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Abstract
The increasing concentration of  CO2 and  CH4 in the environment is a global concern. Tri-reforming of methane (TRM) 
is a promising route for the conversion of these two greenhouse gases to more valuable synthesis gas with an  H2/CO 
ratio of 1.5–2. In this study, a series of Zr-MOF synthesized via the solvothermal method and impregnation technique 
was used to synthesize the nickel impregnated on MOF-derived  ZrO2 catalyst. The catalyst was characterized by various 
methods, including  N2-porosimetry, X-ray diffraction (XRD), temperature programmed reduction (TPR),  CO2-temperature 
programmed desorption  (CO2-TPD), thermo-gravimetric analysis (TGA), chemisorption, field-emission scanning electron 
microscopy (FE-SEM), and high-resolution transmission electron microscopy (HR-TEM). Characterization results confirmed 
the formation of the Zr-MOF and nickel metal dispersed on MOF-derived  ZrO2. Further, the tri-reforming activity of the 
catalyst developed was evaluated in a downflow-packed bed reactor. The various catalysts were screened for TRM activity 
at different temperatures (600–850 °C). Results demonstrated that TRM was highly favorable over the NZ-1000 catalyst due 
to its desirable physicochemical properties, including nickel metal surface area (2.3  m2/gcat

−1), metal dispersion (7.1%), and 
nickel metal reducibility (45%), respectively. Over the NZ-1000 catalyst, an optimum  H2/CO ratio of ~ 1.6–2 was achieved 
at 750 °C, and it was stable for a longer period of time.

Keywords Zirconia-metal–organic-frameworks · Solvothermal method · Methane reforming · Greenhouse gases · H2/CO 
ratio

Introduction

CH4 and  CO2 are the two main constituents of global 
warming, and their concentration in the atmosphere is 
increasing day by day due to the burning of fossil fuels, 
deforestation, urbanization, and rapid industrialization 
(Fiaschi and Baldini 2009; Yoo et al. 2015). The current global 
average concentration of  CO2 and  CH4 in the atmosphere 
is ~ 420 ppm and ~ 1930 ppb, respectively, and it also shows 
a sharp increasing trend in the future (Lan et  al. 2024). 
Therefore, reliable technology is essential for the effective 
conversion of these two problematic gases into valuable 

products. An innovative approach to address this challenge 
is directly converting  CO2 and  CH4 into the synthesis gas via 
tri-reforming of methane (TRM) in the presence of suitable 
heterogeneous catalysts, reactor, and reaction conditions. 
Most importantly, the flue gas from the power plant can 
directly be used as a feed in the TRM process (Song and Pan 
2004; Halmann and Steinfeld 2006). In addition, the feed 
composition of this reaction can easily be tuned for a desired 
 H2/CO ratio for the Fischer–Tropsch process. However, to get 
the desired  H2/CO ratio, the design of a suitable catalyst and 
the reaction process is very challenging (Schmal et al. 2018).

In 2001, Chunshan Song proposed the TRM process, and 
since then, many noble (Pt, Ru, Rh) and non-noble metal 
(Ni, Cu, Zn, and Co) catalysts with different supports  (CeO2, 
 ZrO2,  Al2O3, MgO, SiC) are tested for this reaction (Pan et al. 
2002; García-Vargas et al. 2015; Singha et al. 2016a; Al-Fatesh 
et al. 2018; Kumar and Pant 2020). Very high  CH4 conversion 
(>80%) was reported in the presence of Pt, and it also hindered 
the re-oxidation of metal during TRM (Pan et al. 2002; Jiang 
et al. 2013). Ru metal improved the catalytic activity due to its 
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hydrogen spillover characteristics and showed high resistivity 
for carbon formation (Kumar et al. 2021). Although noble 
metal was found to be better for the tri-reforming process, 
however, the cost and availability of noble metal are the main 
hurdles for large-scale commercial applications (Jiang et al. 
2007). Therefore, several studies focused on the development 
of non-noble metal-based catalysts. Among the non-noble 
metal catalysts, nickel catalysts have been explored extensively 
(Kumar et al. (2019)). However, catalyst deactivation due to coke 
deposition, metal sintering, and re-oxidation of nickel have been 
reported as major issues (Sun et al. 2012; Lee et al. 2015). To 
overcome these problems, various nickel-based catalysts were 
synthesized by different techniques, and Ni/ZrO2 demonstrated 
good activity, stability, and coke resistant (Anchieta et al. 
2019; Pham et al. 2021). Song and Pan (2004) tested the Ni/
ZrO2 catalyst synthesized by the wet impregnation method and 
reported very high  CH4 (90%) and  CO2 (65%) conversion with 
an  H2/CO ratio of ~1.5 at 850 °C under atmospheric conditions. 
However, the catalyst surface area was low (7.4  m2/g), and the 
reaction temperature was high. In addition to that, the catalyst 
stability and the coke formation data are not reported. Singha 
et al. (2016b) also synthesized a very stable Ni/ZrO2 catalyst 
using the hydrothermal method. At 800 °C and 1 atm pressure, 
the obtained  CH4 and  CO2 conversion was 95% and 92%, 
respectively. The reported  H2/CO ratio was ~2. One of the major 
drawbacks of this study was the use of toxic chemicals during 
catalyst synthesis, and the coke deposition rate was not reported. 
Kumar et al. (2019) observed catalyst deactivation due to coke 
deposition and sintering with Ni/ZrO2 catalyst synthesized by 
precipitation followed by wet impregnation.

It was observed from the literature that the nickel particle 
size, metal dispersion, morphology, nature of support, and 
catalyst synthesis techniques played an important role on 
the activity and selectivity of the product (Alli et al. 2023). 
Therefore, the synthesis of a catalyst with uniform small par-
ticle size (10–40 nm) dispersed on mesoporous support and 
a metal-support interaction is very important for the TRM 
activity and  H2/CO ratio (Singha et al. 2016b; Schmal et al. 
2018). Modification of the catalyst’s physicochemical prop-
erties is crucial to overcome these difficulties. Therefore, 
in this study, a new Ni/ZrO2 catalyst was synthesized from 
a zirconia metal-organic framework (Zr-MOF) precursor. 
MOF-derived catalysts have unique structural and functional 
characteristics (Bai et al. 2016). The MOF-type catalysts, 
synthesized using metal ions and bridging organic linkers, 
have recently become an essential family of porous materials 
(Li et al. 2019). Its porosity can easily be tuned by changing 
the ligands, solvent, and metal precursors. The stability of 
the MOF also depends on the metal-ligand bond interaction. 
Such interactions are significantly influenced by factors such 
as oxidation state and ionic radius or charge density of the 
metal ions (Seetharaj et al. 2019). Zr-MOF has a good ability 
to adsorb methane and carbon dioxide due to its thermal and 

chemical stability (Cavka et al. 2008; Bai et al. 2016). Zhao 
et al. (2018) reported that Zr-MOF attained a well-defined 
and thermally stable structure after high-temperature calci-
nation, providing extraordinary advantages over traditional 
porous catalyst materials. A few literatures have also shown 
that the final MOF structure and the yield are also affected 
by the various synthesis parameters such as metal precur-
sors, ligand, solvent, and their ratios (Cavka et al. 2008; 
Ragon et al. 2014; Furukawa et al. 2014).

In this study, Zr-MOF was synthesized by the solvother-
mal method using  ZrOCl2.8H2O as a metal precursor. The 
molar ratio of zirconium, ligand, solvent, and calcination 
temperature were optimized to get the desired MOF struc-
ture and surface area. Further, nickel metal was impregnated 
on Zr-MOF and calcined at an optimum temperature to get 
the well-dispersed MOF-derived nickel catalyst with a well-
defined pore structure. The catalysts were characterized by 
various techniques. Furthermore, the TRM activity of the 
catalysts was evaluated in a packed bed reactor to obtain the 
desired  H2/CO ratio of 1.5–2 for the production of methanol, 
dimethyl ether, and higher alkenes via the Fischer-Tropsch 
process. The catalyst stability and the carbon deposition rate 
were also evaluated. The catalyst activity and stability data 
were co-related with the physicochemical characteristics of 
the synthesized catalyst.

Experimental section

Catalyst preparation

Zr-MOF with different zirconia was synthesized by the 
solvothermal method described by Cavka et al. (2008). In 
the typical procedure, required amounts of  ZrOCl2.8H2O 
(0.75–6  mmol) supplied by Loba Chemie Pvt. Ltd., 
India, with 98% purity and 1,4 benzene dicarboxylic 
acid (BDC, 98%, HiMedia Laboratories Pvt. Ltd., India) 
(0.75–6 mmol) were dissolved in N, N-dimethylformamide 
(DMF, 99%, Thomas Baker chemicals Pvt. Ltd., India) 
(1500 mmol) at room temperature under continuous stir-
ring. The obtained mixture was sealed in a Teflon-lined 
autoclave and placed in a hot air oven at 120 °C for 24 h 
to complete the crystallization process. After crystalliza-
tion, the autoclave was cooled to room temperature, and 
the resulting white gel solid obtained was filtered in a 
vacuum filtration unit. After filtration, the wet solid was 
washed thoroughly several times with DMF for the com-
plete removal of all the impurities. Then, the washed solid 
was dried in a hot air oven at 100 °C for 12 h. The obtained 
white crystals were crushed in a mortar and pestle for fur-
ther testing. Based on the molar ratio of zirconia, organic 
ligand, and solvent used during the synthesis, the names of 
the different Zr-MOFs were assigned, as shown in Table 1. 
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The Zr-MOF synthesized was further calcined at various 
temperatures (400–800 °C) for 5 h in a muffle furnace.

During the Zr-MOF synthesis, the amount of  ZrO2 pre-
cursor and BDC varied from 0.75 to 6 mmol, and the DMF 
amount was kept constant (1500 mmol). The amount of 
 ZrO2 precursor and BDC was increased by keeping the 
ratio constant to verify the crystal growth and structure of 
MOF and to enhance the production of Zr-MOF in each 
batch.

A total of 5 wt.% Ni/ZrO2 catalyst derived from MOF 
was prepared using the impregnation technique. Initially, 
the required amount of nickel salt (Ni  (NO3)2.6H2O, 98%) 
supplied by Loba Chemie Pvt. Ltd., India, was dissolved 
in ethanol. Further, the Zr-MOF powder was added slowly 
to the salt solution and stirred continuously until the paste 
formed. After that, the paste was dried overnight at 100 °C 
in a hot air oven and calcined in the presence of air at 
700 °C for 5 h in a muffle furnace. After nickel metal 
impregnation, the resulting catalysts were named NZ-250, 
NZ-500, NZ-1000, NZ-1500, and NZ-2000, respectively, 
where “N” represented the 5 wt.% nickel and “Z” repre-
sented the different types of Zr-MOF, as shown in Table 1.

Catalyst characterization

The thermal stability of the Zr-MOF was analyzed by per-
forming thermo-gravimetric analysis (TGA) in an EXSTAR 
TG/DTG 6300 instrument (Japan). The powder Zr-MOF was 
heated from 35 to 900 °C at a heating rate of 10 °C/min 
under the flow of air (200 ml.min−1).

The crystal structure of Zr-MOF and Ni/ZrO2 catalyst 
derived from MOF was characterized by the X-ray powdered 
diffraction (XRD) analysis in an Emp3, Malvern Panalytical 
(Netherlands) instrument equipped with a Ni-filtered Cu-Kα 
radiation source (λ = 1.5418 nm). The XRD was performed 
at a 2θ interval of 5–90° with a sweep of 0.1°/sec and a time 
constant of 30 s.

The specific surface area of the catalysts was determined 
by the nitrogen adsorption–desorption method at liquid 
nitrogen temperature with Autosorb iQ2 (Quantachrome 
Instruments, USA) equipment. Before each analysis, the 
catalyst was pretreated under the flow of helium (20 cc.
min−1) at 150 °C for 5 h.

The hydrogen temperature-programmed reduction 
 (H2-TPR) and  CO2 temperature-programmed desorption 
 (CO2-TPD) were analyzed in a Micrometrics Pulse Chemisorb 
2750 instrument (USA). In  H2-TPR analysis, ~ 30–40 mg of 
sample was degassed at 150 °C for 2 h under the flow of argon 
(20 cc.min−1) and then cooled to room temperature. For reduc-
tion, a mixture gas (10 vol.%  H2 in argon) was passed through 
the catalyst placed inside the U-shaped quartz tube. The reduc-
tion temperature was increased from 30 to 1000 °C at a heating 
rate of 10 °C/min, and the hydrogen amount present in the 
effluent was continuously monitored with the help of a thermal 
conductivity detector (TCD) connected online.

Prior to the  CO2-TPD analysis, the sample was degassed 
at 150 °C for 2 h under the helium flow of 20 cc/min, fol-
lowed by purging pure  CO2 for 45 min on the catalyst sur-
face. Additionally, the sample was heated at a rate of 10 °C/
min from 30 to 1000 °C, and the desorbed amount of  CO2 
was continuously measured with the help of a TCD.

Nickel particle size and metal dispersion were determined 
by  H2-chemisorption in a Micrometrics Pulse Chemisorb 
2750 instrument (USA). Before each analysis, the catalyst 
was degassed at 150 °C for 2 h under the argon flow of 
20 cc.min−1. Further, the catalyst was reduced by pure  H2 
at a reduction temperature determined by TPR for 2 h and 
then cooled to room temperature (30 °C) under a continu-
ous argon flow at 20 cc.min−1. Afterward, the chemisorp-
tion experiments were performed by pulse injection of pure 
hydrogen (99.999%) at an interval of 5 min until the TCD 
displayed the identical hydrogen peak area.

The surface morphology of the catalysts was examined by 
field-emission scanning electron microscopy (FE-SEM) with 
a Carl-Zeiss Ultra-Plus instrument (Germany). Before the 
analysis of FE-SEM, a gold coating was applied to the pow-
der catalyst using an Edwards S150 sputter coater (USA). 
To prevent the particle charging, the coating process was 
carried out in an argon environment. Subsequently, the FE-
SEM study was carried out at 20 kV under vacuum.

Transmission electron microscopy (TEM) images of Zr-
MOF, reduced Ni/ZrO2 catalyst derived from MOF and spent 
catalysts were taken by the JEOL LEM 2100 microscope from 
Japan, operating at 200 kV accelerated voltage. Prior to the 
TEM analysis, the sample was prepared following the method 
used in our earlier research work (Pandey et al. 2024).

Table 1  Catalyst molar 
composition with abbreviation

ZrO2 precur-
sor (mmol)

BDC (mmol) DMF (mmol) Molar ratio of 
Zr/BDC/DMF

Abbreviation Amount of Zr-
MOF formed (g)

0.75 0.75 1500 1/1/2000 Z-2000 0.2
1.00 1.00 1500 1/1/1500 Z-1500 0.3
1.50 1.50 1500 1/1/1000 Z-1000 0.5
3.00 3.00 1500 1/1/500 Z-500 0.9
6.00 6.00 1500 1/1/250 Z-250 2.2
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The quantity of coke deposition on the utilized catalyst was 
measured using the carbon-hydrogen–nitrogen-sulfur (CHNS) 
analyzer (Model-Vario solid sample, Elementar, Germany). In 
the standard procedure, the temperatures in the reduction and 
combustion chambers were maintained at 850 °C and 1150 °C, 
respectively. The sample (~ 2 mg) was positioned in a tin boat, 
and the testing was carried out in an oxygen environment.

The Fourier transform infrared (FTIR) spectra were recorded 
on a Bruker Tensor-II (Germany) spectroscopy from 4000 to 
500  cm−1 at room temperature. The samples were mixed with 
potassium bromide, and a pellet was formed for the analysis.

Catalytic activity test

Catalytic activity was examined in an Inconel packed bed 
downflow reactor (T-045, Amar Equipment Pvt. Ltd., India) 
setup as shown in Fig. 1.

The reactor was placed inside a tubular furnace (ATS, 
USA) equipped with a programmable temperature controller. 
In a typical experiment, the powder catalyst was well 
mixed with quartz powder and placed in the middle section 
of the reactor with the help of quartz wool. Prior to each 
experiment, the catalyst was reduced in situ under the flow 
(40 cc.min−1) of a mixture gas (50%  H2 in  N2) for 2 h at a 
temperature obtained in TPR of individual catalysts. After 

that, the desired reaction temperature was achieved under 
continuous nitrogen flushing through the reactor. After 
achieving the desired reaction temperature, feed gases 
 (CH4,  O2,  CO2, and  N2) were passed through the preheater 
maintained at 300 °C. The flow of feed gases was maintained 
with the help of a mass flow controller (MFC) supplied by 
Brooks Instruments, USA. The water was fed with the help 
of an HPLC pump (Teledyne SSI, USA) and passed through 
a vaporizer maintained at 300 °C. After the reaction, the 
product effluent was passed through a condenser connected 
with a Julabo chiller (F20, Germany). The temperature of the 
chiller was maintained at ~ 5 °C for complete condensation 
of the condensable. The obtained liquid and gas products 
were separated in a gas–liquid separator. The composition 
of the liquid product was analyzed in the NMR (Spinsolve 
80 carbon, Magritek, Germany) to measure the formation 
of liquid hydrocarbon, if any. However, the gaseous product 
was analyzed in the online gas chromatography (GC) by 
Centurion Scientific (model-5800, India) equipped with 
a molecular sieve column (Ms 13x, 3 m) connected to the 
TCD and Porapak-Q column (2 m) associated with flame 
ionization detector (FID). The reactant conversion and 
product selectivity were calculated using the following Eqs. 
(1) and (2), respectively. The carbon balance was within the 
90 ± 10% range.

(1)
(

CH
4
or CO

2

)

conversion (%) =
[(

initial moles of CH
4
or CO

2
− final moles of CH

4
or CO

2

)

∕initial moles of CH
4
or CO

2

]

× 100%

(2)Product selectivity (%) =
[

moles of the specif ic product∕total moles of the products
]

× 100%

Fig. 1  Schematic diagram of 
experimental setup
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Fig. 2  TGA profile of the Zr-MOF
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Fig. 3  XRD pattern of Zr-MOF

Results and discussion

Thermal stability of Zr‑MOF

The TGA profile of the Zr-MOF is shown in Fig. 2. For 
all Zr-MOF, three steps of weight loss were detected. In 
stage (I) (< 110 °C), a slight weight loss was observed due 
to the removal of adsorbed water, and in the second stage (II) 
(110–500 °C), weight loss was observed due to the removal 
of DMF solvent. For all the MOF, the approximate second 
stage observed weight loss was ~ 24–31%. At ≥ 500 °C (stage 
III), major weight loss was observed due to the decomposi-
tion of the organic framework and the formation of pure 
zirconium oxide (Ardila-Suárez et al. 2019; Sai et al. 2020). 
Liu et al. (2019) also reported a similar TGA pattern for 
Zr-MOF.

X‑ray diffraction (XRD)

The XRD pattern of the Zr-MOF before calcination is shown 
in Fig. 3. The XRD peaks detected at the 2θ value of 7.3°, 
12.1°, 14.2°, 17.1°, and 25.8° represented the (111), (220), 
(311), (400), and (442) crystal planes of Zr-MOF (Ragon 
et al. 2014; Sai et al. 2020).

In Fig. 3, from Z-2000 to Z-250, the zirconia content in the 
sample is increasing. For Z-1000, the observed intensity of all 
the peaks were comparatively better with respect to other Zr-
MOF, and the peak at the 2θ value of 7.3° was more intense, 
indicated better crystal formation. These XRD patterns sug-
gested that the formation of MOF structure was controlled 
significantly by the ratio of zirconia precursors to solvent. The 
low-intensity peaks indicated the hindrance of the formation 
of the MOF structure due to the use of excess solvent (DMF) 

during the synthesis of Z-2000 and Z-1500, respectively. On 
the other hand, for Z-500 and Z-250, the intensity of the XRD 
peaks was also low, indicated the hindrance of MOF forma-
tion due to the presence of less solvent (DMF). These results 
suggested an appropriate ratio of metal precursors to solvent 
was essential to achieve the desired MOF structure. The 
solvent acted as a structure/crystal-building agent and con-
trolled the deprotonation of organic carboxylate ligand (BDC) 
(Seetharaj et al. 2019). Ardila-Suárez et al. (2019) reported 
a similar observation for the synthesis of Zr-MOF. At a low 
zirconia precursor  (ZrOCl2.8H2O) to solvent (DMF) ratio, the 
observed XRD peak intensity was low, which indicated low 
crystallinity. The XRD pattern represented in Fig. 3 suggested 
that a better MOF structure was detected for Z-1000 as com-
pared to other Zr-MOFs synthesized.

The effect of calcination temperature (400–800 °C) on 
the MOF structure of Z-1000 MOF was also studied, and the 
obtained XRD patterns are illustrated in Fig. 4. The Z-1000 
MOF calcined at different temperatures were represented 
as Cal-X (X = 400, 500, 600, 700, and 800). For Cal-400, 
an almost similar XRD pattern of MOF was observed, 
which indicated the stability of the Zr-MOF structure up 
to 400 °C. This result is also supported by the TGA data 
(Fig. 2). However, for Cal-500, additional new peaks with 
very sharp intensity at the 2θ values of 30.2°, 35.2°, 50.8°, 
and 60.3° were detected corresponding to the (101), (110), 
(200), and (211) crystal lattice planes of tetragonal phase of 
 ZrO2 (JCPDS: 01–079-1771, Horti et al. 2020). This result 
indicated the breakage of MOF structure and the formation 
of  ZrO2. Further increasing the calcination temperature to 
600 °C (Cal-600), the intensity of the peaks (30.2°, 35.3°, 
50.8°, and 60.3°) corresponding to the tetragonal  ZrO2 
decreased, and simultaneously new peaks at the 2θ values of 
24.4°, 28.3°, and 31.6°, related to (011), (− 111), and (200), 
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crystal plane of monoclinic  ZrO2 appeared with significant 
intensity (JCPDS: 37–1484). Beyond 600 °C, a tetragonal to 
monoclinic phase transformation of  ZrO2 was noticed (Fin-
sel et al. 2019; Horti et al. 2020). The XRD patterns of Cal-
700 and Cal-800 catalysts indicated a combined tetragonal 
and monoclinic phase of  ZrO2 (Walker et al. 2012), almost 
similar to the XRD patterns of a commercial  ZrO2. These 
results suggested that the MOF structure of Z-1000 con-
verted to pure  ZrO2 beyond the calcination temperature of 
700 °C (Tu et al. 2023).

The XRD pattern of reduced Ni/ZrO2 catalyst derived 
from MOF calcined at 700 °C is shown in Fig. 5. All the 
catalyst was reduced at a temperature (Fig. 7, Table 2) sug-
gested by the TPR study of the respective catalyst. The 
peaks corresponding to nickel were detected at the 2θ val-
ues of 44.4°, 51.6°, and 76.2°, representing the (111), (200), 
and (220) lattice planes of the cubic nickel metal (JCPDS: 
04–0850, Biswas and Kunzru 2007). However, the peaks at 
the 2θ values of 28.3°, 31.6°, 35.2°, 50.1°, and 62.7° cor-
responded to the (− 111), (200), (002), (022), and (113) lat-
tice planes of monoclinic  ZrO2 (JCPDS: 37–1484), whereas 
the diffraction peaks at 2θ values of 30.2°, 35.2°, 50.8°, 
and 60.3° belong to (101), (110), (200), and (211) lattice 
planes of the tetragonal  ZrO2 (JCPDS: 01–079-1771). It 
was noticed that after nickel impregnation and reduction, 
the peaks corresponding to the tetragonal phase of  ZrO2 
were dominated.

The average nickel crystallite size was determined based 
on the diffraction peaks detected at the 2θ values of 44.4°, 
51.8°, and 76.3°, respectively. The determined nickel 
crystallite size was in the range of 50.2–73.7 nm (Table 2). 
The FTIR analysis (Fig. S4) of the catalysts also supported 
the XRD results.

BET surface area

Figure  6a illustrates the  N2-porosimetry of Zr-MOF. 
The recorded isotherms represented a combination of 
both type I and type IV isotherms, respectively. Type I 
isotherm corresponded to the microporous materials 
with a pore size of up to 2  nm, whereas type IV was 
related to the mesoporous materials with a pore size 
of 2–50  nm. According to the recorded isotherms, 
the adsorption–desorption branches exhibited an H2 
hysteresis loop with a wide pore width (Ardila-Suárez 
et al. 2019). The average BET surface area, pore volume, 
and pore size of the synthesized MOF are summarized in 
Table 2. It was observed that Z-250 and Z-500 showed a 
surface area of ~ 507  m2/g, whereas the surface area of 
Z-1000 increased and reached to 635.9  m2/g. Further, 
the specific surface area of Z-1500 (437.2  m2/g) and 
Z-2000 (414.9  m2/g) decreased due to the presence of the 
lower amount of metal precursor and linker in DMF. For 
all the catalysts, the pore size distribution (PSD) curve 
obtained supported the formation of both microspores 
and mesopores (Fig. S1a). The average pore diameter and 
total pore volume of the Zr-MOF were in the range of 
2.3–2.5 nm and 0.233–0.396  cm3/g, respectively.

Figure 6b shows the isotherms of the Ni/ZrO2 catalysts 
derived from MOF. For all catalysts, a type IV isotherm 
was observed after the addition of nickel metal, while 
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Fig. 4  XRD pattern of Zr-MOF at various calcination temperatures
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the adsorption–desorption branches represented the H3 
hysteresis loop. The BET surface area for all the catalysts 
dropped significantly (5.7–16.1  m2/g) because of the 
deformation of the MOF structure after calcination at 
700 °C (Tu et al. 2023). The highest surface area of 16.1 
 m2/g was obtained for the NZ-1000 catalyst, and this 
value was comparable with the values reported for the 
Ni/ZrO2 catalyst in the previous literature (Kumar et al. 
(2019); Pandey et al. 2024). The PSD curve (Fig. S1b) 
for the Ni/ZrO2 catalyst derived from MOF represented 
mesopores structure with wide pore width (2–15 nm). 
However, for the NZ-1000 catalyst, the pore width 
was < 5 nm. The average pore diameter and total pore 
volume of the Ni/ZrO2 catalysts derived from MOF were 
in the range of 11.9–18.0 nm and 0.017–0.063  cm3/g, 
respectively.Ta
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Fig. 6  N2-porosimetry of (a) Zr-MOF and (b) Ni/ZrO2 catalysts 
derived from MOF
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TPR

The reduction profile of the Ni/ZrO2 catalysts derived from 
MOF calcined at 700 °C is shown in Fig. 7. For all the cata-
lysts, a wide and broad reduction peak was detected in the 
temperature range of 340–580 °C due to nickel (Kumar 
et al. 2023). No reduction peak corresponding to  ZrO2 was 
observed because of its high thermal stability (Biswas and 
Kunzru 2007). For all the catalysts, the typical nickel reduc-
tion temperature peak was in the range of 412–466 °C. This 
high-temperature reduction indicated strong metal support 
interaction (Zhen et al. 2015).

The  H2 consumption and the reducibility of nickel metal 
were calculated using the TPR data; the results are summa-
rized in Table 2. The  H2 consumption of all catalysts was 
in the range of 2.01–2.80 mmol.  gcat

−1, and the reducibility 
of nickel metal ranged from 36.2 to 45.1%. The maximum 
hydrogen consumption (2.8 mmol.  gcat

−1) and the reducibil-
ity of nickel metal (45.1%) were obtained for the NZ-1000 
catalyst.

TPD  (CO2)

The basic strength of the Ni/ZrO2 catalysts derived from 
MOF was determined by the  CO2-TPD analysis. The TPD 
profile is plotted in Fig. 8, and the basic strength of the cata-
lysts is summarized in Table 2, respectively.

As shown in Table 2, the basic strength of Zr-MOF was 
low (0.003–0.004 mmol.  gcat

−1) due to the presence of 
organic ligand (BDC) and solvent (DMF). However, for 
the calcined Ni/ZrO2 catalyst derived from MOF, the basic 
strength increased significantly, and it was in the range of 
0.012–0.063 mmol.  gcat

−1. It was observed that the basic 

strength values passed through minima with increasing the 
zirconia precursor content (Z-2000 to Z-250) during the cat-
alyst synthesis (Table 2). This result indicated that the zirco-
nia precursors, ligand, and solvent ratio played an important 
role in controlling the basic strength of the final catalysts. 
The basic strength in the catalysts was increased due to the 
removal of BDC and DMF from the MOF structure after 
calcination at 700 °C, and Zr-MOF was transformed to pure 
 ZrO2 having moderate basic strength (Wang et al. 2021). The 
maximum strong strength basic sites (400–700 °C) (Fig. 8) 
were observed for the NZ-2000 catalyst with the value of 
0.063 mmol.  gcat

−1. However, for NZ-1500 (0.012 mmol. 
 gcat

−1) and NZ-1000 (0.018 mmol.  gcat
−1) catalysts, simi-

lar  CO2-TPD profiles with weak (~ 120 °C) and moderate 
strength (~ 650 °C) basic sites were detected (Fig. 8).

H2‑pulse chemisorption

The  H2 pulse chemisorption method was used to determine 
the nickel metal dispersion and the active nickel metal sur-
face area of the Ni/ZrO2 catalysts derived from MOF. As 
shown in Table 2, the calculated nickel metal dispersion 
for all the catalysts was very high (0.7–7.1%). The maxi-
mum nickel metal dispersion of 7.1% was obtained for the 
NZ-1000 catalyst. The calculated nickel metal surface area 
ranged from 0.2 to 2.3  m2.  gcat

−1, and it was also maximum 
(2.3  m2.  gcat

−1) for NZ-1000 catalyst. The highest nickel 
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metal dispersion and metal surface area for the NZ-1000 
catalyst was probably due to its highest surface area, as 
observed in the BET analysis (Alli et al. 2023).

SEM and HR‑TEM

The SEM images of Zr-MOF exhibited a dense morphol-
ogy (Fig. S2). However, clear morphological changes were 
observed for the reduced Ni/ZrO2 catalyst derived from 
MOF. NZ-2000 and NZ-1500 displayed spherical-shaped 
particles closely aligned with each other. In contrast, 
NZ-1000 exhibited well-aligned spherical particles (Wen 
et al. 2017; Pandey et al. 2024). Furthermore, as the amount 
of zirconia precursors increased (NZ-500 and NZ-250) dur-
ing the synthesis, agglomerated clusters and compactness 
were found to be increased. The BET and PSD analysis also 
demonstrated the changes in porosity. The FE-SEM results 
suggested that the morphology of the catalysts was signifi-
cantly influenced by the molar ratio of the precursor and 
solvent, as well as by the addition of nickel followed by 
calcination.

The TEM image of the Zr-MOF after drying (Fig. S3(a)) 
showed the ill-defined nano-sheets arranged randomly, and 
selected area electron diffraction (SAED) in Fig. S3(b) illus-
trated the absence of crystallinity. The calculated average 
particle size of Zr-MOF was ~ 185 nm (Fig. S3(c)). Zhao 
et al. (2018) reported the particle size of UiO-66 in the range 
of 150–400 nm. For reduced Ni/ZrO2 catalyst derived from 
MOF (NZ-1000), very well-dispersed nickel nanoparticles 
were visible (Fig. S3(d)). The catalyst was crystalline in 
nature, as shown in the SEAD (Fig. S3(e)). The EDX map-
ping also confirmed the even dispersion of Ni-metal on the 
catalyst (Fig. S3(f)). The particle size histogram (Fig. S3(g)) 
indicated the average nickel particle size was ~ 32 nm. This 
value was slightly lower than the nickel crystallite size 
(~ 50 nm) calculated from XRD. The difference might be 
due to the error in the XRD peak area calculated for nickel.

Catalyst activity

Effect of catalysts

Initially, the TRM activity of all the catalysts synthesized 
was screened at the optimum reaction condition reported 
in our previous study (Pandey et  al. 2024). The result 
obtained is plotted in Fig. 9a. For all the catalysts, the 
 CH4 conversion was very high (≥ 80%), and the maximum 
 CH4 conversion of 96.2% was obtained for the NZ-1000 
catalyst. The highest  CH4 conversion over NZ-1000 
catalyst was due to its high degree of nickel metal 
reducibility (45.1%), nickel metal dispersion (7.1%), active 
surface area (2.3  m2/gcat

−1), and smaller nickel crystallite 
size of 50.2 nm (Schmal et al. 2018). Similarly, for the 

NZ-1000 catalyst, the  CO2 conversion was also maximum 
(11.8%) because of its moderate basicity and high oxygen 
mobility of  ZrO2, which activated the adsorption of  CO2 
molecules (Wang et  al. 2021). In addition to that, the 
smallest nickel particle size (~ 32 nm) in NZ-1000 helped 
to improve the accessibility of  ZrO2 sites for the adsorption 
of  CO2 molecules (Kumar et  al. 2019). However, for 
NZ-250, NZ-1500, and NZ-2000 catalysts, the observed 
 CO2 conversion was negative (~ 11–15%). The negative 
 CO2 conversion was observed due to the dominance of 
reverse  CO2 hydrogenation (CO2 +  2H2 ↔ C +  2H2O; 
ΔH°298 =  − 90  kJ/mol), reverse  CO2 methanation 
 (CO2 +  4H2 ↔  CH4 +  2H2O; ΔH°298 =  − 165 kJ/mol), and 
water gas shift reactions (WGSR) (CO +  H2O ↔  CO2 +  H2; 
ΔH°298 = 43 kJ/mol), respectively, at the operated reaction 
condition used (Zhang et al. 2014; Chein and Hsu 2018). 
Solov’ev et  al. (2012) also observed a negative  CO2 
conversion of 22% at 710 °C in the presence of Ni-Al2O3 
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catalyst. This negative  CO2 conversion was observed due to 
the re-oxidation of metallic nickel and complete oxidation 
of methane  (CH4 +  2O2 ↔  CO2 +  2H2O) (Song and Pan 
2004). Garca-Vargas et al. (2015) also reported negative 
 CO2 conversion over Ni-Mgβ-SiC catalyst in various 
reaction conditions. It has been reported that nickel metal 
re-oxidation during the reaction facilitated the water–gas 
shift reaction, which again produced  CO2 during the tri-
reforming process (Pham Minh et al. 2021).

As shown in Fig. 9a, the observed  H2/CO ratio passed 
through a minimum with decreasing the zirconia content in 
the catalyst. Over NZ-1000, the optimum  H2/CO ratio of ~ 2 
was observed. However, for other catalysts, the value was 
greater than 5. In the tri-reforming process, the  H2/CO ratio 
is controlled by the following reactions:

Dry reforming of methane (DRM):

Steam reforming of methane (SRM):

Partial oxidation methane (POM):

Water gas shift reaction (WGSR):

It was observed that, over NZ-250 catalyst, the obtained 
 H2/CO molar ratio was very high (~ 8.0). With decreasing 
the Zr-content in the catalyst, the  H2/CO molar ratio 
decreased and reached 1.9 for NZ-1000. Furthermore, for 
NZ-1500 and NZ-2000 catalysts, the  H2/CO molar ratio 
again increased to ~ 8.0. A very well correlation with the 
physicochemical properties of the catalyst was observed, 
as shown in Table 2. With decreasing the Zr-content in 
the catalyst from NZ-250 to NZ 2000, the BET surface 
area, total pore volume, and pore diameter of the final 
catalyst were increased, and the surface area (16.1  m2/g), 
total pore volume (0.063  cm3/g), pore diameter (18 nm) 
were highest for NZ-1000. On the other hand, the hydrogen 
consumption, reducibility of nickel metal, active nickel 
metal surface area, and metal dispersion passed through a 
maximum with decreasing the Zr-content in the catalyst. 
These values were also maximum for NZ-1000. In 
addition to that, the nickel crystallite size of the NZ-1000 
catalyst was lowest (50 nm). This observed trend of the 
physicochemical properties of the final catalysts indicated 
that the variation of the ratio of Zr-precursor, ligand, and 
solvent played a significant role in controlling the final 
structural morphology as well as the physicochemical 
properties of the final catalyst.

(3)CO
2
+ CH

4
↔ 2CO + 2H

2
ΔHo

298K = +247.3 kJ∕mol

(4)CH
4
+ H

2
O ↔ CO + 3H

2
ΔHo

298K = +206.3 kJ∕mol

(5)
CH

4
+ 1∕

2
O

2
↔ CO + 2H

2
ΔHo

298K = −35.6 kJ∕mol

(6)CO + H
2
O ↔ CO

2
+ H

2
ΔHo

298K = −43 kJ∕mol

For the NZ-1000 catalyst, the lowest  H2/CO ratio of 1.9 
was observed because of the simultaneous occurrence of 
SRM, DRM, and POM, respectively. This is nothing but 
the tri-reforming of methane (TRM), and for TRM, the 
typical  H2/CO ratio is usually obtained as 1.5–2 (James et al. 
2011; Sun et al. 2012). This result suggested that the TRM 
was highly favorable over NZ-1000 catalyst because of its 
desired physio-chemical properties, including the highest 
surface area (16  m2/g), nickel metal surface area (2.3  m2. 
 gcat

−1), metal dispersion (7.1%), nickel metal reducibility 
(45%), and smallest nickel crystallite size (~ 32  nm), 
respectively. For the other catalysts, the  H2/CO ratio was 
very high (> 5) because of less  CO2 conversion and more 
hydrogen formation due to WGSR.

The carbon deposition on the catalysts during the 
reaction was evaluated by characterizing the spent catalyst 
using CHNS analysis. As shown in Fig. 9b, the obtained 
carbon formation rate also followed a similar trend as 
observed for the  H2/CO ratio over all the catalysts. The 
carbon formation rate was the lowest (1.67 mmol.  gcat

−1. 
 h−1) for the NZ-1000 catalyst, which suggested that 
the side reactions related to coke formation were also 
minimal over the NZ-1000 catalyst compared to others. 
The observed carbon formation rate for the other catalyst 
was higher (2.83–5.33 mmol.  gcat

−1.  h−1) because of its 
bigger nickel particle size (> 50 nm). Bigger Ni particles 
facilitated the carbon formation via methane cracking 
 (CH4 ↔ C +  2H2) in combination with the boudouard 
reaction (2CO ↔  CO2 + C), respectively (Pino et al. 2011; 
Pham et al. 2021). In addition to that, carbon formation 
is also favored due to the presence of strong strength 
basic sites in the catalyst. The catalyst screening study 
suggested that the NZ-1000 catalyst was more suitable for 
tri-reforming reactions and that carbon deposition was also 
the lowest. Therefore, this catalyst was chosen for further 
reaction parameter study, the results are discussed in the 
following section.

Effect of temperature

The effect of temperature (600–850 °C) over NZ-1000 cata-
lyst was evaluated at the standard reaction condition dis-
cussed in the previous section. The results are plotted in 
Fig. 10.

As shown in Fig.  10, the conversion of  CO2 was 
maximum (~ 11%) at 700 °C. At low temperatures (< 700 
°C), the  CO2 conversion was very low (1.9–3.4%) because 
of a higher rate of water gas shift reaction (WGSR) as 
compared to the reforming reaction (Walker et al. 2012). 
At 700–750 °C, the  CO2 conversion increased due to the 
favorable environment of endothermic SRM and DRM 
reactions, respectively (Sun et  al. 2012; Singha et  al. 
2016a). For  CH4, a very high conversion of 63.1% was 
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achieved even at 600 − C, reaching the maximum of ~ 97% 
at ≥ 700 °C. Very high  CH4 conversion was achieved due 
to dispersed small-sized nickel particles, which facilitated 
both SRM and DRM reactions that consumed  CH4 
(Ryi et al. 2014; Anchieta et al. 2019). The presence of 
oxidants such as  O2 and  H2O also enhanced the methane 
conversion. In addition to that, at higher temperatures, easy 
decomposition of  CH4 in the presence of nickel metal also 
increases the  CH4 conversion (Lee et al. 2003).

At low temperatures (≤ 650 °C), the  H2/CO molar ratio 
was high (4.6), and this value decreased with temperature 
and reached to 1.7 at ≥ 800 °C. The  H2/CO ratio was high 
at low temperatures because of more hydrogen formation 
via exothermic POM and WGS reactions, respectively. 
At low temperatures, the POM and WGS reactions 
were favored compared to the endothermic SRM and 
DRM reactions, which produced more CO (Majewski 
and Wood 2014; García-Vargas et al. 2015).  H2 and CO 
were produced via POM, while CO was simultaneously 
converted to  CO2 and  H2 via the WGS reaction, which 
resulted a higher hydrogen formation than CO and a 
high  H2/CO ratio. However, at ≥ 700 °C, DRM reaction 
activated along with POM and SRM reaction, which 
increased CO formation and reduced the  H2/CO ratio 
(Amin and Yaw 2007). The effect of the temperature 
study demonstrated that the  H2/CO ratio of ~ 1.9 could be 
achieved at a temperature of 700–750 °C in the presence 
of the NZ-1000 catalyst.

Time on stream study

In general, the synthesis gas with an  H2/CO mole 
ratio of ~ 1.5–2 is highly desirable as a feed for the 
Fischer–Tropsch process for the production of more 
valuable methanol, dimethyl ether (DME), higher alkenes, 

etc. (Majewski and Wood 2014; Singha et  al. 2016b). 
Therefore, the catalyst that produces the consistent  H2/CO 
ratio of ~ 1.5–2 via the TRM process has huge commercial 
potential. As discussed in the previous section, the 
NZ-1000 catalyst exhibited better activity as compared 
to other catalysts developed for the TRM process. In 
the presence of this catalyst, the obtained  H2/CO ratio 
was ~ 1.7–2, and the carbon formation rate was also very 
low. Therefore, to verify the stability and consistency of 
this catalyst, the time-on-stream analysis was performed 
at the optimum reaction condition identified. The results 
obtained are plotted in Fig. 11.

The results reported in Fig. 11 depicted that, at 750 °C, 
in the presence of NZ-1000 catalyst, the conversion of 
 CH4 (89–92%) and  CO2 (~ 10–11%) was very consistent 
for 12.5 h. The  H2/CO ratio was also within the range 
of 1.6–2 for 12  h. The consistent performance of the 
catalyst was obtained due to the high thermal stability 
of Ni/ZrO2 catalyst derived from MOF, the strong metal 
support interaction, high degree of reducibility, and high 
metal dispersion over NZ-1000 catalyst (Pham et  al. 
2021; Gupta and Deo 2023). The constant  H2/CO molar 
ratio also dictated that the TRM reaction was stable. For 
this consistent performance of the catalyst,  ZrO2 played 
an important role because of its high ionic conductivity 
and capability for the mobility of oxygen ions (Wang 
et  al. 2021; Kozonoe et  al. 2023). In addition to that, 
the strong nickel metal and support interaction, nickel 
metal dispersion also played a vital role in long-term 
stability at 750 °C. It is very important to highlight that 
the NZ-1000 catalyst developed in this study was superior 
which produced the desired  H2/CO ratio of ~ 1.6–2 at a 
low reaction temperature of 750 °C as compared to the 
previously reported catalysts (Garcia-Vargas et al. 2015).
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Comparison of TRM activity of Ni/ZrO2 catalyst

In the previous literature, the Ni/ZrO2 catalysts were mostly 
synthesized by precipitation and co-precipitation methods, 
followed by wet impregnation of nickel metal. The reported 
catalyst surface area was ≤ 17  m2.g−1 (Table S2). However, 
Sun et al. (2012) obtained a slightly higher BET surface 
area of 27.8  m2.  g−1, and Singha et al. (2016a) reported 
relatively high surface area of 128  m2.g−1 for Ni/ZrO2 catalyst 
synthesized by solvothermal and urea deposition–precipitation 
method. The typical reported pore diameter of the catalyst 
was ~ 5 nm, the reported nickel metal dispersion was very low 
(~ 2%), or most of the work was not reported.

The activity of various Ni/ZrO2 catalysts was compared 
in Table S2. It has been observed from Table S2 that the 
reaction temperature was very high, > 800 °C, and in most of 
the studies, the information related to catalyst stability and 
carbon deposition is missing (Song and Pan 2004; Sun et al. 
2012; Singha et al. 2016a). Kumar et al. (2019) reported a 
very low surface area (1  m2.  g−1) and metal dispersion (2%). 
The carbon deposition rate was very high (23 mmol.  g−1.h−1) 
at 800 °C. Anchieta et al. (2019) obtained approximately 
similar BET surface area (17  m2.  g−1) and  CO2 conversion 
(~ 10%) with the present work. However, the  CH4 conversion 
was low (45%), and catalyst stability was shown for 5 h. In 
this study, the  CH4 conversion was very high (~96%) and the 
catalyst was stable for ~12 h.

CH4 conversion (~ 96%) was obtained due to high metal 
dispersion (~ 7%), and the catalyst was stable > 12 h. The 
operating temperature (750 °C) was comparatively low, 
and the carbon deposition rate was also insignificant 
(1.67 mmol.  g−1.h−1). Most importantly, the obtained  H2/
CO ratio was consistent (1.5–2.0) for a longer period of time. 
The syn-gas with an  H2/CO ratio of 1.5–2 is essential as a 
feedstock for the Fischer–Tropsch process to produce higher 
alkenes, dimethyl ether (DME), methanol, etc. Therefore, 
comparatively, a better TRM activity was achieved with the 
Ni/ZrO2 catalyst synthesized via the MOF route.

Conclusions

In this study, Zr-MOF were synthesized by varying the molar 
ratio of Zr precursor/BDC/DMF using a solvothermal method 
followed by calcination at different temperatures. Ni-metal 
was impregnated onto the Zr-MOF using the impregnation 
method and tested for TRM reaction. The catalyst 
characterization results revealed significant variations in the 
physicochemical properties of both the support (Zr-MOF) 
and the Ni/ZrO2 catalysts derived from MOF. XRD analysis 
indicated that an appropriate ratio of metal precursors to 
solvent is crucial for achieving the desired MOF structure. 
XRD results also confirmed that the tetragonal structure of 

Zr-MOF transformed into the monoclinic phase of  ZrO2 
after calcination. After Ni-loading over Zr-MOF, notable 
variations were observed in terms of the reducibility of Ni 
metal, metal-support interaction, nickel crystallite size, active 
metal surface area, metal dispersion, and catalyst morphology 
as determined by TPR, XRD, chemisorption, HR-TEM, 
FE-SEM, respectively. The obtained BET surface area, total 
pore volume, average pore diameter, reducibility, and nickel 
metal dispersion were highest for the NZ-1000 catalyst.

The catalytic test demonstrated that the TRM reaction 
was highly favorable over NZ-1000 catalyst due to its desir-
able physicochemical properties, including the highest sur-
face area (16  m2/g), nickel metal surface area (2.3  m2/gcat

−1), 
metal dispersion (7.1%), nickel metal reducibility (45%), 
and smallest nickel crystallite size (~ 50 nm), respectively. 
For most catalysts, at lower temperatures (< 650 °C),  CO2 
conversion was low because of a higher rate of WGSR. In 
comparison,  CO2 conversion increased at higher tempera-
tures due to the SRM and DRM reactions, respectively. The 
effect of temperature data indicated that TRM was mostly 
favorable in the range of 700–800 °C. In the presence of 
the NZ-1000 catalyst, an optimum  H2/CO molar ratio 
of ~ 1.7–1.9 was achieved at temperatures of ≤ 700 °C with 
 CH4 and  CO2 conversions of ~ 96% and ~ 10%, respectively. 
However, for other catalysts, the  H2/CO molar ratio was very 
high (> 5) because of more WGS reaction than SRM and 
DRM reaction. Time-on-stream studies demonstrated that 
the NZ-1000 catalyst was thermally stable for ~ 12 h at 750 
°C and maintained a consistent TRM activity with the  H2/
CO ratio of 1.6–2. The better performance of the catalyst 
was attributed to the formation of the desired Zr-MOF struc-
ture, highest BET surface area, total pore volume, average 
pore diameter, reducibility, and nickel metal dispersion. The 
characterization results of the spent catalyst also supported 
its stability with a minimal amount of carbon deposition 
rate. Hence, the Ni/ZrO2 catalyst derived from MOF was 
promising for the TRM process.
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