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A B S T R A C T

Efficient and sustainable production of hydrogen (H2) and formaldehyde (FA) is highly desirable for clean energy 
and chemical applications. In this work, NiMoO4 nanoflowers were synthesized via a urea-assisted hydrothermal 
method and evaluated for non-oxidative methanol dehydrogenation. Structural and surface analyses confirmed 
the formation of mixed α- and β-NiMoO4 phases with enhanced surface area and acidity. The optimized catalyst 
(N1U5) exhibited superior performance, achieving 100 % methanol conversion and 100 % selectivity toward H2 
and FA at 325 ◦C, outperforming phase-pure counterparts. The excellent catalytic behavior is attributed to the 
synergistic interaction between α/β phases, improved Ni–Mo redox properties, higher specific surface area, and 
increased surface acidity, which collectively facilitate methanol activation and charge transfer. Furthermore, the 
catalyst demonstrated outstanding stability for 168 h without significant deactivation. These results highlight the 
critical role of phase engineering and surface properties in designing highly efficient NiMoO4 catalysts for se
lective methanol dehydrogenation.

1. Introduction

H2 and FA are among the most strategically important compounds in 
both the chemical industry and the global energy landscape [1]. H2, as a 
clean and sustainable energy source, has drawn more attention, espe
cially in light of international initiatives to cut greenhouse gas emissions 
and switch to renewable energy sources [1,2]. H2 is a fuel with an 
excellent energy density that emits only water upon combustion or 
during use in fuel cells [3]. It has broad applications in ammonia syn
thesis [4], oil refining [5,6], metal processing, and most notably in green 
transportation and stationary energy storage solutions [7–9]. As the 
wide world shifts toward a future with less emissions of carbon, the 
development of efficient, decentralized, and low-emission methods for 
H2 generation is of paramount importance [10,11]. Despite its potential, 
more than 95% of the H2 produced worldwide still originates from fossil 
fuels, such as coal gasification and steam methane reforming (SMR) 

[12–14]. These methods emit enormous amounts of carbon dioxide and 
undermine the environmental benefits of H2 [12,15]. Thus, it is imper
ative to generate low-carbon or carbon-neutral methods for H2 pro
duction that align with global climate goals.

Simultaneously, FA (HCHO) is one of the most widely produced 
organic chemicals globally. Furthermore, the global FA market was 
valued at approximately USD 31.69 billion in 2024 and is projected to 
grow at a compound annual growth rate (CAGR) of about 5% between 
2025 and 2032, reaching an estimated value exceeding USD 46.82 
billion by 2032 [16]. It serves as a vital precursor for manufacturing a 
broad spectrum of value-added products, including urea-formaldehyde 
and phenol-formaldehyde resins [17,18], plastics [19], textile treat
ments [20,21], fertilizers [22], and pharmaceutical compounds [22]. 
Due to its reactivity and versatility, FA continues to be indispensable in 
numerous industrial processes and material syntheses [23]. In addition, 
its wide range of applications makes FA a compound of high economic 
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value and industrial importance [24,25]. However, traditional methods 
for FA synthesis-such as methanol oxidation using silver or 
iron-molybdenum catalysts-typically require high temperatures 
(250–400 ◦C) and involve oxygen as a co-reactant [26]. These processes 
are energy-intensive and can result in many unwanted byproducts, 
including carbon monoxide and carbon dioxide that contributing to 
greenhouse gas emissions; H2O, which complicates FA purification due 
to the formation of hydrated FA; as well as dimethyl ether and formic 
acid [25–28]. Moreover, the problem of molybdenum sublimation at 
high temperatures leads to an extensive reduction in conversion and 
selectivity [25–28]. Thus, developing cleaner and more energy-efficient 
methods for FA production is a pressing priority. Given the importance 
of both H2 and anhydrous FA, methods that allow for their simultaneous 
production offer a highly efficient and sustainable solution. One such 
promising approach is the non-oxidative methanol dehydrogenation, is 
a dual production and synergistic approach, in which methanol 
(CH3OH) undergoes chemical transformation to produce equal amount 
of anhydrous FA and molecular H2 according to Eq. (1): 

CH3OH → HCHO + H2 (1) 

This reaction is endothermic and requires a suitable catalyst to occur 
at mild conditions. Unlike oxidative processes, methanol dehydrogena
tion avoids the need for molecular oxygen and eliminates the risk of CO2 
formation, making it a cleaner and more energy-efficient route [29]. 
Furthermore, methanol is an ideal feedstock for this process because of 
its relatively low price, high H2 content, and simplicity of transport and 
storage. Moreover, methanol can be produced from renewable sources, 
such as biomass or captured CO2 combined with green H2 [30,31], 
further enhancing the sustainability of this pathway. To realize this dual 
production pathway efficiently, the high-performance catalyst devel
opment is crucial. Where the success of methanol dehydrogenation 
hinges on the development of effective catalysts that can facilitate the 
reaction with high activity, selectivity, and stability. Numerous catalytic 
systems have been explored for the non-oxidative dehydrogenation of 
methanol to H2 and FA, including transition-metal oxides, Na2CO3, 
β-Ga2O3, zeolites, and supported metal oxides such as ZnO, CuO, Ag2O, 
and Au, as well as CaMoO4, SO4

2-–Ce2(MoO4)3/SiO2, and Zr(MoO4)2. For 
example, Ag–SiO2–MgO catalysts reached 96 % conversion and 78 % 
selectivity at 650 ◦C [32]. In2O3/Na2CO3 catalysts achieved 60 % 
methanol conversion with 75 % selectivity at 677 ◦C [33]. While 
Ag–SiO2–Al2O3–ZnO systems provided 99 % conversion and 87 % 
selectivity at 650 ◦C [34]. La–ZnO/SiO2 catalysts exhibited 34 % con
version and 73 % selectivity at 600 ◦C [35]. Similarly, ZnO/SiO2 and 
4Ga/SiO2 catalysts showed 57 % conversion with 77 % selectivity and 
74 % conversion with 70 % selectivity at 550 ◦C, respectively [36,37]. 
Cu/SiO2 and β-Ga2O3 catalysts delivered 50 % conversion with 80 % 
selectivity and 65 % conversion with 70 % selectivity at 500 ◦C [38,39]. 
Furthermore, molybdates have attracted a lot of attention lately. For 
example: a 5 wt% MoO3/HAP, CaMoO4, SO4

2--Ce2(MoO4)3/SiO2 cata
lysts showed 100 % conversion for all and 97, 98, 100 % selectivity at 
400 ◦C, and finally Zr(MoO4)2 with Zr:TEA ratio 1:1 (Z1T1) provided 99 
% conversion and 95 % selectivity at 325 ◦C [29,40–42]. Despite these 
advances, most reported catalysts operate at relatively high tempera
tures and often provide moderate conversion and/or selectivity. In 
contrast, the catalyst developed in the present study achieves complete 
methanol conversion with 100 % H2 and FA selectivity at a significantly 
lower reaction temperature (325 ◦C), highlighting its superior catalytic 
efficiency. So, among various catalysts studied, nickel molybdate 
(NiMoO4) has become a particularly attractive material due to its 
outstanding properties. NiMoO4 is a mixed-metal oxide known for its 
redox properties, thermal stability, tunable surface properties, and 
ability to activate O–H and C–H bonds in organic molecules [43,44]. 
Recent advancements in nanotechnology have enabled the synthesis of 
nanostructured NiMoO4, such as flower-like morphologies, which offer a 
high surface area, abundant active sites, and enhanced electron trans
port [45]. These characteristics significantly improve methanol 

adsorption, bond activation, and product desorption, leading to more 
efficient and selective dehydrogenation reactions. In this context, opti
mizing the catalytic dehydrogenation of methanol over flower like 
NiMoO4 not only offers a sustainable route for the large-scale production 
of H2 and FA, but also contributes to the advancement of green chem
istry and clean energy technologies. So, the current investigation is the 
synthesis of nanoflower like NiMoO4 and many studies on optimizing 
this synthesis and its influence on its surface, acidity properties and 
catalytic performance. Also, we characterize these catalysts with verity 
of techniques like TGA, DSC, XRD, FT-IR, XPS, ICP, HR-SEM, HR-TEM, 
N2 adsorption-desorption investigations, and pyridine-TPD to give all 
information about thermal stability, structural, textural, morphological 
and acidic properties of these catalysts. The investigated catalyst offered 
an amazing conversion and excellent selectivity to both H2 and FA 
production.

2. Experimental portion

2.1. Resources

Every chemical was used exactly as it was purchased, without any 
purification. Nickel nitrate hexahydrate (Ni(NO3)2.6H2O; WINLAB; 
99.00%), Sodium molybdate dihydrate (Na2MoO4.2H2O; Alpha; >
99.00%), urea (CO(NH2)2; 99.50%), Methanol (MeOH; CH3OH, 
99.60%), isopropyl alcohol (IPA, CH3CHOHCH3, 99.50%), pyridine (PY, 
C5H5N, 99.50%) and 2,6-dimethyl pyridine (DMPY, C7H9N, 99.90%) 
were all from Sigma-Aldrich.

2.2. Synthesis of NiMoO4

Using hydrothermal approach and urea as a fuel, the nickel molyb
date nanoflower catalysts were prepared as shown in Scheme 1. This 
procedure involves the dissolving of nickel nitrate hexahydrate and 
sodium molybdate dihydrate, with equal molar ratio (1:1), indepen
dently in an equal volume of distilled water (Total 80 mL). Utilizing 
magnetic stirring, the solution of sodium molybdate was dropwisely 
poured to the solution of nickel nitrate to create a homogenous mixture 
(pH = 5.70). For 60 min, the entire recipe was stirred. Afterward, the 
urea solution with various molar ratios (0, 1, 3, 5, 7) with respect to the 
ratio of nickel nitrate was prepared and poured to the previous nickel 
molybdate. Following then, it was moved to a 120 mL stainless-steel 
autoclave walled by Teflon and hydrothermally heated at 160 ◦C for 
12 h. After the product had cooled, it was filtered well, by distilled 
water, and then left for drying at 70 ◦C For 12 h. Finally, and for 3 h, the 
green powder was annealed at 400–600 ◦C. For ease of understanding, 
the Ni:urea molar ratios were given as: (N1Uy, where y = 0, 1, 3, 5, 7). 
The prepared catalysts will be simply referred to as N1Uy, in which y 
represents the quantity of urea in moles. In order for assessing the best 
preparation conditions, a thorough investigation was conducted into the 
impacts of hydrothermally preparation temperatures, hydrothermal 
preparation periods, and heat treatment temperatures (annealing tem
peratures) on the highest efficient catalyst (the optimum Ni:urea molar 
ratios). Significant studies were conducted on the highest active Ni:urea 
molar ratio catalyst, which was synthesized hydrothermally for 12 h at 
100, 120, 140, 160, and 180 ◦C. The catalyst that was hydrothermally 
prepared at 120 ◦C was done so at several times of 6, 12, 18, and 24 h to 
attain the optimal hydrothermal time.

3. Results and discussion portion

3.1. Catalyst characterization

To clarify the thermal changes of the precursor powder, TG and DSC 
curves of optimized NiMoO4 precursor (N1U5) were done and portrayed 
in (Fig. S1, see Supplementary Information). After heating the precursor 
from ambient temperature to 800 ◦C, three thermal steps were observed 
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with 20.2 % full loss of weight. Within a temperature range of 29-150 ◦C, 
The first loss of ≈ 9.2 % is fallen and coupled with endothermic peak on 
DSC sintered at 102 ◦C, may assigned to elimination of physically 
adsorbed and structural water. The second and third losses (11 %) were 
shown in a temperature range of 150-540 ◦C and related to two broad 
exothermic peaks maximized at 310 and 580 ◦C, respectively. These 
events are assigned to the decomposition of intermediate complex 
formed from reaction between precursors with urea i.e., the self- 
propagating combustion reaction between them [46,47].

The patterns in XRD of N1Uy catalysts (where y = 0, 1, 3, 5, 7), which 
hydrothermally heated for 12 h at 160 ◦C and heat-treated at 400 ◦C, are 
seen in Fig. 1a. It illustrated that the pure NiMoO4 without any additives 
(N1U0) is a monoclinic of almost α-NiMoO4 (major phase, JCPDS no. 
33–0948) and β-NiMoO4 (minor phase, JCPDS no. 45-0142). At 2θ of 
14.3◦, 25.3◦, 28.8◦, 32.6◦, 43.9◦, 47.4◦ and 53.4◦, the patterns of 
α-NiMoO4 were seen and they corresponded to (110), (− 112), (220), 
(022), (330), (− 204) and (510) respectively [45,48–50]. Whereas, 
β-NiMoO4 is correlated with the diffraction patterns at 2θ of 18.9◦, 
26.6◦, 38.6◦ and 41.18◦ which are correspond to (101), (220), (− 132) 
and (040), respectively [48,51]. As the ratios of urea (y = 0, 1, 3, 5, 7) 
rise, the formation of β-NiMoO4 increases, where at 2θ of 34◦ corre
sponds to (22-2) plane [52,53], another peak that is ascribed to 
β-NiMoO4 is seen, and the crystallinity decreases (Fig. 1a). Moreover, 
Fig. 1b depicted the hydrothermal preparation temperatures influence 
on the crystal structure of NiMoO4 (N1U5) catalyst for 12 h. It shows that 
all samples are semicrystalline with increasing the peak intensity at 2θ of 
34◦ which linked to β-NiMoO4, as rising in the hydrothermal preparation 
temperature. Fig. 1c demonstrated the annealing temperature influence 
on the crystallinity and crystal structure of N1U5 catalyst hydrother
mally heated at 120 ◦C for 12 h; where the sample annealed at 400 ◦C is 
semicrystalline with combination of two phases of α and β-NiMoO4. 
However, as the annealing temperature rises, the crystallinity and the 
β-phase formation increase. The broad and low-intensity of XRD pat
terns illustrated that the smaller size of prepared NiMoO4 are nano
crystalline in nature [46,52]; as demonstrated by the computed particle 
sizes (DBET) using SBET, SEM, and TEM pictures in the subsequent 
sections.

To confirm the presence of NiMoO4, the FT-IR spectral analysis of 
NiMoO4 catalysts with different Ni:urea molar ratios (N1Uy), 

hydrothermal preparation temperatures and annealed at 400-600 ◦C are 
seen in Fig. 1d-f. All catalysts displayed the same spectral portions at 
around 3427, 1638, 963, 933, 880, 632 and 412 cm− 1. The broad band 
at 3427 cm− 1 and the small intensity band at 1638 cm− 1 are assigned to 
the adsorbed water molecules' O–H stretching and bending vibrations 
[54]. The characteristic vibration of NiMoO4 is displayed below 1000 
cm− 1. The MoO4 tetrahedral found in NiMoO4 is responsible for the 
peaks at 963 and 933 cm− 1 [48,54,55]. In the NiMoO4 lattice structure, 
the band at 880 cm− 1 is attributed to Mo's tetrahedral position (struc
tural feature of the β-phase) [56]. The signal at 632 cm− 1 is ascribed to 
the Mo–O–Ni vibrations (edge-shared MoO6 octahedra) for α-NiMoO4 
[53,56,57]. The crystalline NiMoO4 NPs exhibit a salient small intensity 
band saw at 412 cm− 1 due to the overlapping of MoO6 and NiO6 groups 
(Ni–O and Mo–O bonding vibration) [48,57,58], and this band is 
appeared clearly in high magnification for FT-IR spectra at 400-500 
cm− 1 as illustrated in Fig. S2.

To elucidate the morphology, surface topography, and elemental 
mapping of N1U5 catalyst that was synthesized at 120 ◦C for 12 h and 
followed by annealing at 400 ◦C, field emission scanning electron mi
croscopy (FE-SEM) and energy-dispersive X-ray spectroscopy (EDS) 
mapping analyses were performed and presented in Fig. 2. The low- 
magnification FE-SEM image (Fig. 2a) reveals a well-defined, fully 
blossomed flower-like morphology composed of interconnected petal- 
like nanosheets. Such hierarchical nanosheet architecture provides a 
high surface area and abundant exposed Ni2+ active sites, facilitating 
methanol adsorption and activation. Moreover, the porous structure 
improves mass transport and accelerates the desorption of FA and H2, 
thereby suppressing secondary oxidation reactions. The intimate contact 
between Ni and Mo centers within the flower-like framework promotes 
efficient electron transfer and redox synergy, thereby facilitating more 
efficient catalytic activity and selectivity [59,60]. Higher-magnification 
FE-SEM images (Fig. 2b and c) further highlight the intricate nanosheet 
arrangement and structural uniformity of the nanoflowers. Elemental 
mapping of the NiMoO4 nanoflowers (Fig. 2d–i) confirms the homoge
neous spreading of nickel, molybdenum, oxygen, carbon, and nitrogen 
throughout the catalyst, validating the successful formation of the 
NiMoO4 nanoflower framework.

On the other side, the TEM pictures of the optimized N1U5 catalyst, 
that was synthesized at 120 ◦C for 12 h and followed by annealing at 

Scheme 1. Steps for NiMoO4 catalyst preparation.
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400 ◦C, are portrayed in Fig. 3. The low-magnification TEM picture 
(Fig. 3a, scale bar: 200 nm) reveals that the ultrathin nanosheets are 
interconnected, forming a highly open and porous three-dimensional 
network, consistent with the flower-like morphology observed in the 
SEM analysis [45,61]. Such hierarchically porous nanosheet architec
ture enhances surface area and mass transport pathways, thereby 
contributing to the catalytic activity of the NiMoO4 nanostructure. 
High-resolution TEM pictures (Fig. 3b–d further display well-defined 
lattice fringes and crumpled silk-like structure features characteristic 
of NiMoO4 nanosheets [45,61,62]. The corresponding TEM-EDS spec
trum (Fig. 3e) confirms the exitance of nickel, molybdenum, oxygen, 
carbon, and nitrogen, in agreement with the SEM-EDS results, validating 
the successful formation of NiMoO4 nanoflower catalyst.

After having a proper understanding of the structural and morpho
logical features of NiMoO4 catalyst (N1U5), its surface elemental 
chemical composition and oxidation states were examined by X-ray 
photoelectron spectroscopy (XPS). The overview XPS spectrum (Fig. 4a) 

observes characteristic signals for the elements: nickel, molybdenum, 
oxygen, carbon and nitrogen in NiMoO4 (N1U5). The Ni 2p XPS spectrum 
of nickel molybdate (Fig. 4b) presents two well-defined peaks at binding 
energies of 857.74 and 875.38 eV, ascribed to the Ni 2p3/2 and Ni 2p1/2 
core levels, respectively, and a spin–orbit splitting separation of about 
17.6 eV. In addition to these main features, pronounced shake-up sat
ellite peaks appeared at 863.11 and 881.37 eV. Such spectral charac
teristics are indicative of Ni2+ species [63–66]. The Ni 2p3/2 main peak 
was deconvoluted into two components located at 855.7 and 857.7 eV, 
which are attributed to Ni2+ species in slightly different chemical en
vironments within the NiMoO4 structure (α and β) [67,68]. In Ni-based 
oxides, the Ni 2p3/2 region typically exhibits peak broadening and 
asymmetry due to variations in the local Ni–O coordination, surface 
hydroxylation, and multiplet splitting effects associated with Ni2+ spe
cies [63–66,69]. Meanwhile, Mo 3d XPS spectra (Fig. 4c) observes two 
prominent peaks at binding energies of 232.71 and 235.81 eV, which are 
related to Mo 3d5/2 and Mo 3d3/2, respectively, which belongs to Mo6+

Fig. 1. XRD profiles and FT-IR spectra of (a,d) influence of urea molar ratios (N1Uy) for catalyst series, (b,e) influence of hydrothermal temperature, (c,f) influence of 
annealing temperatures.
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[58,64,65,70,71]. Additional peaks at 230.01 and 234.51 eV correspond 
to Mo5+ species, arising from the partial reduction of Mo6+. These 
electron-rich Mo5+ sites exhibit enhanced nucleophilicity, which is 
beneficial for promoting the dehydrogenation process [71]. In Fig. 4d, 
the O 1s spectra exhibits two obvious peaks that are assigned to different 
oxygen species. The peak at 530.3 eV is related to metal-oxygen bonding 
(Ni/Mo–O) and the peak at 532.9 eV matching with surface hydroxyl 
groups or adsorbed water molecules [58,66,72,73]. Furthermore, the 
spectrum of C 1s (Fig. 4e) can be separated into three distinct sections at 
284.61, 286.91, and 290.02 eV, assigned to C––C/C–C, C––O, and 
O–C––O functionalities, respectively [47,52,54,58]. The N 1s spectrum 
(Fig. 4f) portrays peaks at 398.2 and 400.7 eV, attributed to –NH– 
(amine) and = N– (imine) species, respectively [58,70]. The existence of 
carbon and nitrogen-containing species is likely derived from residual 
urea decomposition during the calcination step. Collectively, these XPS 
results corroborate the successful formation of NiMoO4, consistent with 
XRD and FT-IR analyses presented in Fig. 1.

The elemental composition of the synthesized catalysts was further 
examined by inductively coupled plasma (ICP) analysis to verify the Ni/ 

Mo atomic ratio. The theoretical stoichiometry of NiMoO4 corresponds 
to a Ni:Mo ratio of 1:1. The ICP results confirm that the experimental Ni/ 
Mo ratios are close to the expected value (Table 1), indicating successful 
formation of the target NiMoO4 composition and good control over the 
synthesis process. The slight deviations observed, if any, fall within the 
acceptable experimental error range and do not significantly affect the 
structural integrity or catalytic performance of the material. These re
sults are consistent with the XRD and XPS analyses, further validating 
the phase purity and compositional reliability of the prepared catalysts.

The texture features of the prepared NiMoO4 catalysts were assessed 
using N2 adsorption-desorption analysis at 77 K, with the corresponding 
isotherms, pore size distributions and Va-t plots are shown in Fig. 5 and 
Fig. S3, and the quantitative textural parameters derived from these 
measurements are summarized in Table 2. All samples display type IV 
adsorption isotherms with a slight contribution of type II of Brunauer's 
classification (Fig. 5a–c), which are characterized by mesoporous nature 
[74]. The accompanying hysteresis loops are primarily of type H2 with a 
minor H3 component [75], reflecting the coexistence of ink-bottle and 
slit-like pores. The specific surface area (SBET) of the catalysts was 

Fig. 2. FE-SEM images of (a) and (b,c) the high-resolution SEM for the yellow rectangular shapes in Fig. 2(a and b), respectively, SEM-EDS elemental mapping 
images (e-i) for Fig. 2(d) of the optimized N1U5 catalyst. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.)
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determined using the Brunauer–Emmett–Teller (BET) equation within 
the conventional relative pressure range (P/Po = 0.05–0.30), assuming a 
nitrogen molecular cross-sectional area of 16.2 Å2. The calculated SBET 
values are summarized in Table 2. As observed, the catalyst synthesized 
without urea (N1U0) exhibited the lowest surface area of 20.9 m2 g− 1. 

Increasing the urea molar ratio (y-value) resulted in a gradual 
enhancement of SBET, reaching a maximum value of 130.3 m2 g− 1 at y =
5. These observations demonstrate that a urea molar ratio of 5 optimizes 
pore development with the highest SBET. However, further increases in 
the urea content led to a decline in SBET. The impact of hydrothermal 

Fig. 3. (a) TEM pictures of the optimized N1U5 catalyst, and (b-d) the high-resolution TEM for the yellow rectangular shapes in Fig. 3(a–c), respectively, (e) EDS 
mapping for N1U5 catalyst with its corresponding table. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.)

Fig. 4. (a) Overview XPS spectrum of the optimized N1U5 catalyst. Detailed core-level spectra for (b) Ni 2p, (c) Mo 3d, (d) O 1s, (e) C 1s, and (f) N 1s are shown.
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preparation temperature (100–160 ◦C) on the N1U5 catalyst was also 
evaluated. When the hydrothermal temperature is raised from 100 to 
120 ◦C, the surface area increases from 139.8 to 154.4 m2 g− 1, while a 
further increase to 160 ◦C reduces it to 130.3 m2 g− 1. Accordingly, 
120 ◦C is identified as the most favorable hydrothermal temperature for 
generating higher surface area. Elevating the annealing temperature to 
600 ◦C results in a marked decrease in SBET, primarily due to sintering 
and the associated enlargement of particle size [41,42,76]. The particle 
size (DBET) was estimated from the SBET and the density, and the 
calculated values are also portrayed in Table 2 [77,78]. As expected, 

DBET exhibits an inverse relationship with SBET. The pure NiMoO4 
sample (N1U0) displayed the largest particle size (73.6 nm) and the 
lowest surface area (20.9 m2 g− 1). With increasing urea content, the 
particle size decreased, reaching a minimum at y = 5, followed by an 
increase at higher urea ratios. A similar trend is observed with hydro
thermal temperature: DBET decreases from 11.9 nm at 100 ◦C to 10.0 nm 
at 120 ◦C, then increases to 12.5 nm with further increasing the tem
perature to 160 ◦C due to the reduction in SBET. The total pore volume 
values closely parallel to the changes in SBET, whereas the average pore 
diameter displays a less regular dependence (Table 2). Surface areas 
obtained using the t-method (St) closely match the BET values, con
firming the suitability of the de Boer t-plot approach for these materials. 
The BJH pore size distribution curves (Fig. 5d–f) illustrates that most 
samples exhibit pore size maxima through the mesoporous region (2–50 
nm), whereas pure NiMoO4 (N1U0) which was annealing at 400 ◦C and 
N1U5 that was annealing at 600 ◦C show peaks below 2 nm, reflecting 
their microporous nature. This is consistent with the average pore 
diameter values in Table 2, where only these two samples have mean 
pore sizes below 2 nm. Moreover, The Va–t plots (Fig. S3) corroborate 

Table 1 
ICP analysis of N1Uy catalysts.

Sample Ni (wt.%) Mo (wt. %) Ni/Mo (Atomic ratio)

N1U0 25.79 42.33 0.996056
N1U1 25.72 42.25 0.995234
N1U3 25.58 42.22 0.994441
N1U5 25.45 41.81 0.999916
N1U7 25.10 41.05 0.999635

Fig. 5. N2 sorption isotherms and Pore-size distribution curves of: (a,d) N1Uy catalyst series, (b,e) N1U5 catalysts synthesized at various hydrothermal preparation 
temperatures, (c,f) N1U5 catalysts synthesized at various annealing temperatures.
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these trends: which show upward deviations for most catalysts, illus
trating predominantly mesoporous structures. In contrast, pure NiMoO4 
(N1U0) and the N1U5 sample calcined at 600 ◦C display downward de
viations, suggestive of microporosity and verify the outcomes of the pore 
size distribution method [75,79].

3.2. Acidity assessment

Assessing the total acidity and the distribution of acid-site strength is 

essential for understanding the factors governing catalytic activity and 
selectivity. Accordingly, IPA dehydration, chemisorption using basic 
probe molecules (PY, DMPY), and PY-TPD measurements were 
employed to investigate the overall acidity, nature, and strength of the 
surface acid sites. All catalytic tests were conducted at 225 ◦C. In all 
experiments, propene was the dominant reaction product, whereas 
acetone was detected only in trace amounts, confirming that the active 
surface sites are predominantly acidic. Fig. 6a illustrates the IPA dehy
dration performance of the N1Uy catalysts synthesized hydrothermally 
at 160 ◦C and annealed at 400 ◦C. It indicates that increasing the urea 
ratios (y = 0, 1, 3, 5) leads to a marked increase in IPA conversion (44.8, 
92.3, 93.5, and 95.2 %, respectively), accompanied by increasing pro
pene selectivity (47, 91, 91.5, and 94 %). However, a further increase in 
urea conttent to y = 7 results in a decrease in both conversion (90 %) and 
selectivity (89 %), indicating that a Ni:urea ratio of 1:5 provides the 
highest acidity and optimal catalytic activity. Fig. 6b presents the impact 
of the hydrothermal preparation temperature on the IPA dehydration 
activity of N1U5 (subsequently annealed at 400 ◦C). The catalyst pre
pared at 120 ◦C shows the highest activity, achieving 99 % IPA con
version and 97 % propene selectivity. The effect of hydrothermal aging 
time for N1U5 synthesized hydrothermally at 120 ◦C and annealed at 
400 ◦C is displayed in Fig. 6c. The results indicate that a hydrothermal 
treatment time of 12 h yields the highest IPA conversion and propene 
selectivity, which is consistent with the SBET values (Table 2) [63]. 
Fig. 6d further displays the impact of annealing temperature of N1U5 
synthesized hydrothermally at 120 ◦C for 12 h. It reveals that conver
sions decline when the annealing temperature treatment exceeds 400 ◦C. 
This decrease is ascribed to the reduction in surface area (SBET) and the 
associated decrease in accessible acidic sites. Addition, the increased 
formation of β-NiMoO4 at higher annealing temperatures, relative to 
α-phase, further reduces the number of active sites on the catalyst sur
face, as confirmed by the XRD results (Fig. 1c) [29,63,80].

Although IPA dehydration offers valuable insights into the overall 
acidity of the catalysts, it does not offer detailed information regarding 

Table 2 
Surface texture of N1Uy catalysts.

Catalyst Specific surface 
area (m2 g− 1)

Total pore 
volume (cc g− 1) 
*10− 2

Average pore 
diameter (nm)

DBET 

(nm)

SBET St

N1U0, 
160 ◦C

20.9 20.9 9.0 1.6 73.6

N1U1, 
160 ◦C

108.3 108.3 14.8 2.4 14.1

N1U3, 
160 ◦C

120.5 120.5 25.9 4.3 12.7

N1U5, 
160 ◦C

130.3 130.3 23.0 3.6 11.9

N1U7, 
160 ◦C

117.3 117.3 18.9 4.1 13.1

N1U5, 
100 ◦C

139.8 139.8 21.0 2.2 11.9

N1U5, 
120 ◦C

154.5 154.5 24.1 2.2 10.0

N1U5, 
140 ◦C

145.4 145.4 25.0 3.1 11.2

N1U5, 
120 ◦C, 
500 ◦C

85.2 85.2 14.9 6.5 18.2

N1U5, 
120 ◦C, 
600 ◦C

48.5 48.5 5.0 1.6 31.1

Fig. 6. IPA dehydration across (a) N1Uy catalyst series, (b) N1U5 synthesized at various hydrothermal preparation temperatures, (c) N1U5 catalysts synthesized for 
various hydrothermal preparation times, and (d) N1U5 catalysts synthesized at various annealing temperatures, (e) IPA conversion as a function of PY and DMPY 
exposure times at 225 ◦C, over N1U5 catalyst; (f) Population of IPA conversion versus reaction temperature over PY-saturated N1U5 catalyst.
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the type of acidic sites (Lewis or Brønsted) or their strength. Therefore, 
chemisorption of PY and DMPY was employed to distinguish the nature 
of the acidic sites. It is well established that PY can adsorb on both Lewis 
and Brønsted acid sites, whereas DMPY selectively interacts with 
Brønsted acid sites due to steric hindrance caused by its two methyl 
substituents, which limits its interaction with Lewis sites. Accordingly, 
the difference between the adsorption amounts of PY and DMPY can be 
used to determine the concentration of Lewis acid sites [40,78,81,82]. 
The effect of PY and DMPY adsorption on IPA conversion over N1U5, 
hydrothermally heated at 120 ◦C and annealed at 400 ◦C, is shown in 
Fig. 6e. As the exposure time to PY or DMPY increases, the IPA con
version gradually decreases and reaches a steady state after approxi
mately 45 min, with conversion values of 49.9 % (PY) and 56.9 % 
(DMPY). The ~ 7 % difference is assigned to the presence of Lewis acidic 
sites, whereas the vast of surface acid sites are Brønsted in nature.

Therefore, the strength of the acidic sites was probed using two 
complementary approaches. In the first approach, temperature- 
dependent IPA conversion was measured over N1U5 pre-saturated with 
PY. The most efficient catalyst (N1U5) was exposed to PY vapor for seven 
days inside an evacuated desiccator to ensure adsorption on the acidic 
sites. Afterward, a known amount of the PY-treated catalyst was used for 
IPA dehydration at different reaction temperatures. The resulting con
version values were correlated with temperature, and the derivative of 
conversion with respect to temperature (ΔC/ΔT, where C represents 
conversion and T denotes reaction temperature) was plotted against 
temperature [41,83,84], as shown in Fig. 6f. As illustrated, most of the 
adsorbed PY molecules desorb between 175 and 200 ◦C, indicating that 
the catalyst surface predominantly contains moderately strength acid 
sites [63,80]. In the second approach, the strength of the acidic sites was 
further evaluated using thermogravimetric analysis of pyridine 
pre-adsorbed samples (PY-TPD) conducted in an air atmosphere [41,83,
84], and the results are recorded in Table 3. In this experiment, about 20 
mg of the pyridine-saturated catalyst was analyzed by thermogravim
etry with a heating rate of 5 ◦C min− 1 over a temperature range of 
25–400 ◦C. The data listed in Table 3 are consistent with the IPA con
version data shown in Fig. 6a and b. Where the N1U5 catalyst synthe
sized hydrothermally at 120 ◦C exhibits higher acidity than the sample 
prepared at 160 ◦C. Moreover, analysis of the acidity distribution in
dicates that intermediate-strength acid sites predominate on the catalyst 
surface, whereas only minor amounts of weak and strong acidic sites are 
detected.

3.3. Catalytic dehydrogenation of MeOH to H2 and FA production

3.3.1. Role of preparation and operating conditions in catalytic 
performance

In all catalytic runs carried out between 275 and 325 ◦C, dimethyl 
ether (DME) was detected as the primary byproduct, while H2 and FA 

were formed simultaneously in equimolar amounts and exhibited 
identical selectivity profiles. Fig. 7a presents the evolution of % meth
anol conversion and selectivity toward H2 and FA over the N1Uy series 
which was synthesized at 160 ◦C for 12 h and annealed at 400 ◦C. At 
325 ◦C, the % methanol conversion increases from 54.4 % to 77.8 % as 
the urea content (y-value) increases from 0 to 5, after which a slight 
decline is observed. H2 and FA selectivity follows the same trend. These 
results identify N1U5 as the most active catalyst in the series, achieving 
77.8 % conversion and 93 % selectivity toward H2 and FA, consistent 
with the SBET values (Table 2) and the acidity data (Table 3 and Fig. 6a). 
The enhanced activity relates to the abundance of sensitive terminal 
Mo––O groups and the existence of Mo6+ species acting as active acidic 
centers [85–87]. It is crucial to note that, the synergetic effect of α- and 
β-NiMoO4 phases contributes to the catalytic performance in methanol 
dehydrogenation. Where the α-phase is considered to provide more 
accessible Ni2+ active sites, facilitating methanol adsorption and acti
vation and promoting the formation of methoxy intermediates. In 
contrast, the β-phase contributes to structural stability and may enhance 
the redox interaction between Ni and Mo species. The interfacial regions 
between the two phases can generate additional active sites, defects, and 
improved charge-transfer pathways, thereby enhancing catalytic activ
ity. This phase-boundary effect becomes more pronounced when both 
phases coexist. To clarify this point, we evaluated samples with different 
phase compositions. The sample predominantly composed of the 
α-phase with a very small amount of β-phase (N1U0), as shown in Fig. 1a, 
exhibited the lowest catalytic performance, which can be attributed to 
its lowest SBET (Table 2) and weakest acidity (Table 3 and Fig. 6a). With 
increasing urea ratio from 0 to 5, the β-phase content increased, 
resulting in mixed α/β phases that showed improved catalytic perfor
mance, consistence with a synergistic phase interaction [88]. Given its 
superior performance, N1U5 was selected for detailed investigation of 
preparation and reaction parameters. Fig. 7b depicts the hydrothermal 
preparation temperature impact on N1U5 catalyst that was prepared for 
12 h and heat-treated at 400 ◦C. The % of methanol conversion is 
improved by raising the hydrothermal preparation temperature from 
100 to 120 ◦C; subsequent increases lead to a decrease in activity. At 
325 ◦C, samples prepared at 100, 120, 140, 160, and 180 ◦C afford 
methanol conversions of 77.4, 80, 71.8, 77.8, and 59.8 %, respectively, 
with corresponding H2 and FA selectivity's of 92.3, 96, 91.6, 93, and 91 
%. Thus, 120 ◦C yields the optimal hydrothermal environment, in 
agreement with textural and acidity trends (Table 2, Table 3; Fig. 6b). 
Under these conditions, the N1U5 catalyst delivers 80 % conversion with 
96 % selectivity toward H2 and FA at 325 ◦C. The hydrothermal prep
aration time influence on the catalyst performance of N1U5 catalyst that 
synthesized at 120 ◦C and heat-treated at 400 ◦C, is shown in Fig. 7c. 
Among all samples, the catalyst prepared for 12 h exhibits the most 
outstanding conversion and selectivity, consistent with the acidity pat
terns shown in Fig. 6c. Previous experiments were conducted with a 
catalyst weight of 0.3 g; however, the effect of catalyst loading must be 
accounted for to avoid mass-transfer limitations. As depicted in Fig. 7d, 
the rising in the weight of catalyst from 0.1 to 0.5 g led to growth the % 
methanol conversion from 53.8 to 99 % with H2 and FA selectivity from 
89.2 to 97 %, beyond which no significant improvement occurs. The 
improved activity results from the increased availability of acidic sites 
[29,63,79]. Accordingly, 0.5 g is identified as the optimal catalyst 
loading. Under these conditions at 325 ◦C, the N1U5 catalyst yields 99 % 
methanol conversion with 97 % H2 and FA selectivity. Fig. 7e shows the 
annealing temperature impact, in which rising the annealing treatment 
above 400 ◦C significantly reduces catalytic activity due to the loss of 
surface area (Table 2), and thus fewer accessible acidic active sites 
(Fig. 6d) [29,41,63,78]. Furthermore, as illustrated in XRD (Fig. 1c), as 
the annealing temperature rises, the β-phase grows, and this results in 
low conversion and selectivity. So, these results indicate that catalytic 
performance is governed by three important factors: phase composition, 
surface area and acidity. Therefore, the catalyst calcined at 400 ◦C 
provides the maximum performance, affording 99 % conversion, 97 % 

Table 3 
acidic site distributions across various N1Uy catalyst series that annealed at 
400 ◦C.

Catalyst Total Acidity (Sites g− 1* 
1020)

Strength/Sites g1*1020

RT- 
150 ◦C

150 
-350 ◦C

>350 ◦C

N1U0, 
160 ◦C

3.17 1.10 1.53 0.54

N1U1, 
160 ◦C

14.8 5.31 6.48 3.02

N1U3, 
160 ◦C

21.5 7.67 9.21 4.60

N1U5, 
160 ◦C

21.9 7.91 9.52 4.47

N1U7, 
160 ◦C

19.9 6.27 9.2 4.43

N1U5, 
120 ◦C

54.0 19.0 25.1 9.90
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H2 and FA selectivity, and 3 % DME selectivity. The impact of the % 
methanol concentration in the feed stream over N1U5 (synthesized at 
120 ◦C/12 h and heat-treated at 400 ◦C) is illustrated in Fig. 7f. The 

highest conversion (99 %) with H2 and FA selectivity (97 %) are ob
tained at 4.5 % methanol. Increasing methanol concentration causes a 
gradual decrease in conversion, reaching 36 % at 21.5 % methanol while 

Fig. 7. Methanol conversion and H2 = FA selectivity variations across (a) N1Uy catalyst series, (b) N1U5 synthesized at various hydrothermal preparation tem
peratures, (c) N1U5 catalysts at various hydrothermal preparation times, and (d) the impact of catalyst weight over the optimized N1U5 catalyst, (e) N1U5 catalysts 
subjected to various annealing temperatures, (f) Influence of % methanol content on the dehydrogenation of methanol to FA over N1U5 catalyst.

Fig. 8. (a) Influence of GHSV on the dehydrogenation of methanol to H2 and FA over N1U5 catalyst, (b) catalyst stability, (c) recyclability under identical conditions, 
(d) optimized N1U5 catalyst obtained after systematic optimization of all experimental conditions, (All experiments conducted at 325 ◦C).
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maintaining 97 % H2 and FA selectivity. Notably, conversion remains as 
high as 89 % at 7 % methanol, which is industrially favorable. When 
compared with the previously reported NiMoO4 (N1T1) catalyst [63], the 
N1U5 catalyst exhibits higher conversion and selectivity, and its per
formance decreases less severely with increasing methanol content. This 
superior behavior likely originates from its higher specific surface area 
(Table 2), more moderate acidic site strength (Fig. 6f), and higher 
number of acidic sites (Table 3).

3.3.2. Evaluation of stability and reusability of N1U5 catalyst
The gas hourly space velocity (GHSV) influence over N1U5 (synthe

sized hydrothermally at 120 ◦C/12 h and heat-treated at 400 ◦C) is 
illustrated in Fig. 8a. The 99 % of methanol conversion was achieved by 
N1U5 catalyst at a GHSV of 6000 mL h− 1 g− 1. The % conversion drops to 
57 % when the GHSV is increased to 19,200 mL h− 1 g− 1 due to shorter 
contact time between reactant molecules and the catalyst surface [29,
41,63,79,80]. The catalyst's long-term stability was examined at 325 ◦C 
for 168 h (Fig. 8b). N1U5 reaches 99 % conversion and 97 % H2 and FA 
selectivity within 30 min of methanol introduction. After 5 h, the 
catalyst reaches complete (100 %) conversion with 100 % H2 and FA 
selectivity and maintains this level for the remainder of the 168-h test, 
demonstrating excellent stability without deactivation. Recyclability 
was also examined and the outcomes are shown in Fig. 8c. After each 
cycle, the spent catalyst was projected to heat treatment at 400 ◦C for 3 h 
and reused for methanol dehydrogenation. As illustrated in Fig. 8c, the 
catalyst retains performance over five cycles, confirming robust regen
erability. The spent catalyst was characterized by XRD and FT-IR, as 
presented in Fig. S4(a and b). The XRD pattern of the spent N1U5 catalyst 
shows some changes compared to the fresh sample, with slightly sharper 
diffraction peaks indicating a slight increase in crystallinity after reac
tion. The FT-IR spectra reveal two main differences. Firstly, a small 
decrease in the intensity of the band located at approximately 880 cm− 1, 
which is attributed to the tetrahedral coordination of Mo in the NiMoO4 
lattice and is characteristic of the β-phase. This band is commonly used 
to confirm the presence of β-NiMoO4 [53,56,57]. The observed reduc
tion in their intensity suggests a small decrease in the β-phase content, 
accompanied by a relative increase in the α-NiMoO4 phase. This trans
formation is likely due to prolonged exposure of the catalyst to elevated 
temperatures (325 ◦C) during the reaction. The second change is the 
reduction in the intensity of the bands observed at 3427 and 1638 cm− 1, 
which are associated with surface hydroxyl groups. This decrease can be 
attributed to the partial removal of OH groups from the catalyst surface 
under reaction conditions [53,56,57,63,78]. Fig. 8d summarizes the 
performance of the N1U5 catalyst after comprehensive optimization of 
both catalyst synthesis and catalytic operating conditions. The catalyst 
exhibits complete conversion together with exclusive selectivity toward 
H2 and FA, highlighting its promise and strong potential for large-scale 
industrial utilization.

To highlight the remarkable efficiency of our catalyst, the compari
son presented in Table 4 shows that most previously reported catalysts 
for methanol non-oxidative dehydrogenation operate at relatively high 
temperatures to achieve moderate to high conversion and selectivity 
toward H2 or FA. Despite these conditions, many catalysts still show 
limited selectivity or incomplete conversion. In contrast, the N1U5 
catalyst developed in this work exhibits outstanding catalytic perfor
mance at a significantly lower temperature of 325 ◦C, achieving com
plete methanol conversion with 100 % selectivity toward H2 and FA. 
These results clearly highlight the superior efficiency of the present 
catalyst compared with previously reported systems in terms of both 
activity and operating temperature.

3.4. Reaction mechanism

Based on the structural, surface, and catalytic characterization re
sults, a mechanism for methanol dehydrogenation to H2 with concurrent 
FA over NiMoO4 is proposed (Scheme 2), establishing a direct structure- 

property-performance relationship. Initially, methanol adsorbs onto the 
catalyst surface via hydrogen bonding between its hydroxyl group (–OH) 
and the oxygen atom of Mo––O species. Subsequently, the Mo––O group 
abstracts a proton from methanol, leading to O–H bond cleavage and the 
formation of a surface methoxy intermediate (–OCH3). This step is 
thermally activated at the reaction temperature of 325 ◦C and is 
accompanied by partial reduction of Mo6+ to Mo5+, as evidenced by XPS 
analysis. The presence of electron-rich Mo5+ species enhances the 
nucleophilicity of the active sites, facilitating subsequent dehydroge
nation steps [71]. The next step involves cleavage of the α-C–H bond of 
the methoxy intermediate, which is kinetically more demanding than 
O–H bond dissociation and is therefore considered the rate-determining 
step. This process is promoted by the synergistic interaction between Ni 
and Mo species. Nickel acts as a redox-active center (e.g., Ni2+ ↔ Ni3+), 
facilitating electron transfer to Mo sites and thereby activating them for 
efficient C–H bond scission. This Ni–Mo cooperation plays a critical role 
in maintaining high catalytic activity and selectivity toward FA [89–92]. 
Following C–H bond cleavage, FA (HCHO) is formed and weakly 
adsorbed on the catalyst surface, allowing its rapid desorption. Mean
while, hydrogen species generated during O–H and C–H activation un
dergo proton-coupled electron transfer (PCET) to form molecular H2, 
completing the catalytic cycle and regenerating the active sites. 
Importantly, the proposed mechanism is consistent with the experi
mental findings, highlighting the critical role of catalyst structure in 
governing performance. The catalytic behavior is strongly influenced by 
the coexistence of α- and β-NiMoO4 phases, as well as by surface acidity, 
and specific surface area (SBET). The α-phase provides accessible Ni2+

active sites that promote methanol adsorption and activation, whereas 
the β-phase enhances structural stability and strengthens Ni–Mo redox 
interactions (Ni2+ and Mo6+/Mo5+ species). In addition, the α/β inter
facial regions generate defects and additional active sites, facilitating 
charge transfer and improving catalytic efficiency. The superior per
formance of the optimized N1U5 catalyst is attributed to its higher sur
face area and acidity, as confirmed by N2 adsorption and acidity 
measurements (IPA and PY-TPD), which enhance methanol adsorption 
and intermediate stabilization. Furthermore, improved electron 
mobility across α/β interfaces lowers the activation barrier for the 
rate-determining step. Consequently, the outstanding catalytic perfor
mance (100 % conversion and selectivity) arises from the synergistic 
combination of optimal phase composition, high surface area, enhanced 
acidity, and strong interfacial interactions, all of which promote 

Table 4 
Contrasting the present catalyst's catalytic performance with that previously 
documented in the literature.

Catalyst Reaction 
temperature 
(◦C)

Conversion 
(%)

H2 = FA 
selectivity 
(%)

References

ZnO/SiO2 550 57 77 [36]
Cu/SiO2 500 50 80 [38]
Ag–SiO2–MgO 650 96 78 [32]
Ag–SiO2–Al2O3 

–ZnO
650 99 87 [34]

In2O3/Na2CO3 677 60 75 [33]
La–ZnO/SiO2 600 34 73 [35]
4Ga/SiO2 550 74 70 [37]
β-Ga2O3 500 65 70 [39]
5 wt% MoO3/ 

HAP.
400 100 97 [40]

CaMoO4 400 100 98 [41]
SO4

2--Ce2(MoO4)3/ 
SiO2

350 100 100 [42]

Zr(MoO4)2 with 
Zr:TEA ratio 1:1 
(Z1T1)

325 99 95 [29]

NiMoO4 with Ni: 
urea ratio 1:5 
(N1U5)

325 100 100 Our work
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efficient methanol activation, charge transfer, and product formation 
[89–92].

4. Conclusion

NiMoO4 nanostructures were successfully synthesized through a 
hydrothermal route employing urea as a fuel and subsequently evalu
ated as catalysts for the non-oxidation dehydrogenation of methanol to 
H2 and FA dual production. The most active catalyst was N1U5 that was 
synthesized hydrothermally at 120 ◦C for 12 h and heat-treated at 
400 ◦C. It exhibited 100 % conversion and 100 % H2 and FA selectivity at 
325 ◦C, compared to other catalysts. The XRD patterns showed mixed 
phases of α- NiMoO4 and β- NiMoO4 in a monoclinic crystal system. The 
morphology of N1U5 is nanoflowers which are confirmed by SEM and 
TEM images. These morphologies provide great surface area (154.4 m2g- 

1) and porosity, which has mesoporous nature. The Brønsted acid sites 
with moderate strength were seen in our catalysts. Various parameters 
affecting catalytic activity were examined perfectly to provide the final 
catalyst (N1U5). The most active catalyst exhibited remarkable stability 
up to 168 h on stream. Finally, the dual production of H2 and FA from 
methanol using advanced catalysts such as nanoflower like NiMoO4 
represents a strategic approach to addressing both industrial and envi
ronmental challenges. This process not only ensures the efficient utili
zation of methanol but also supports the goals of green chemistry, 
carbon neutrality, and energy sustainability.
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