution CexZr1-xO2 [25].

Additionally, the incorporation of Zr4? into ceria

Figure 6 Model structure for (2 9 2 9 2) supercell of a pristine

CeO2 b CeO2 optimized c defect CeO2 optimized d Ce0.5Zr0.5O2

e Ce0.5Zr0.5O2 optimized f defect Ce0.5Zr0.5O2 optimized g ZrO2

h ZrO2 optimized i defect ZrO2 optimized. The blue color

represents the vacant position (V = 0.375, 0.625, 0.625) of one

oxygen atom vacancy. Atoms presented in red, light yellow, and

light blue color are for oxygen, ceria, and zirconia, respectively.
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lowers the Ev
f for Ce0.5Zr0.5O2, and the lowest value

of Ev
f compared to pure ceria and zirconia attributing

increased reducibility and the highest OSC

[18, 19, 25]. These results are in accordance with our

experimental OSC, H2-TPR, and XPS observations.

Previous studies have attempted to rationalize the

origin of OVFE by correlating with structural relax-

ation energy (Erelax), displacements of O anion near

the oxygen vacancy site, ionic radius of metal dopant,

phases of crystal, and localization f electron in the

presence of oxygen vacancies [18–20, 25]. In addition

to this, Lin et al. established a relationship between

the structural properties and chemical reactivity of

doped ceria experimentally by correlating OSC with

oxygen vacancy concentration, degree of crystallinity,

and lattice dimensions [56]. Very recently, Hinuma

et al. proposed that band gap (BG), bulk formation

energy (BFE), electron affinity (EA), ionization

potential (IP), and surface energy (SE) strongly

influence surface OVFE [57]. Based on these previous

results, it seemed that bulk or surface OVFE is caused

due to bulk lattice structure and its physicochemical

nature, such as oxygen vacancy concentration, oxy-

gen storage capacity. It would be worthwhile to

obtain a descriptor by developing a structure-activity

or structure-property relationship. The development

of descriptors is crucial for understanding catalytic

phenomena and designing new and better materials.

In the present study, we have correlated the experi-

mentally observed catalytic property, i.e., oxygen

storage capacity (OSC), and computationally calcu-

lated structural property, i.e., oxygen vacancy for-

mation energy (OVFE). The R2 value (0.999) of the

fitted line revealed linearity between OSC and OVFE,

as shown in Fig. 7. Interestingly, this fitted line

indicates that lower the OVFE, higher OSC will be

obtained as vacancies can be created easily. Thus,

OVFE can be used as a descriptor of materials func-

tionality, such as the oxygen storage capacity of the

supports.

Catalytic activity

The improved OSC, surface-active metallic disper-

sion, and basicity of prepared Ni-C0.5Z0.5O2 were

validated for the DRM reaction at 873 K for 4 h. The

percentage conversions of CH4, CO2, and the ratio of

H2/CO were calculated and are shown in Fig. 8. It

may be noted that a catalyst could not be thoroughly

examined and compared at equilibrium conversions.

Hence, the operating criteria ensured plug flow con-

ditions during the reactions, minimizing back mix-

ing, channeling, and avoiding heat and mass transfer

limitations, resulting in low conversion than the

equilibrium conversion [7, 58]. It can be observed

from Fig. 8a, b, the highest conversions of CH4 and

CO2 are * 8.7% and * 12.4% for Ni-C0.5Z0.5O2, far

away from the chemical equilibrium conversions at

the same operating conditions previously reported

around 53% and 63% for CH4 and CO2, respectively

[59]. The conversion of CH4 for Ni-C0.5Z0.5O2 is * 2.4

and 3 times higher than Ni-CeO2 and Ni-ZrO2,

respectively. Similarly, the conversion of CO2 for Ni-

C0.5Z0.5O2 is also observed higher than Ni-CeO2 and

Ni-ZrO2 and, i.e., * 1.4 and 1.7 times, respectively.

Moreover, the conversion of CO2 is higher than

that of CH4 for all the catalysts. It might be attributed

to the following possible reasons: (i) the reverse water

gas shift reaction (H2 ? CO2 $ H2O ? CO), result-

ing in more CO2 consumption; (ii) more CO2

adsorption on the surface of support due to its

basicity, reducing the surface to replenish the con-

sumed oxygen from its lattice; and (iii) the reaction of

activated CO2 and CHx (i.e., surface adsorbed CH4) to

produce CO and H2 [7, 60]. Simultaneously, more CO

is converted via CO disproportionation

(2CO $ C ? CO2) and CO hydrogenation

(CO ? H2 $ C ? H2O), respectively. Thus, it influ-

ences syngas production and leads to the H2/CO

ratio less than unity for all catalysts [6, 31, 43].

Figure 7 Correlation between oxygen vacancy formation energy

and oxygen storage capacity of CeO2, Ce0.5Zr0.5O2, and ZrO2

supports.
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From Fig. 8a, b a gradual decrease in the conver-

sions of CH4 and CO2 can be observed with TOS

(time on stream). The conversion of CO2 for Ni-

C0.5Z0.5O2 reduced quickly for 1 h of TOS and then

became sluggish for the next 1 h. The conversion for

Ni-ZrO2 decreased rapidly, whereas the conversion

for Ni-CeO2 changed gradually throughout the TOS.

After 4 h of TOS, the conversions for all materials

were reduced to less than half of the initial value.

However, Ni-C0.5Z0.5O2 exhibited better performance

than Ni-CeO2 and Ni-ZrO2. A wide range of con-

versions were reported for different reaction condi-

tions. The conversions are varied due to catalyst

synthesis processes, loading of active metals, sup-

porting materials, reactor design, and operating

conditions. For example, Makri et al. observed the

conversions of CH4 and CO2 * 14.5% and 16.5%,

respectively, at 873 K with GHSV = 30,000 h-1 for 5

wt. % Ni-Ce0.5Zr0.5O2 and realized that it is a function

of Ce/Zr ratio and temperature [61], whereas Xu

et al. reported the conversions of CH4 and CO2

are * 49.43% and 56.71% at 1023 K,

GHSV = 60,600 ml g-1 h-1 for 7 wt.% Ni/Ce0.5Zr0.5-
O2 [10].

The H2/CO ratio is considered a critical parameter

for the activity comparison of the DRM catalysts. The

H2/CO is calculated from reaction data and is shown

in Fig. 8c. It can be observed that the H2/CO ratio for

all the catalysts was less than unity, confirming the

occurrence of side reactions as discussed earlier. The

highest value for H2/CO ratio is * 0.67 for Ni-

C0.5Z0.5O2, while the equilibrium H2/CO ratio is 0.73

at the studied reaction conditions as reported by

Garcı́a-Diéguez et al. [59]. The H2/CO ratio for Ni-

C0.5Z0.5O2 is observed to be * 3 times more than Ni-

CeO2 and Ni-ZrO2; however, it decreased with TOS.

The initial H2/CO ratio is similar for Ni-CeO2 and

Ni-ZrO2; however, the H2/CO ratio for Ni-CeO2

decreased gradually and became the least after 4 h of

TOS. In line with our findings, previous studies also

reported the highest H2/CO ratio for Ni-C0.5Z0.5O2 at

different operating conditions [6, 17, 62, 63]. L. Xu

reported the H2/CO ratio is * 0.64 over 7wt. % Ni/

C0.5Z0.5O2 at 1023 K, GHSV = 60,600 ml g-1 h-1 [10].

M.M. Makri et al. reported H2/CO ratio is * 0.36 at

873 K with GHSV = 30,000 h-1 for 5wt. % Ni/

Ce0.5Zr0.5O2 and showed that it is temperature-de-

pendent [61].

Figure 8 Catalytic activities

test of catalysts for DRM

reaction a % CH4 conversion

b % CO2 conversion c H2/CO

ratio. Reaction conditions:

CH4/CO2/N2 = 1:1:3

(volumetric flow rate),

W/FA0;CH4
¼ 1:19

kgcat.h (kmol of CH4)
-1;

GHSV = 60,000 ml g-1 h-1

and reaction

temperature = 873 K at

atmospheric pressure. At

873 K, the equilibrium

conversion of CH4, CO2, and

H2/CO was obtained around

52.67%, 63.60%, and 0.81,

respectively [59].
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The turnover frequency for Ni-C0.5Z0.5O2 was cal-

culated based on CH4 conversion for DRM reaction

(TOFDRM) using surface-active metal sites from H2-

TPD data. The initial value of TOFDRM for Ni-

C0.5Z0.5O2 is * 0.27 s-1, and it decreased to 0.13 s-1

at the 4th hour. The TOF of a catalyst also depends on

the reaction parameters, e.g., TOFDRM was

observed * 0.081 s-1 for 5wt.% Ni/ Ce0.5Zr0.5O2 at

823 K, GHSV = 30000 h-1 [61]; * 1.8 s-1 for 5 wt.%

Ni/ Ce0.6Zr0.4O2 at 873 K, at

GHSV = 60,000 ml g-1 h-1 [43]; * 8.3 s-1 for 15 wt.

% Ni/ Ce0.5Zr0.5O2, at 1073 K;

GHSV = 216,000 ml g-1 h-1 [42]. The enhancement

in conversions and H2/CO ratio for Ni-C0.5Z0.5O2 is

observed due to improved OSC, metal reduction,

higher surface-active metal sites, and different types

of basicity.

Carbon characterization and analysis

CH4 cracking is a crucial step during the DRM reac-

tion and an imperative source of carbon deposition

along with other side reactions [31]. To investigate

types of carbon formed along with their sources

during DRM, a TPH study was performed after

cracking of CH4, CO2, and r-DRM reaction, respec-

tively, for 0.17 h at 873 K over each catalyst, and the

profiles are shown in Fig. 9a, b. It is assumed that

under similar DRM reaction conditions, the CH4 will

be cracked to give various carbonaceous species like

CHx (x = 0–3), which will be hydrogenated during

the experiment, and the formed carbonaceous species

will be characterized by obtained TPH profiles

[29, 31]. It should be noted that the other reactant of

DRM, i.e., CO2, was not cracked under similar

experimental conditions to give any detectable car-

bonaceous species by TPH [5]. Based on TPH, car-

bonaceous species are classified as: a, b, and c [48].

The reactivity of carbonaceous species is in the order

of a[b[c, which indicated c is the most challenging

carbonaceous species to be hydrogenated. Multiple

TPH peaks are observed (Fig. 9a) at different tem-

perature ranges after CH4 cracking. Low-temperature

weak TPH peaks in the range of 590–690 K are

observed for all the catalysts indicating a-carbon. An

intense TPH peak in the temperature range of

940–975 K is observed for all the catalysts indicating

Figure 9 TPH profiles of

a CH4 cracking, bDRM

reaction for reduced catalysts,

and c deposited carbon on

catalysts during catalytic

activities test.
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b-carbon. Typically, low-temperature TPH peaks

were observed for all the catalysts after r-DRM

reaction (Fig. 9b), in the temperature range of

485–680 K, indicating the presence of a-carbon.
However, the Ni-CeO2 revealed an intense TPH peak

at * 1070 K, indicating the presence of c-carbon; a
hump for Ni-C0.5Z0.5O2 can be observed at * 940 K,

denoting the deposition of b-carbon.
A comparison of Fig. 9a, b suggests that the most

reactive a-carbon is present on all the spent catalysts

after r-DRM. The b-carbon is rarely observed as CO2

might have gasified them [5]; however, c-carbon is

observed only for Ni-CeO2.

The amount of H2 consumed during TPH experi-

ments is tabulated in Table 3. The uptake of H2 after

CH4 cracking is maximum for Ni-C0.5Z0.5O2, which

indicates that more carbonaceous species are formed

as it is the most active catalyst, as discussed (Fig. 8).

Interestingly, for r-DRM, the lowest H2 was con-

sumed by the Ni-C0.5Z0.5O2 suggesting the minimum

carbonaceous species deposition, which might be

credited to the high OSC and basicity. It predicts the

Figure 10 a–d HRTEM

images of spent catalyst (Ni-

Ce0.5Zr0.5O2).

Table 3 Carbon characterization and analysis

Catalysts H2 consumed (lmol/g) from TPH analysis

CH4 cracking DRM reaction

Ni-CeO2 1594 950

Ni-Ce0.5Zr0.5O2 1869 210

Ni-ZrO2 1043 410

2852 J Mater Sci (2022) 57:2839–2856



possibility of minimum carbon deposition under

DRM reaction. Catalytic materials with high OSC

tend to provide oxygen from their lattice; hence the

possibility of removing formed carbon via gasifica-

tion by surface oxygen during the DRM is increased

[42, 47]. Simultaneously, the higher basicity of cat-

alytic materials ensures maximum CO2 adsorption on

its surface, converting the deposited carbonaceous

species into CO [53, 54]. The CHNSO analyzer was

also used to measure the deposited carbon over the

catalysts after 4 h of DRM reaction and presented in

Fig. 9c. As predicted from the TPH study, minimum

carbon deposition is observed over the spent Ni-

C0.5Z0.5O2. The OSC of C0.5Z0.5O2 and basicity of Ni-

C0.5Z0.5O2 activate the process for the effective redox

cycle that facilitates the gasification of deposited

carbonaceous species on the active metal surface,

thus preventing the deactivation of catalysts

[39, 53, 62, 64].

Besides the higher OSC and basicity for Ni-

C0.5Z0.5O2, a smaller crystallite size could be one of

the reasons for the inhibition of carbon deposition,

leading to its higher performance [17, 42, 58]. The

carbon formation is also observed in the HRTEM

images of the spent Ni-C0.5Z0.5O2 catalyst (Fig. 10).

The HRTEM images reveal the formation of carbon

nanotube and layers of carbon over the catalyst sur-

face. The formed carbon was also characterized by

EDSA, HRTEM-STEM mapping analysis (Fig. S6),

revealing uniform dispersion of the carbon. How-

ever, interestingly, the catalyst’s crystal structure

does not show any significant alteration (Fig. 10d).

Conclusion

Ceria-zirconia supports and supported 15 wt.% Ni

catalysts were prepared by the one-step co-precipi-

tation method to study the impact of OSC and surface

basicity on the catalytic activity. The catalysts were

well characterized by various techniques, and the

performance was investigated for the DRM reaction.

The reducibility of NiO is increased for pure ceria

support. Further addition of Zr4? improved the

interaction of the metal with the support surface and

increased the mobility of oxygen from bulk to the

surface. Additionally, incorporation of Zr4? into the

ceria-cubic fluorite structure improved the OSC,

surface-active metal sites, and basicity. The smaller

crystallite size of support and particle size of metallic

species confirmed uniform metal dispersion. The

highest catalytic activity was obtained for the solid

solution-supported catalyst (Ni-Ce0.5Zr0.5O2). The

H2/CO ratio was found to be less than unity sug-

gesting the occurrence of side reactions. The detailed

analysis (via TPH) revealed that CH4 cracking is a

significant carbon-forming reaction. The carbon

analysis indicated that the catalyst deactivation is

limited for the Ni-Ce0.5Zr0.5O2 than that of Ni-CeO2

and Ni-ZrO2 due to the higher OSC and basicity,

preventing carbon deposition. The improvement in

OSC was correlated to Ev
f as revealed from DFT

study. A linear correlation was drawn between oxy-

gen storage capacity (OSC) and oxygen vacancy for-

mation energy (OVFE) to propose the latter as a

descriptor. Thus, enhanced catalytic activity and low

carbon deposition were observed for the ceria-zirco-

nia solid solution-supported Ni catalyst. However,

catalyst deactivation and carbon deposition were

observed throughout the reactivity test, which may

be further addressed by adding suitable basic oxide

materials.
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