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Abstract
Catalytic methane  (CH4) dry reforming (MDR) reaction proceeds with the formation of carbon; hence the effects of the 
catalyst preparation method on the type of carbon are worth investigating. This study investigated the performance of 20 wt% 
nickel praseodymium (III) oxide (20 wt% Ni/Pr2O3) catalysts prepared by incipient wetness impregnation (IWI), ultrasonic 
wet impregnation (US-WI), and Pechini sol–gel (PSG) methods. The catalysts crystallite size was approximately 21.3 nm, 
21.3 nm, and 10.6 nm, for IWI, US-WI, and PSG catalysts, respectively. Study of the temperature effecton the MDR system 
showed that higher temperatures favored the MDR reaction with the side reaction playing vital roles. The catalyst synthe-
sized by the PSG method showd higher carbon gasification rate with the stability up to 24 h, whereas catalysts from other 
synthesis methods were only active for less than 2 h, which could be due to the formation of higher amount of filamentous 
carbon, balance in oxygen species, and the smaller crystallite size of the PSG-20 wt% Ni/Pr2O3. The PSG-20 wt% Ni/Pr2O3 
catalyst accumulated more filamentous carbon than graphitic carbon. In contrast, the IWI and US-WI catalysts accumulated 
mainly graphitic carbon which encapsulated the  Ni0 sites, resulting in excess carbon deposition and reactor clogging within 
2 h on stream.
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Introduction

The increase in the anthropogenic greenhouse gases, 
which causes global warming has led to researchers devel-
oping different techniques to utilize these environmental 
pollutant gases (methane  (CH4) and carbon dioxide  (CO2)) 
by reforming them into more useful feedstock of gase-
ous fuels or products from gaseous fuels. Therefore, the 
development of the  CH4 dry reforming (MDR) reaction 
is an advantageous process technique to mitigate  CH4 
and  CO2 and produce synthetic gas which is suitable for 
Fischer Tropsch Synthesis (Khademi et al. 2021). Other 
researchers have employed MDR reaction to enhance the 
quality of Anaerobic Digestion (AD) derived biogas which 
is mainly composed of  CH4 and  CO2 (Kwon et al. 2018; 
Moogi et al. 2022). The product of MDR; synthesis gas 
(syngas) is utilized as feedstock by several manufacturing 
processes, hence, making the process vital for various pro-
spective applications (Sun et al. 2022). MDR reaction is 
highly endothermic in nature; therefore, high temperature 
which corroborates to high heat energy usage is desired (Li 
et al. 2020). An alternative to the high energy demand of 
MDR reaction is the use of highly efficient catalysts which 
increases the syngas yield (Cao et  al. 2022). Because 
higher yield translates to commercial benefits from the 

process, it is important to upgrade the catalyst's quality. 
Some researchers have focused on using noble metal-based 
catalyst (ruthenium (Ru), rhodium (Rh), iridium (Ir), Plati-
num (Pt) (Rezaei et al. 2006), Ru (Whang et al. 2017), and 
Pd, Pd- niobium) (Nb) (Ballesteros-Plata et al. 2022)) due 
to their performance and resistivity toward carbon deposi-
tion. Others have used transition metals (Ni-Co (Fan et al. 
2011), Ni (Baudouin et al. 2013), and Co (Osazuwa et al. 
2017)) because noble metals are quite expensive.

In the current research field, Ni is readily utilized for 
MDR because it is less expensive and exhibits good per-
formance. Nonetheless, Ni loses its activity easily due to its 
affinity for carbon deposited during  CH4 cracking (Ekeoma 
et al. 2022). Moreover, excess Ni affects the Ni-support 
interaction because it minimizes the catalyst's basic strength 
(Zanganeh et al. 2013). To solve this problem, researchers 
have focused on designing new catalysts to enhance the 
MDR reaction (Liu et al. 2012). In developing a new cata-
lyst, one key parameter that significantly affects the catalyst 
physicochemical properties and performance toward the 
MDR reaction is the method of catalyst synthesis (Osazuwa 
et al. 2021). This parameter could potentially minimize cat-
alyst deactivation resulting from carbon deposits, thereby 
enhancing the catalyst stability.
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According to literature, nature of supports and methods 
of catalysts' synthesis can promote good performance of 
Ni-based catalysts (Mustu et al. 2015). For instance, alu-
mina  (Al2O3) in combination with transition metals (Ni, Co) 
which are widely utilized catalysts in MDR reactions due 
to their relatively cheap cost and acceptable performance 
(Moogi et al. 2022) have been reported to exhibit some defi-
ciencies as support during the synthesis/catalytic process. 
Common challenges with alumina as supports are alumina 
dissolution in the aqueous media during supported catalyst 
synthesis (more evident in Co-based catalyst), rehydration 
of γ-Al2O3 during catalyst implementation and thermal 
degradation (Kim et al. 2004; Trueba and Trasatti 2005). 
Silica  (SiO2) in combination with transition metals have 
been widely utilized and reported (Chong et al. 2021; Owgi 
et al. 2022) with its major setback being the formation of 
aggregates/agglomerates during synthesis and its low com-
patibility with other catalytic materials (Ali et al. 2014). 
Rare earth metal oxides, such as Sm, Ce and La possess 
catalytic properties that make them very effective catalyst 
supports (Osazuwa and Abidin 2020). The step i.e., intro-
ducing a rare earth metal as support into the catalyst can 
limit the carbon formation on the catalyst surface. Moreover, 
it has been established that rare earth metals oxides (such as 
cerium (IV) oxide  (CeO2) (Luisetto et al. 2012), Neodymium 
(III) oxide  (Nd2O3) and Praseodymium (III) oxide  (Pr2O3) 
(Ayodele et al. 2016, 2017)) can supply oxygen to the reac-
tion media. Also, the catalyst reducibility and inhibition of 
carbon formation are some of other benefits of the addition 
of alkaline rare earth metals, such as Pr to a metallic catalyst 
(Li et al. 2011). Therefore, expectations are that  Pr2O3 can 
improve the basicity of the catalyst while enhancing  CO2 
adsorption.

Furthermore, synthesis methods are vital for the overall 
properties and behavior of the formulated catalysts (Yosefi 
et al. 2015). For instance, the sol–gel method has been 
applied to prepare supported catalytic materials (Sajjadi 
et al. 2015). Compared to the conventional impregnation 
technique, the sol–gel technique aids better distribution, 
thermal resistivity, clogging, and product selectivity (Gon-
çalves et al. 2006). However, its effect on the formation of 
specific carbon types and the adsorbed/lattice oxygen of the 
catalyst have rarely been mentioned in the literature.

In this study, the influence of synthesis methods on 
the physical/chemical properties and performance of the 
Ni/Pr2O3 catalyst for MDR reaction was established. The 
novelty of this present study pertains to the investigation, 
determination, and comparison of the behavior of the 20 
wt% Ni/Pr2O3 catalyst from three different preparation meth-
ods (incipient wetness impregnation (IWI), ultrasonic wet 
impregnation (US-WI), and Pechini sol–gel (PSG) meth-
ods) to ascertain the role of the synthesis method. Also, the 
types of carbon species formed during the reactions were 

also identified and the oxygen species associated with each 
catalyst was related to the carbon gasification and catalyst 
performance during the MDR reaction. Several characteriza-
tions were carried out on all the catalysts to ascertain their 
physicochemical properties and how these properties affect 
the MDR reaction at the selected 20 wt% Ni catalyst loading. 
In addition, the relationship between catalyst preparation and 
the performance of the 20 wt% Ni/Pr2O3 catalyst at different 
reaction temperatures was also tested to support the conclu-
sion reached after detailed catalyst characterization. Finally, 
the best synthesis procedure was selected to ascertain the 
catalyst stability in the MDR reaction.

Experimental

Catalyst synthesis

In this present study, 20 wt% Ni/Pr2O3 was synthesized 
using three different synthesis methods: the incipient wet 
impregnation (IWI), ultrasonic-assisted wet impregnation 
(US-WI) and the Pechini sol–gel (PSG) methods. Nitrate 
salt of Nickel (Ni) and Praseodymium (Pr) (99.9%, Sigma 
Aldrich), citric acid ACS reagent > 99.5% (anhydrous), 
and ethylene glycol, analytical reagent liquid, 99.8% were 
employed during the catalysts’ preparation. Also, 20 wt% 
of Ni was adopted as the ideal amount of Ni required since 
existing literature have reported this amount as the optimum 
Ni wt% loading that can give the desired catalytic behav-
ior in the MDR reaction (Sepehri et al. 2018). In compari-
son, others have applied 20 wt% of Ni catalyst for methane 
reforming (Amin et al. 2012) and butanol reforming, respec-
tively (Varkolu et al. 2021).

Synthesis of the support

The support  (Pr2O3) was synthesized following estab-
lished procedure from literature (Ay and Üner 2015). Prior 
to applying all three synthesis methods, the required Pr 
 (NO3)3.6H2O salt was mixed in distilled water. The solution 
was stirred for 3 h and dried for 24 h at 110 °C. Post drying, 
the sample was placed in a furnace and calcined at 600 °C 
for 4 h to yield the  Pr2O3 support.

Incipient wetness impregnation (IWI) method

A batch of 20 wt% Ni/Pr2O3 was synthesized using the IWI 
method previously reported in (Singh et al. 2018; Jawad et al. 
2020). The Ni metallic salt used was dissolved in distilled 
water. The aqueous metallic salt was then used to impregnate 
the already prepared  Pr2O3 support. It should be noted that 
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when using the IWI method, the volume of the impregnating 
solution must be the same as the support's pore volume. The 
mixture was dried overnight at about 100–120 °C, before 
the sample was calcined for 5 h at 850 °C using 5 °C  min−1 
ramping rate. The resulting material was then grounded and 
sieved to the desirable size (140–250 µm).

Ultrasonic‑assisted impregnation synthesis (US‑WI) 
method.

Ultrasonic-assisted wet impregnation (US-WI) method was 
utilized using an ultrasonic generator furnished with a probe 
(Setiabudi et al. 2018; Roslan et al. 2022). The required Ni 
nitrate salt needed to synthesize 20 wt% Ni/Pr2O2 catalyst 
was mixed in distilled water twice the quantity of Ni nitrate 
salt. The salt solution was mixed in an ultrasonic bath for 
about 5 min. The support  (Pr2O3) was then added to the 
resulting solution and continuously mixed using the ultra-
sonic bath at 80 °C until a paste-like form of the mixture 
was obtained. The obtained paste was dried for about 24 h 
at around 110 °C to eradicate all traces of water molecules 
before calcination at 850 °C at 5 °C  min−1. This step was 
followed by grinding and sieving of the calcined material to 
the desired size (140–250 µm).

Pechini sol–gel (PSG) synthesis method

The PSG method employed to prepare 20 wt% Ni/Pr2O3 was 
adopted from previous studies (Pechini et al. 1967; Kakihana 
1996; Mishra et al. 2019). The process entails the in-situ 
polymerization of the sol–gel process by adding ethylene 
glycol. The Ni nitrate salt and synthesized support  (Pr2O3) 
was dissolved at ambient conditions in 2 M citric acid solu-
tion with 2:1 citric acid to metal molar ratio. The role of 
citric acid as a chelating agent was to assist homogene-
ous distribution of metal, and to create a segregate from 
the solution. In addition, ethylene glycol was added as a 
complexing agent to the solution in a 2:1 ratio of citric acid 
to ethylene glycol. The sample mixture was subsequently 
stirred at 25 °C for 2 h and ammonia was added to adjust the 
pH to become less acidic. Heat was applied to the resulting 
mixture at 80 °C for 4 h and continuously stirred. The for-
mulated gel was oven-dried at 110 °C. The grounded form 
of the xerogel material was obtained using an agate crucible 
before annealing at 850 °C for 5 h at 5°Cmin−1. The calcined 
material was further grounded and sieved to the desirable 
size (140 -250 µm).

Catalyst characterization

The physical properties of all the catalysts were obtained 
using the  N2 physisorption analyses. The data was analyzed 
and processed by a Thermo Scientific acquisition analyzer 
which is furnished with a degasser station and a surfer acqui-
sition (version 1.2.1) software. The crystalline structure was 
evaluated by powder X-ray diffraction (XRD) measurements 
with Cu Kα radiation (λ = 0.154 nm). The range of the analy-
sis using a Rigaku Miniflex II instrument was recorded at 
2θ = 2°–70° at a rate of 0.02° over 2 s. This procedure was 
followed by matching the peaks with known structures in 
the Inorganic Crystal Structure Database (ICSD). Also, the 
particle crystallite size for all 20 wt% Ni/Pr2O3 catalysts 
synthesized by the IWI, US-WI and PSG methods were com-
puted employing the Williamson-Hall model shown in Eq. 1 
(Khorsand Zak et al. 2011; Himabindu et al. 2021).

where θ and λ (Cu Kα) are the Bragg angles of diffraction, 
and wavelength, respectively, βhkl is the peak width at half-
maximum intensity, P is the shape factor (0.9) and  Dhkl is the 
crystallite size of the 20 wt% Ni/Pr2O3 catalysts.

The binding energy and surface composition for the cal-
cined catalysts (wide and narrow scan) were obtained using 
X-ray photoelectron spectroscopy (XPS). The peak intensi-
ties and atomic percentages were obtained using the esti-
mated Gaussian and Lorentzian lines and the intensity ratios. 
The equipment employed was the PHI-5000 VersaProbe 
spectrometer which had a hemispherical electron analyzer.

The catalysts morphologies and composition of each ele-
ment were evaluated at 15 × magnifications using the field 
emission scanning electron microscope (FESEM) (Schottky-
type field emission cathode beam). Resolution images of the 
catalysts were captured, and the inner shell electrons were 
excited to obtain the composition of the elements. Energy 
Dispersive X-ray (EDX) was also used to confirm the pres-
ence and composition of elements used for the catalyst’s 
synthesis. The primary composition of the catalyst was 
obtained by EDX, when inner shell electrons were excited, 
hence forming specific X-rays with suitable intensity for the 
analytical data.

A Thermo Scientific Analyzer -TPDRO 1100, was used to 
ascertain the reduction capacity of the 20 wt% Ni/Pr2O3 cata-
lysts samples synthesized by IWI, US-WI, and PSG methods. 
Pretreatment of about 100 mg of fresh samples was carried out 
in a 30 mL  min−1 flow of Ar at a 10 °C  min−1 heating rate until 
about 300 °C and held for 0.5 h. Reduction of the pretreated 
catalysts with 30 mL  min−1 of 10%  H2 in Ar carrier gas was 
carried out at 900 °C (at 10 °C  min−1) and held for 60 min 
before subsequently cooled to ambient temperature.

(1)�hkl cos � =
K�

Dhkl

+ (4� sin �)
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The morphologies of the micro-structures of the calcined 
and spent Ni/Pr2O3 were obtained by transmission electron 
microscopy (TEM) (JEOL JEM-2100) at 5,000 × magnifica-
tions. During the process, various features of the catalyst mate-
rial were visibly observed.

The solid-state thermal profile of the spent catalysts was 
obtained by thermogravimetric analysis (TGA) using a TA 
instrument (Q 500 series). The weight loss (TG) and the 
derivative weight loss (DTG) of the catalysts were obtained 
between 25 °C and 900 °C at 10 °Cmin−1 in mixed 80%  N2 
and 20%  O2 flow.

Catalytic activity test

A fixed bed reactor in a gas manifold station, and a gas chro-
matography (GC) instrument was used to conduct the experi-
ment and analyze results from the experimental runs. The GC 
which was employed to detect unconverted reactants gases 
(methane  (CH4), carbon dioxide  (CO2)) and products (hydro-
gen  (H2) and carbon monoxide (CO)) at the outlet stream, was 
operated using helium (He) (20  mLmin−1) with the tempera-
ture of the column at 150 °C. The reactor (inner diameter of 
10 mm) was packed with the catalyst (0.1 g) and all experi-
ment were repeated thrice to eliminate errors. Pre-reaction, 
reduction of the fresh catalysts was carried out in a 50%  H2/
N2 flow (60  mLmin−1) for 1 h at 800 °C (for uniformity) with 
a ramping of 5 °C  min−1. Post-reduction step, the reactor was 
flushed with  N2 gas while setting the desired reaction tempera-
ture. Transport phenomena were minimized by ensuring the 

catalysts particles are sieved to the desired range 140–250 µm. 
More also, the gas hourly space velocity (GHSV) was set at 
about 30,000  h−1 to ensure the transport effects were insig-
nificant. The total pressure of 1 bar with reaction temperature 
ranged 600–950 °C was employed during the reaction, while 
 N2 was used throughout the study as a diluent gas. Using feed 
flow rates and exit gas composition, the reactants conversion 
and product ratio were obtained using Eqs. (2 - 4) (Moradi 
et al. 2014). The schematic of the experimental rig for the 
MDR reaction to produce syngas is represented in Fig. 1.

(2)XCH4
% =

FCH4(in)
− FCH4(out)

FCH4(in)

× 100

(3)XCO2
% =

FCO2(in)
− FCO2(out)

FCO2(in)

× 100

Fig. 1  Schematic representation of the MDR experimental rig

Table 1  Textural properties of calcined the 20wt% Ni/Pr2O3

Catalyst 
(20wt% Ni/
Pr2O3)

BET Surface 
Area  (m2  g−1)

pore volume  (cm3  g−1) Average 
pore size 
(nm)

IWI 6.7 1.28 ×  10–2 7.6
US-WI 8.9 1.29 ×  10–2 5.8
PSG 7.3 9.95 ×  10–3 5.5
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Results and discussions

Catalyst characterization

Brunauer–Emmett–Teller (BET) analysis

The textural characteristics of the 20 wt% Ni/Pr2O3 cata-
lysts synthesized by incipient wetness impregnation (IWI), 
ultrasonic-assisted wet impregnation (US-WI) and Pechini 
sol–gel (PSG) method are shown in Table 1. From the table, 
a reduction in the BET surface area and pore volume was 
found in the order; US-WI, IWI, and PSG (for the 20wt% Ni/
Pr2O3 catalysts). The IWI and US-WI synthesized catalyst 
had very similar pore volume compared to the PSG catalyst. 
The average pore size of the catalysts reduced in the order 
IWI, US-WI, and PSG for the synthesized catalyst. This pat-
tern is linked to the formation of the  Pr2O3 support’s pore 
structure in the presence of NiO at the catalyst’s surface. 
Referring to the International Union of Pure and Applied 
Chemistry (IUPAC) sorption isotherms, the IWI, US-WI, 
and PSG synthesized 20wt% Ni/Pr2O3 catalysts exhibited 
type H2 hysteresis loop from a type IV curve thereby reveal-
ing the mesoporosity of the synthesized catalyst materials.

(4)
H2

CO
ratio =

FH2(out)

FCO(out)

XRD analysis

Diffractogram of the 20 wt% Ni/Pr2O3 catalysts synthe-
sized by incipient wetness impregnation (IWI), ultrasonic-
assisted wet impregnation (US-WI) and Pechini sol–gel 
(PSG) method are shown in Fig. 2. Peaks matching the 
XRD data for NiO (PDF 00-001-1239 for PSG synthe-
sized catalyst, PDF 01-089-7131 for IWI and US-WI 
synthesized catalysts, respectively), Praseodymium (III) 
oxide  (Pr2O3) (PDF 00-061-0049 for PSG catalyst, PDF 
00-006-0410 for IWI catalyst and US-WI synthesized 
catalysts, respectively) and Praseodymium (IV) oxide 
 (PrO2) (PDF 00-024-1006 for IWI and US-WI synthesized 
catalysts, respectively) are visible on the diffractogram. 
Interestingly, the PSG synthesized catalysts formed the 
partially oxidized Praseodymium (III, IV) oxide  (Pr6O11) 
species phase (PDF 00-041-1219). There were overlap of 
the  Pr2O3  (Pr3+) and  PrO2 (Pr 4+) phase species for IWI 
and US-WI synthesized catalysts while  Pr2O3  (Pr3+) and 
 Pr6O11  (Pr3+ and Pr 4+) phases overlapped for the PSG 
synthesized catalyst. The ease with which  Pr3+/  Pr4+ redox 
couples are formed is likely responsible for the co-exist-
ence and overlapping behavior of the support (Ahn et al. 
2012; Milberg et al. 2017).

Furthermore, the formation of  Pr6O11 phase species for 
the PSG-Ni/Pr2O3 catalyst as against the  PrO2 phase species 
for the IWI and US-WI catalyst might be responsible for 
easier release of oxygen molecules which would aid carbon 
gasification. Different support structure of the same species 
could potentially present different ability to gasify carbon. 
This is so because the  Pr6O11 is less stable when compared 
to the  PrO2 species, hence, the  Pr6O11 species can easily 
release oxygen ions for the carbon gasification process as 
compared to the  PrO2 which was present in the IWI and 
US-WI catalysts. More also, the PSG catalyst presents addi-
tional Pr species with additional 11 oxygen atoms  (Pr6O11) 
while the IWI and US-WI have additional Pr species with 2 
oxygen atoms  (PrO2).

The Williamson-Hall model was used to fit XRD data to 
obtain the nano crystallite size of the samples. As shown in 
Fig. 3, βhklcosθ was plotted against 4sinθ using the preferred 
peaks of the 20 wt% Ni/Pr2O3 catalyst. The gradient of the 
fitted data denoting the strain ( ε) was − 0.0007, − 0.0007 
and − 0.0015, respectively, while the y-intercept was 0.0065, 
0.0065 and 0.0131, for the IWI, US-WI, and PSG catalysts, 
respectively. From Eq. 1, the values for the particle crystal-
lite size were calculated as 21.3 nm, 21.3 nm, and 10.6 nm, 
for the IWI, US-WI, and PSG catalysts, respectively. This 
trend agrees with literature where the crystallite size of Ni 
catalysts is established to be in the range of 10–20 nm (Lui-
setto et al. 2015; Goula et al. 2016).

2-Theta (degree)

0 10 20 30 40 50 60 70 80 90

In
te

ns
ity

IWI

US-WI

PSG

NiO

Pr2O3

Pr6O11

PrO2

Fig. 2  X-ray diffractogram of the fresh 20 wt% Ni/Pr2O3 catalysts



1575The role of catalyst synthesis on the enhancement of nickel praseodymium (III) oxide for the…

1 3

XPS analysis

Wide and narrow scans of the XPS analyses of the cal-
cined 20 wt% Ni/Pr2O3 catalyst for the IWI, US-WI, and 
PSG methods are represented in Fig. 4a–c. Ni (19.26%), Pr 
(20.26%) and O (60.5%) species can be found in the wide 
spectra and the data agree with the catalyst’s formulations 
employed for the various synthesis methods. Furthermore, 
the main binding energy of Ni peaks corresponding to  2p3, 
and  2p1 are seen around 855 and 853 eV, respectively. This 
indicates the presence of Ni as  Ni2+ forming nickel oxides 
(NiO) (Leclercq et al. 1998; Kim et al. 2007). Peaks repre-
senting binding energies corresponding to Pr3d5 and Pr3d3 
species are present in the IWI, US-WI, and the PSG catalysts 
(Milberg et al. 2017) (Song et al. 2007). The finding agrees 
with the XRD data (Fig. 2), which confirms the presence of 
two different Pr phase for IWI and US-WI catalysts  (Pr2O3 
and  PrO2) and PSG catalyst  (Pr2O3 and  Pr6O11) respectively.

Species of O2 in the 20 wt% Ni/Pr2O3 catalyst

XPS analysis can estimate the quantity and type of surface 
 O2 species in heterogeneous catalysts. O 1 s XPS spectra 
for the 20 wt% Ni/Pr2O3 catalysts synthesized via IWI, 
US-WI and PSG methods are shown in Fig. 5. O 1 s species 
linked to the lattice and adsorbed oxygen can be seen at 
binding energy of 529 eV and 531 eV, respectively (Kuhn 
and Ozkan 2008). Upon analysis of the O 1 s XPS spectra, 
dual peaks representing dual oxygen species were present: 
adsorbed oxygen species  (OA) and lattice oxygen species 
 (OL). According to Lee et al., (2018),  OA species are gener-
ated via oxygen atoms adsorbed into the oxygen vacancies 
created by the desorbed mobile lattice oxygen vacated from 
the bulk of the catalysts. These vacancies are created when 
 OL species from the catalyst support oxidizes the reactants 
(cracked  CH4 to form carbon), thereby creating vacant oxy-
gen sites in the catalyst.

(b)(a)

(c)

Fig. 3  Williamson-Hall analysis for 20 wt. % Ni/Pr2O3 catalyst a IWI b US-WI c PSG synthesis methods
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The relative amount ratio of  OL to  OA was determined 
using the XPS areas of the peaks for different preparation 
methods. The result showed that the  OL to  OA ratio increased 
in the preparation method order: IWI (0.75) ~ US-WI 
(0.75) > PSG (0.86). More also, the PSG catalyst had near 
equal amount of  OL and  OA species suggestive of a balance 
between the oxygen species. This has potentially contributed 
to the better performance (in terms of stability) of the PSG 
catalyst when compared to the catalysts from the other syn-
thesis methods (IWI and US-WI).

FESEM analysis

Micrographs (15,000 ×  magnifications) of the fresh sam-
ples from the various synthesis procedures (IWI, US-WI, 

and PSG) is represented in Fig. 6a-c. The smoothness and 
uniformity of the sample catalysts are in increasing order 
from Fig. 6a, c. This supports higher degree of dispersion 
and stronger interaction in the sample prepared by PSG 
method. Also, upon visual inspection, the metal particles in 
the US-WI synthesized catalyst appears to be more uniform 
as against the sample synthesized by IWI method. However, 
FESEM images alone are not sufficient to make conclusive 
statements on the various catalysts' material.

EDX analysis

EDX analysis of the calcined 20 wt% Ni/Pr2O3 synthe-
sized by IWI, US-WI and PSG methods are represented in 
Fig. 7a–c. Using the EDX analysis, it is difficult to spot the 
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best synthesis method. However, the mapping reveals the 
presence of Ni, Pr, and O, which are the major components 
of the catalyst used in this study. The atomic percentage 
composition of the Ni, Pr, and O are 22%, 17%, and 61%, for 
the IWI, 17%, 20%, and 63 for the US-WI and 13%, 17% and 
70% for the PSG synthesized catalysts, respectively. This 
composition explains the degree of effectiveness of the syn-
thesis methods in obtaining the specific catalyst material.

Catalyst activity

Effects of synthesis methods on conversion

Tables 2 and 3 depict the dependence of the Average feed-
stocks’  (CH4 and  CO2) conversion on the catalyst's synthesis 
methods, i.e., IWI, US-WI, and PSG methods. These experi-
ments were conducted at 800 °C for 2 h for all synthesis 
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Fig. 5  XPS spectra for the narrow O 1  s peaks for the 20 wt% Ni/
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Fig. 6  FESEM images (15,000 magnifications) of the 20wt% Ni/Pr2O3 synthesized by a IWI b US-WI c PSG methods
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methods. The catalytic test revealed that the average  CH4 
conversions were approximately 88% for the IWI, US-WI, 
and PSG synthesized catalysts, while average  CO2 conver-
sions were 87.5%, 90% and 92%, respectively, for the IWI, 
US-WI, and PSG synthesized catalysts. The conversions 
of  CH4 and  CO2 for IWI and US-WI methods had similar 

behavior with respect to the catalyst behavior during the 
time of reaction.  CH4 and  CO2 conversion for the IWI and 
US-WI methods were stable until after 1 h, and then slowly 
eroded until the reactant flow completely stopped at around 
2 h due to carbon blockage of the reactor’s flow line.

Fig. 7  EDX analysis of the 20 wt% Ni/Pr2O3 synthesized by a IWI, b US-WI c PSG methods

Table 2  Average  CH4 Conversion obtained for IWI, US-WI, and PSG catalysts over TOS

Time (h) CH4 conversion

20 wt% Ni/Pr2O3 catalyst synthesize by the IWI 
method

20 wt% Ni/Pr2O3 catalyst synthesize by US-WI 
method

20 wt% Ni/Pr2O3 catalyst 
synthesize by PSG 
method

0.5 88 88 86
1 88 88 88
2 Carbon blockage of the reactor flow line Carbon blockage of the reactor flow line 89

Table 3  Average  CO2 Conversion obtained for IWI, US-WI, and PSG catalysts over TOS

Time (h) CO2 conversion

20 wt% Ni/Pr2O3 catalyst synthesize by the IWI 
method

20 wt% Ni/Pr2O3 catalyst synthesize by US-WI 
method

20 wt% Ni/Pr2O3 catalyst 
synthesize by PSG 
method

0.5 88 90 88
1 87 90 97
2 Carbon blockage of the reactor flow line Carbon blockage of the reactor flow line 90
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According to Deraz, (2018) in the impregnation 
method, an appropriate amount of the metal precursor is 
mixed via diffusional means with the support phase before 
drying takes place. During the process of diffusion, the 
overall solution changes thereby releasing heat in a short 
period (Osazuwa et al. 2021). Also, Jiang, (2006) reported 
that when the IWI synthesis method is applied, sintering 
and particles size growth is very likely because the metal 
and oxide phases possess very high surface energy. There-
fore, during this experiment, it is likely that the sudden 
restriction of flow after 1 h can be attributed to sintering 
of the metallic particles followed by carbon buildup that 
block the reactor flow lines since the catalysts were made 
up of high oxide loading of  Pr2O3 and its stable species 
 (PrO2) as described in the XRD data in Fig. 2. More also, 
with reference to the synthesis method, catalysts synthe-
sized by the IWI method were likely not homogenously 
dispersed. Nevertheless, the IWI method can effectively 
control the capacity of active components. Hence, the 
method is generally effective when there are no exact par-
ticle size requirements but its poor active metal dispersity 
and uneven distribution of particle size are some of the 
inherent challenges associated with this technique (Zhang 
et al. 2014).

Researchers have tried to enhance this technique by intro-
ducing several variations, such as increasing the uniformity 
of dispersion by employing ultrasonic wave (Setiabudi et al. 
2018). This technique uses the cavitation of ultrasound wave 
to achieve the uniform dispersion of metals in the support 
(Passos et al. 2005). The cavitation nuclear bubble break-
down generates a local temperature, pressure, impact wave 
and a micro jet, thereby creating a new and unique physico-
chemical environment that cannot be achieved during the 
simple impregnation procedure (Zhang et al. 2014). How-
ever, in the current experiment, the ultrasonic wave assisted 
wetness impregnation did not improve the 20 wt% Ni/Pr2O3 
catalyst’s performance possibly due to the loading of metal 
employed.

For the PSG synthesis method,  CH4 conversion increased 
slightly from about 86% to 89%, and  CO2 conversion 
increased from 88 to 97% after 1 h before dropping slightly 
to 90% after 2 h time on stream (TOS). During the catalyst 
synthesis using PSG method, citric acid and ethylene gly-
col undergo esterification reaction (Lin et al. 2007). The 
organic structure breakdown due to heating is inhibited to 
alter the formation of the resulting catalyst and its phys-
icochemical properties. Furthermore, the non-dependence 
on the process conditions resulting from positively charged 
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ions in the formulated catalyst and the low temperature 
treatment ensures sintering is eliminated. Hence, initial 
pressure buildup due to carbon deposits was not observed 
as the catalyst remained active. Extensive studies and 
reviews have been published on the PSG method (Dimesso 
2018; Osazuwa et al. 2021), while other researchers have 
found the application of this method highly productive 
(Majid et al. 2005; Jana et al. 2010; Shin et al. 2018; Bai 
et al. 2019). For instance, Majid et al., (2005) successfully 
synthesized SrFeOx catalysts using the PSG method. The 
method produced higher quality material which possessed 
better catalytic properties. Shin et al., (2018) synthesized 
Ni/ZrO2-Al2O3 catalyst for MDR reaction and carried out 
a comparative study using the PSG and other synthesis 
methods. The synthesized PSG catalyst had the highest sta-
bility under the given experimental conditions. According 
to Danks et al., (2016), the dissolution of the metallic salt, 
citric acid, and ethyl glycol in water created a homogenous 
mixture. Hence, the introduction of heat activated the poly-
esterification reaction to form a polymer matrix before the 
final calcination of the polymeric structure.

Determination of the effective reaction temperature

Figure 8A–c represents the temperature effects study on 
the MDR reaction in the temperature range 600 °C – 950 
°C. The study was carried out by employing the PSG- 20 
wt% Ni/Pr2O3 catalysts because this catalyst gave the best 
result during the preliminary study. The study showed that 
an increase in reaction temperature has a direct relationship 
with the MDR reaction. From each experimental run, the 
conversion of  CH4 (Fig. 8a) and  CO2 (Fig. 8b) were rela-
tively constant with an increase in time for the entire 8 h 
TOS. The highest  CH4 conversions at 600, 700, 800, 900, 
and 950 °C were approximately 47%, 56%, 89%, 97%, and 
97%, respectively, while the highest  CO2 conversion at 600, 
700, 800, 900, and 950 °C, were 46%, 54%, 89%, 98%, 99% 
respectively. The MDR reaction is accompanied by vari-
ous side reactions that can alter the reaction performance 
depending on the overall reaction conditions. At 600 °C 
(lower temperature), MDR is controlled by the water gas 
shift (WGS) reaction. At 950 °C (higher temperature range), 
the net WGS reaction becomes negligible and the backward 
reaction (the reverse water gas shift (RWGS) reaction shown 
in Eq. 5) dominates (Lee et al. 2014; Nabgan et al. 2016).

When the temperature is high, the RWGS reaction uses up 
the reactant  (CO2) and product  (H2) while the WGS reaction 
at low temperature consumes the product (CO). This justifies 
the high  CO2 conversion (approximately 100%) observed at 

(5)
CO2(g) + H2(g) + CO(g) + H2O(g) ΔH298K = 41kJmol−1

900 and 950 °C in this study, as shown in Fig. 8b. Hence, to 
eradicate the effect of the various side reaction on the overall 
outcome, the MDR reaction is often investigated between 
700 – 900 °C. At these conditions, the effects of side reac-
tions are negligible because the catalytically driven  CH4 
cracking/reforming is dominant.

Another side reaction that often accompanies MDR reac-
tion is the Boudouard reaction, also known as gasification 
of char and it is represented in Eq. 6 (Wang et al. 1996; Fan 
et al. 2009).

During the MDR reaction, the Boudouard reaction pro-
ceeds at low temperature (< 600 °C) with the decomposition 
of CO to yield C and  CO2. This is due to the large enthalpy, 
which shifts the equilibrium toward the decomposition of 
CO rather than its formation. Nonetheless, when the entropy 
terms become significant during the reaction, the free energy 
becomes negative and the reverse Boudouard reaction dom-
inates. Hence, at low temperature conditions, Boudouard 
reaction is the major carbon source while at higher tempera-
ture, the carbon produced is from  CH4 cracking (Baharudin 
et al. 2022), (Lovell et al. 2017). With reference to Fig. 8b, 
at higher temperature conditions (> 900 °C),  CO2 is almost 
completely used up (about 99% conversion) to form C and 
CO in the reverse Boudouard process.

Figure 8c shows the product ratio (syngas ratio) plotted 
against time for the process over PSG- 20 wt% Ni/Pr2O3 
catalyst. Overall, the ratio falls between 0.8 and 1.2. The 
effect of temperature on the syngas ratio is not signifi-
cant. At lower temperature i.e., 600 °C, the syngas ratio 
was about 0.8 while at higher temperature, i.e., > 900 °C, 
it shifts slightly to about 1.2. According to De Caprariis 
et al., (2016), syngas with unity ratio is more desirable as 
feedstock for fuel production processes.  H2: CO ratio > 1 

(6)
2CO(g) ↔ CO2(g) + C(S) ΔH298K = −172 kJmol−1
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indicates the dominance of the Boudouard reaction or hydro-
carbon cracking where CO is used up, whereas  H2: CO < 1 
indicates that the RWGS reaction has occurred where  H2 and 
 CO2 are consumed (Lovell et al. 2017).

The MDR reaction using the PSG synthesized 20 wt% Ni/
Pr2O3 catalyst was endothermic in nature; hence it obeyed 
the Arrhenius equation with respect to its temperature 
dependency. During the reaction TOS at a temperature rang-
ing from 600 to 900 °C, there was a steady increase in reac-
tants conversion. However, from > 900 °C, the conversion 
remained constant due to continuous  CH4 cracking, which 
dominated as against the Boudouard reaction (Khajenoori 
et al. 2015).

Carbon study

Stability study

The stability of the MDR reaction over PSG- 20 wt% Ni/
Pr2O3 catalyst for about 24 h is represented in Fig. 9. This 
catalyst (PSG- 20 wt% Ni/Pr2O3) has been selected for the 
stability study since it gave the best result in terms of con-
version when compared to the IWI and US-WI catalysts. 
The average reactants' conversion during the stability test 
was approximately 80% and 86% for  CH4 and  CO2, respec-
tively. Also, the catalyst experienced slight deactivation 
over 24 h TOS, with the percentage of deactivation in terms 
of  CH4 conversion about 16%, while  CO2 conversion was 
12%. However, the overall volumetric flow of the outlet gas 

completely seized after about 24 h due to blockage of the 
reactor tube due to excess carbon. This means that over the 
TOS, the catalyst lost its activity, and possessed limited 
numbers of active sites to continually convert the reactants 
gases to gaseous  H2 and CO. Hence, the amount of deposited 
carbon was in excess of the amount of carbon being con-
verted. The carbon deposits encapsulated the metallic site, 
thereby deactivating the catalyst over 24 h, which eventually 
resulted in blockage of the reactor. It would be interesting 
to further study on the effects of promoter on the stability 
of the PSG- 20wt% Ni/Pr2O3 catalyst as a means to enhance 
its stability.

Used catalyst characterization.

The XRD profile of the spent 20 wt% Ni/Pr2O3 catalyst (syn-
thesized via the IWI, US-WI, and PSG method) is repre-
sented in Fig. 10. It can be observed that peaks representing 
metallic Ni, and  Pr2O3 were found in all spent catalysts. The 
crystalline structure of metallic Ni (PDF 03–065-2865) was 
cubic, while the  Pr2O3, (PDF 01–078-0309) and carbon were 
hexagonal in nature. Peaks ascribed to the presence of car-
bon matching the hexagonal crystalline phase (PDF 01–081-
9116) were present in all catalysts. The main carbon peak 
in the PSG- 20 wt% Ni/Pr2O3 was less pronounced which 
could explain its higher stability when compared to the IWI 
and US-WI 20 wt%  Pr2O3 catalysts. Also, although the IWI 
and US-Wi 20 wt%  Pr2O3 catalysts experienced high  CH4 
cracking there was lesser carbon gasification occurring as 
compared to the PSG- 20 wt% Ni/Pr2O3 catalyst which had 
a better ability to resist deactivation and pressure buildup in 
the reactor (which was caused by excess carbon deposits) 
after 2 h.

Representative FESEM images of the spent IWI, US-WI, 
and PSG 20 wt. % Ni/Pr2O3 catalysts at 15,000 × magnifica-
tions are shown in Fig. 11a-c. All catalysts showed visibly 
pronounced carbon filaments with the IWI and US-WI cata-
lysts showing some form of agglomeration or encapsulation 
of metallic particles (refer to Fig. 11a, b). The PSG-20 wt% 
Ni/Pr2O3 catalyst represented in Fig. 11c had less agglom-
eration. Also, upon visible inspection, the particles (indi-
cated in red circles) are smaller in size when compared to the 
particles of the IWI and US-WI catalysts. The result strongly 
corroborates with the XRD represented in Fig. 10 for all 
spent catalysts which showed evidence of carbon formation.

To further prove the existence of carbon and the specific 
carbon types in the various spent catalysts, TEM images 
represented in Fig. 12a-c are captured. The images show 
various degrees of carbon formation for the different syn-
thesis methods. In Fig. 12a, b representing the catalysts syn-
thesized by the IWI and US-WI methods, two carbon types 
exist. The carbon species are visibly described by the thin 
elongated tube-like structures (identified as the red arrows) 
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and the darker shade round-like structures (identified as the 
red circles) which encapsulate the Ni metal, making them 
clog together. For MDR reaction to proceed, the carbon is 
produced via  CH4 cracking which deactivates the catalysts 
and subsequently blocks the reactor tube if not converted in-
situ reaction. The encapsulated round-like carbon reported 
by Son et al., (2014) as graphitic carbon are found on the 
metal surface phase or accumulates in the reactor tube. 
When deposited on the metal surface, they deactivate the 
metal catalyst, while as deposits in the reactor tubes, they 
block the flow of reactants through the reactor. Spent PSG- 
20 wt% Ni/Pr2O3 represented in Fig. 12c shows obvious 
thin elongated tube-like carbon nanotubes and very minimal 
encapsulating round-like (graphitic) carbon after 2 h TOS. 
Also, the Ni metallic particles (identified as the blue circles) 
were still visible in the spent PSG- 20 wt% Ni/Pr2O3 sample 
as it ensured the catalyst remained active and stable over the 
reaction time on stream (TOS).

The quantitative study of the loss in weight (TG) and 
derivative weight loss (DTG) profiles of the 20 wt% Ni/
Pr2O3 spent catalysts (synthesized by the IWI, US-WI, 
and PSG methods) are depicted in Fig. 13a, b. The analy-
ses were carried out at 25—900 °C with ramping of 10 

°C  min−1 in a 20%  O2/ 80%  N2 mixed-flow system. The 
weight loss shown in Fig. 13a depicts that the TG profile 
represents carbon removal. The weight loss due to oxida-
tion of carbon for the IWI, US-WI, and PSG catalysts were 
47.22%, 44.16% and 18.04%, respectively.

Also, the stability of the catalysts is dependent on the 
carbon species. The behavior of the samples in terms of 
their weight loss are linked to two types of carbonaceous 
species as confirmed by the TEM studies. According to 
previous studies, oxidation of easily oxidized filamentous 
or amorphous carbon occurs around 400 – 500 °C, while 
above 500 °C, the TG is attributed to encapsulated or gra-
phitic carbon oxidation (Trimm 1999; Wang and Lu 2000; 
Koo et al. 2008).

DTG profile represented in Fig. 13b reveals two peaks 
for the IWI and US-WI catalysts respectively at point 1 
and 2, while the DTG profile of the PSG catalysts also had 
two overlapping peaks at point 3 and 4. Peaks at point 1, 
visible in the range of 200–330 °C for the spent IWI and 
US-WI catalysts represents the loss of adsorbed water.

Peaks at point 2 for the IWI and US-WI catalysts 
occurred in the range of 450–650 °C and peaked at around 
560 ℃. During the reaction study, for the IWI and US-WI 

Fig. 11  FESEM images of the 20 wt% Ni/Pr2O3 catalyst synthesized by a IWI b US-WI c PSG methods (15,000 × magnifications)
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catalysts, the reaction had stopped suddenly before 2 h 
of reaction time suggesting that catalyst deactivation had 
occurred. According to literature such reaction behavior 
can be as a result of graphitic or encapsulated carbon for-
mation (Wang and Lu 2000; Koo et al. 2008). Overlap-
ping peaks at point 3 and 4 for the PSG catalyst occurred 
in the range of 400–650 ℃. The initial peak at point 3 is 

significantly larger in size than the slightly visible peak 
at point 4. In relation to the behavior of the PSG catalyst 
during reaction (catalyst remained active after 2 h of reac-
tion time) and to further explain the dual carbon types 
resulting from the double peaks, peak at point 3 (peaked 
at about 500℃) would likely be associated with the eas-
ily oxidized filamentous or amorphous carbon formation 

Fig. 12  TEM Images of the 20 
wt% Ni/Pr2O3 a IWI b US-WI 
c PSG- 20 wt% Ni/Pr2O3 at 
15,000 × magnifications. (Scale 
bar for all images 2000 nm)
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which corroborates with the FESEM analysis, whereas 
the less intense/visible peak at point 4 (peaked at around 
600℃) is likely from the oxidation of graphitic carbon. 
The result shows that the PSG- 20wt% Ni/Pr2O3 catalyst 
has better resistance to deactivation amongst all prepared 
catalysts since dual carbon species are formed (filamen-
tous and graphitic carbon) with a larger amount been 
filamentous carbon in nature. Moreover, the intensity of 
the peaks representing oxidation of carbon for the IWI 
and US-WI catalysts are much larger than the overlapping 
peaks representing the PSG catalyst. In addition, for the 
PSG catalyst, the intensity of the peak resulting from oxi-
dation of filamentous carbon (peak at point 3) was larger 
than the peak representing the oxidation of graphitic car-
bon (peak at point 4), indicative of a higher amount of 
easily oxidized carbon than the unreactive carbon species 
in the spent PSG catalyst. In summary, the catalyst synthe-
sized by the PSG method had greater stability because of 
the amount and type of carbon species formed.

Conclusions

In the present study, three samples of 20 wt% Ni/Pr2O3 
were prepared by IWI, US-WI, and PSG methods. The 
variables investigated in the work were the methods of 
catalyst preparation, catalysts' activity, reaction tempera-
ture and stability. The O 1 s peaks confirmed a much better 
balance between lattice and adsorbed  O2 peaks for the PSG 
catalyst compared to the IWI and US-WI catalysts. The 
XPS results corroborated the results of the catalytic test 
carried out for the three samples after 2 h TOS at 800 °C 
post-reduction. The catalytic test revealed that the average 
 CH4 conversions were approximately 88% for the IWI, 
US-WI, and PSG catalysts, whilst average  CO2 conver-
sions were 87.5%, 90% and 92%, for the IWI, US-WI, and 
PSG catalysts, respectively. However, before 2 h of the 
reaction time, the system over the IWI and US-WI cata-
lysts stopped because of total restriction of reactants' flow 
due to excessive carbon build-up. There was no significant 
difference between the catalysts synthesized by IWI and 
US-WI methods as most of the experimental results and 
characterization were similar, hence the ultrasonication 
step for the US-WI catalysts did not significantly affect the 
20 wt% Ni/Pr2O3 catalyst in the MDR reaction.

The catalyst's crystallite size obtained using the William-
son-Hall equation was about 21.3 nm, 21.3 nm, and 10.6 nm, 
for IWI, US-WI, and PSG catalysts, respectively. This could 
further explain the reduction in carbon deposition and the 
improved catalyst stability in the reaction over  the PSG 
catalysts. Also, in the TGA profile, the amount of unreac-
tive carbonaceous species was lower on the PSG catalysts 
because of the reduced crystallite size, enhanced dispersion, 

and balance ratio in the oxygen species (lattice to adsorbed 
oxygen ratio).

During the temperature effects study (600–950  °C) 
at < 700 °C and > 900 °C for the PSG catalyst, side reac-
tions like RWGS and Boudouard reaction significantly 
influenced the reaction outcomes. At 600 °C, MDR reac-
tion was affected by the WGS reaction, whilst at > 900 °C 
the net WGS reaction was negligible and the backward 
reaction i.e., the RWGS reaction, dominated.

Compared to the IWI and US-WI synthesis methods, the 
PSG synthesis method was better because it allows for the 
preparation of catalysts with smaller crystallite size (10 nm) 
that are uniformly dispersed thereby enhancing the carbon 
gasification rate. Also, the relative ratio of oxygen species 
is closer to unity and higher (0.85) in the PSG catalyst as 
compared to the IWI (0.75) and US-WI (0.75) catalyst. 
Consequently, the PSG catalyst attained stability for up to 
24 h TOS because it accumulated more filamentous carbon, 
whereas the IWI and US-WI catalysts accumulated mainly 
graphitic carbon which encapsulated the  Ni0 active sites, 
causing excess carbon retention that clogged the reactor and 
restricted flow. However, the PSG catalysts could not with-
stand the rate of carbon deposition after 24 h which creates 
a platform for further studies on the possibility of enhanc-
ing the stability of the PSG- 20 wt. % Ni/  Pr2O3 catalysts by 
either using double support or promoters.
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