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Abstract 

This work presents a comprehensive investigation of the thermal decomposition of nickel oxalate 
dihydrate as a precursor for the synthesis of porous NiO, with particular emphasis on microstructural 
formation and evolution. The transformations occurring at successive stages of the reaction were 
examined using SEM, TEM, N₂ adsorption, TG–DSC–MS, and in situ powder XRD, enabling the 
mechanisms of pore formation to be elucidated. The decomposition results in the formation of a 
porous pseudomorph composed of NiO nanoparticles with an average size of approximately 4 nm. 
The resulting microstructure exhibits hierarchical porous architecture. During dehydration, 
macropores are generated as a result of crystal fragmentation into blocks several hundred 
nanometers in size. Subsequent oxalate decomposition leads to the formation of mesoporous 
aggregates composed of nanometer-sized particles. The factors governing the parameters of the 
porous microstructure are analyzed. Owing to its hierarchical pore system, the obtained NiO 
demonstrates significant potential for applications in heterogeneous catalysis, gas sensing, electrodes 
for super-capacitors and Li-ion batteries, and photoelectrochemical devices. In such systems, 
macropores facilitate mass transport by reducing diffusion resistance, while mesopores provide a 
high accessible surface area for adsorption and catalytic reactions. 

Keywords: thermal decomposition of precursors; pseudomorph; microstructure; fracture; 
diffusion-controlled pore growth 
 

1. Introduction 

Porous materials based on nickel oxide (NiO) have attracted considerable attention in modern 
technologies due to their unique combination of catalytic activity, electro-chemical properties, and 
high specific surface area. Porous NiO is widely used as an active component or support in catalysts 
(for example, for the partial oxidation of methane, ammonia decomposition, and CO oxidation) [1], 
in gas sensors [2], electrodes for supercapacitors [3] and lithium-ion batteries [4], magnetic materials 
[5], as well as in photoelectrochemical devices [6–8]. The controlled formation of the NiO 
microstructure, particularly the parameters of porosity (pore size, pore size distribution, specific 
surface area, and total porosity), directly determines its functional performance in target applications. 

One of the most effective and versatile approaches for the synthesis of porous oxide and metallic 
materials is the precursor method, which is based on the thermal decomposition of solid compounds 
with a predefined morphology [9,10]. This method enables the production of materials with 
reproducible microstructures and high purity. The thermal decomposition of nickel oxalate dihydrate 
(NiC₂O₄·2H₂O) represents a particularly promising route because it allows the synthesis of both 
porous NiO (when decomposition occurs in an oxidizing atmosphere, e.g., in air) and porous metallic 
Ni (when decomposition takes place in an inert or reducing atmosphere, e.g., in hydrogen) [11–25]. 
Previous studies have demonstrated that the key parameters of the thermal decomposition process, 
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namely the atmosphere, temperature, and holding time strongly influence the phase composition, 
morphology, and, most importantly, the characteristics of the porous structure of the final product. 

It has been established that the phase composition of the final product formed during thermal 
decomposition strongly depends on the surrounding atmosphere. Under oxidizing conditions (air, 
O₂), nickel oxide (NiO) is consistently formed [12–25], whereas under purely reducing conditions 
(H₂), metallic nickel is obtained [16,25]. Metallic nickel can also be produced in an atmosphere 
containing N₂ + 20% CH₄ [15]. However, significant discrepancies remain regarding the nature of the 
decomposition products formed in inert atmospheres. In most studies carried out in N₂, Ar, and He, 
metallic Ni was reported as the sole decomposition product [13,26], although the formation of a 
mixture of Ni and NiO has also been suggested in several works [16,17,19,22,27]. 

Regardless of the atmosphere, the dehydration stage is always endothermic [11,17,23]. 
Dehydration of the precursor is often incomplete, and residual water may remain in the structure of 
anhydrous nickel oxalate (NiC₂O₄). This residual water can initiate secondary reactions during 
oxalate decomposition, leading to the formation of oxide phases [11,23]. During the decomposition 
stage of the oxalate anion, the process is endothermic in inert atmospheres (N₂, He, CO₂) and 
exothermic in oxidizing (air, O₂) or reducing (H₂) environments [16,17]. Moreover, the decomposition 
of nickel oxalate in air generally occurs at lower temperatures than in inert atmospheres or under 
vacuum [13,19,25]. 

The reaction product typically consists of porous microcontainers composed of nanosized 
primary particles [28,29]. The morphology of the precursor particles is preserved during the reaction, 
and the resulting products (NiO or Ni) may exhibit various morphologies that are determined at the 
precursor synthesis stage, such as nanoflakes or nanocubes [30–32]. This feature of the reaction forms 
the basis of the self-templated synthesis approach for NiO and Ni reported in several studies [9,10]. 

The formation of porosity during the thermal decomposition of NiC₂O₄·2H₂O is associated with 
the significant difference in molar volume between the precursor and the reaction product, as well as 
with the intensive evolution of gaseous products [11,25,29]. The specific surface area strongly 
depends on the composition of the gas atmosphere and the treatment temperature, since these factors 
determine the phase composition and the degree of nanoparticle sintering. During the thermal 
decomposition of oxalate in an oxidizing atmosphere (for example, in air), the main product is 
mesoporous nickel oxide (NiO). At relatively low temperatures, high values of specific surface area 
can be achieved. For example, at 300 °C a specific surface area of 179 m²/g was reported [10]. 
However, increasing the reaction temperature to 340 °C leads to a significant decrease in the specific 
surface area to 79 m²/g [10]. 

Decomposition in an inert atmosphere, such as pure nitrogen or argon, leads to the formation of 
metallic nickel (Ni). In [29], rapid decomposition in an argon flow at 612 °C produced nickel with a 
specific surface area ranging from 29 to 39 ± 4 m²/g. In contrast, in an atmosphere containing 
hydrogen (5% H₂/Ar) at 612 °C, a lower specific surface area of S = 6.6 ± 0.6 m²/g was observed 
compared with pure argon. This effect is attributed to the fact that the presence of hydrogen 
accelerates the sintering of metallic nickel particles [29]. The use of CH₄ as a reducing agent leads to 
the formation of a carbon film on the nickel particles, which effectively suppresses sintering and 
increases the specific surface area of the product [33]. 

During the thermal decomposition of mixed Fe(II) and Ni(II) oxalates in air aimed at producing 
nickel ferrite (NiFe₂O₄), materials with a higher specific surface area can be synthesized compared 
with those obtained from pure iron and nickel oxalates. For instance, a specific surface area of S = 335 
m²/g was achieved after thermal treatment at 500 °C for 1 h [34]. However, increasing the treatment 
time to 2 h at the same temperature reduces the specific surface area to 120 m²/g due to the sintering 
of highly dispersed particles [34]. 

Despite the considerable number of studies devoted to the synthesis of NiO from nickel oxalate, 
several key issues remain unresolved. In particular, a detailed understanding of the mechanisms of 
pore formation and the identification of the main factors determining the parameters of the porous 
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product under different conditions are still lacking. A deeper investigation of these aspects is 
necessary for the rational design of materials with tailored functional properties. 

Therefore, the aim of the present work is to perform a comprehensive investigation of the 
thermal decomposition of nickel oxalate dihydrate as a precursor for the synthesis of porous NiO, 
with particular emphasis on the formation and evolution of microstructure. The specific objectives of 
this study are as follows: 

1. To investigate the evolution of the microstructure during successive stages of the thermal 
decomposition reaction (dehydration and decomposition of the oxalate anion). 

2. To analyze the mechanisms of pore formation and identify the key factors determining the 
parameters of the porous microstructure throughout the entire synthesis process and in the final 
product. 

2. Materials and Methods 

2.1. Precursor Preparation 

Nickel oxalate dihydrate was prepared using two different methods. Chemically pure grade 
reagents (nickel sulfate heptahydrate, nickel nitrate dihydrate, ammonium oxalate monohydrate, 
potassium oxalate monohydrate, oxalic acid dihydrate, sodium silicate, sulfuric acid, and 
hydrochloric acid) were used as starting materials without further purification. 

In the first case, the precursor (P1) was prepared by the precipitation method. For this purpose, 
15 g of nickel sulfate heptahydrate was dissolved in 30 mL of distilled water acidified with sulfuric 
acid to pH = 1. 0.3 M ammonium oxalate solution was added dropwise to the resulting solution 
heated to T = 75 °C at a rate of 2 mL/min under constant stirring. The ammonium oxalate solution 
was added in 20% excess. After completion of the reaction, the hot suspension was filtered, washed 
with cold distilled water, and dried in air at 50 °C. The resulting blue–green powder of nickel oxalate 
dihydrate consisted of parallelepiped-shaped particles with sizes of 1–5 μm (Figure 1a). 

 

Figure 1. Nickel oxalate dihydrate samples obtained by (a) the precipitation method (P1) and (b) the counter-
diffusion method in SiO₂ gel (P2). 

In the second case, samples (P2) were obtained by the counter-diffusion method in a SiO₂ gel. A 
barrier layer of SiO₂ gel was formed in the lower part of a U-shaped tube as a result of the reaction 
between sodium silicate and hydrochloric acid. One arm of the tube contained 25 mL of 0.15 M nickel 
nitrate solution, while the other arm contained 25 mL of a mixture (1:1) of 0.08 M potassium oxalate 
solution and 0.09 M oxalic acid solution. After aging at T = 75 °C for seven days, isometric crystal 
aggregates with sizes ranging from 50 to 100 μm were formed (Figure 1b). 

Samples of the P1 series were used in all experiments related to the synthesis and investigation 
of the properties of nickel oxide. The P2 series was obtained to provide a clearer visualization of the 
morphological changes occurring during the decomposition of the precursor. 
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2.2. Sample Preparation and Characterization 

Dehydration of the precursor in this work was carried out in air at a temperature of 175 °C for 
six hours. Nickel oxide was obtained by thermal decomposition of anhydrous nickel oxalate in air at 
250 °C for 45 hours. 

The samples were investigated using scanning electron microscopy (SEM, TM-1000 (Hitachi, 
Japan), 3400N (Hitachi, Japan)) and transmission electron microscopy (TEM, JEM-2200 FS, Japan). 

Powder X-ray diffraction patterns of the obtained samples were recorded on a D8 Advance 
powder diffractometer (Bruker, Germany) with Bragg–Brentano geometry using Cu–Kα radiation 
and a LynxEye one-dimensional detector with a nickel filter (step size Δ2θ = 0.0195° and counting 
time of 0.2 s per step). In situ diffraction studies were carried out in an HTK 1200 N high-temperature 
chamber, where the temperature stability was ±0.1 °C, and the sample holder was an Al₂O₃ cuvette. 
Heating was performed at a rate of 5 °C/min with a holding time of 10 minutes before the start of 
data acquisition. Data collection was performed in the range of 10–60° for 25 and 250 °C and 20–80° 
for 350 and 500 °C. X-ray phase analysis of the samples was carried out using the PDF-4 database 
(ICDD, Release 2011). The unit cell parameters and crystallite sizes were determined by the Rietveld 
method using Topas 4.2 software (Bruker AXS, Germany). Visualization of structural data was 
carried out using Mercury 4.2.0 software [35]. 

The specific surface area of the obtained materials was determined from nitrogen adsorption–
desorption isotherms measured at −196 °C using an ASAP 2020 instrument (Micromeritics, USA). 

Synchronous thermogravimetric and differential scanning calorimetry analysis combined with 
mass spectrometry (TG–DSC–MS) was carried out using a NETZSCH STA-449F1 instrument 
(NETZSCH, Germany) with a heating rate of 5 K/min in an argon–oxygen mixture (80% Ar + 20% 
O₂). Analysis of evolved gases was per-formed using a QMS 403C Aëolos quadrupole mass 
spectrometer operating in multi-ion detection mode. 

3. Results and Discussion 

3.1. XRD, Thermal, and Mass Spectrometry Analyses 

Nickel oxalate dihydrate, similarly to iron and cobalt oxalate dihydrates, crystallizes in two 
polymorphic modifications: a high-temperature monoclinic form (α phase) and a low-temperature 
orthorhombic form (β phase) [36]. Structurally, nickel oxalate dihydrate is a coordination polymer in 
which the oxalate anion (C₂O₄²⁻) acts as a bidentate chelating ligand. All four oxygen atoms 
coordinate to nickel ions in a quasi-symmetric bidentate fashion, forming infinite chains (Figure 2, 
inset). 

 

Figure 2. Powder XRD pattern of the precursor together with stick patterns corresponding to the α and β phases 
(ICDD PDF#73-2580 and 25-0582, respectively) and the disordered structure proposed in [22]. Inset: fragment of 
a nickel–oxalate chain in the precursor structure. 
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The oxalate groups bridge adjacent nickel centers rather than forming terminal bonds; 
consequently, each oxalate anion forms two five-membered chelate rings rather than two four-
membered rings. This bridging coordination mode results in a highly connected framework. Each 
Ni²⁺ ion is additionally coordinated by two water molecules, resulting in an octahedral coordination 
environment (Figure 2, inset). The coordinated water molecules form hydrogen bonds with oxalate 
groups of neighboring chains, thereby linking the chains into a three-dimensional structure. The α 
and β polymorphs differ in the packing arrangement of these chains. 

The powder X-ray diffraction (XRD) pattern of the precursor synthesized in this work together 
with the stick patterns corresponding to the α (ICDD PDF#73-2580) and β (ICDD PDF#25-0582) 
phases are shown in Figure 2. Several reflections expected for these phases are absent in the 
experimental pattern. It has been previously reported [22] that increasing structural disorder in the 
monoclinic α phase leads to extinction of certain reflections in the powder pattern. This disorder can 
be interpreted as one-dimensional shifts of nickel–oxalate chains along the chain direction. Such shifts 
can be described by displacement vectors applied to the basis atoms and by the fraction of atoms 
involved in the displacement. 

According to Ref. [22], the principal displacement vector is 0.4 along the [010] direction, while 
the fraction of displaced basis atoms is 0.405. The stick diagram corresponding to the disordered 
structure proposed in [22] is also shown in Figure 2. The diffraction pattern of the synthesized 
precursor agrees well with this model, indicating that the precursor possesses a disordered 
monoclinic structure. 

The thermal decomposition of the precursor in a 20% O₂ / 80% Ar atmosphere was investigated 
using simultaneous thermogravimetry–differential scanning calorimetry–mass spectrometry (TG–
DSC–MS) combined with in situ powder X-ray diffraction performed under identical heating 
conditions and gas atmosphere. This combined approach allows direct correlation between mass loss, 
thermal effects, gas evolution, and phase transformations occurring during the reaction. The TG–DSC 
curves (Figure 3) show that the decomposition proceeds in two main stages corresponding to 
dehydration followed by decomposition of the oxalate anion. 

 

Figure 3. Results of simultaneous TG–DSC–MS analysis of the thermal decomposition of the precursor in an Ar–
O₂ mixture (80% Ar + 20% O₂) at a heating rate of 5 °C min⁻¹. 

The first mass-loss step occurs in the temperature range 100–275 °C and corresponds to removal 
of crystallization water. The observed mass loss (~20%) is in good agreement with the theoretical 
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value expected for dehydration of nickel oxalate dihydrate (19.7%). This process is accompanied by 
an endothermic effect on the DSC curve. The simultaneously recorded MS signal shows a 
pronounced increase in the intensity of the m/z = 18 peak, confirming the evolution of water vapor 
(Figure 3). The in situ XRD patterns (Figure 4) indicate that the reflections of hydrated nickel oxalate 
disappear upon heating to 250 °C, while diffraction peaks corresponding to anhydrous nickel oxalate 
appear [22,23]. 

 

Figure 4. In situ powder XRD patterns recorded during thermal decomposition of the precursor in an Ar–O₂ 
atmosphere (80% Ar + 20% O₂). 

No reflections corresponding to oxide phases are detected at this stage, confirming that the 
process corresponds exclusively to dehydration without decomposition of the oxalate anion. The 
reaction can therefore be described as 

NiC₂O₄·2H₂O → NiC₂O₄ + 2H₂O      (1) 

The second stage occurs between 300 and 350 °C and corresponds to decomposition of the 
oxalate group. The TG curve shows a total mass loss of approximately 59%, which is consistent with 
the formation of NiO (the theoretical value is 59.13%). Unlike decomposition in vacuum or inert 
atmospheres, this step is accompanied by a pronounced exothermic peak on the DSC curve, 
indicating participation of oxygen in the reaction. The simultaneously recorded MS spectra show 
strong signals at m/z = 44 corresponding to CO₂ evolution. The phase evolution observed by in situ 
powder XRD is consistent with these thermal analysis results. The diffraction peaks of nickel oxalate 
disappear, and new reflections corresponding to NiO appear at approximately 350 °C (Figure 4). The 
XRD patterns collected at 500 °C contain only reflections of NiO, confirming that nickel oxide is the 
final thermodynamically stable phase formed during decomposition of nickel oxalate under 
oxidative conditions. The second stage of the reaction can therefore be described by 

NiC₂O₄ + 1/2O₂ → NiO + 2CO₂       (2) 

Overall, the combined TG–DSC–MS and in situ powder XRD results demonstrate that the 
thermal decomposition of nickel oxalate proceeds via two sequential steps: dehydration of the 
hydrate followed by oxidative decomposition of the oxalate anion leading to the formation of NiO. 

3.2. Microstructure Evolution during Dehydration: Fracture Mechanism 

In the present work, dehydration of the precursor was performed in air at 175 °C for 6 h. The 
mass loss during this process was approximately 19.5%, corresponding to formation of anhydrous 
nickel oxalate. The diffraction pattern of the obtained sample is shown in Figure 5 and agrees well 
with that reported for the dehydration product in Ref. [22]. According to Ref. [22], the structure 
retains infinite cation–anion chains of the type –C₂O₄–Ni–C₂O₄–Ni–, while adjacent chains are linked 
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through coordination of nickel atoms with oxygen atoms belonging to oxalate groups of neighboring 
chains (Figure 5, inset). Thus, removal of water molecules preserves the infinite chains but 
significantly reduces the distance between them, resulting in additional interchain bonding. The 
structural transformation from NiC₂O₄·2H₂O to NiC₂O₄ occurs in a temperature range where 
diffusion of entire NiC₂O₄ units through the lattice is strongly hindered. Consequently, the structural 
disorder present in the hydrate is inherited by the anhydrous oxalate. The stick diagram 
corresponding to the disordered structure proposed in Ref. [22] is also shown in Figure 5. 

 

Figure 5. Powder XRD pattern of anhydrous nickel oxalate obtained by dehydration of nickel oxalate dihydrate 
together with the stick diagram corresponding to the structure reported in Ref. [22]. Inset: schematic 
representation of the structural transformation during dehydration. 

Dehydration of nickel oxalate dihydrate is accompanied by a substantial decrease in volume, 
with a theoretical shrinkage of 42.6% [22]. The distance between nickel atoms along the chains 
changes only slightly (~3%), indicating that the volume change is mainly associated with a reduction 
of the interchain distance. Despite this large shrinkage, the morphology of the original crystals is 
preserved, although cracks appear on their surfaces (Figure 6). In literature this phenomenon has 
been described using various terms, including pseudomorphic conversion [37,38], shape-preserving 
conversion [39], morphology preservation [40], self-templated synthesis [9,41], and conformal 
transformation [42]. 

 

Figure 6. Pseudomorphic anhydrous nickel oxalate formed by dehydration of nickel oxalate dihydrate at 
different magnifications (a, b). 

Preservation of the precursor morphology implies that mass transport during the re-action 
occurs over relatively short distances, while the reaction-induced volume change is accommodated 
by pores distributed throughout the pseudomorph. These pores may form either due to fracture 
associated with propagation of the reaction front or through diffusion-controlled pore growth. 
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During dehydration, water molecules leave the crystal while the metal–oxalate chains forming 
the structural framework remain intact but move closer together and become interconnected. This 
structural rearrangement and the localization of the reaction near the reaction front generates 
mechanical stresses that lead to fracture. A general approach describing the influence of fracture on 
the kinetics and morphology of thermal decomposition reactions has been proposed in earlier studies 
[43–49]. Various aspects of this phenomenon have been examined, including mechanisms of 
structural transformation [44], anisotropy effects [45], reaction staging [46], formation of ordered 
structures [48], and the structure of the reaction front [49]. 

In the present work we consider the overall relationship between reaction and fracture during 
dehydration of nickel oxalate dihydrate. The reaction begins at the surface of the crystal, where water 
molecules are removed and a layer of reaction product forms. Because the product has a smaller 
volume and remains strongly bonded to the matrix, mechanical stresses develop within this layer. 
Once the elastic energy reaches a critical value, fracture occurs, generating a crack that becomes a 
new reaction surface. The reaction then occurs on the crack surface, creating a new reaction zone and 
generating additional stresses that lead to further cracking. Thus, the cycle of dehydration, stress 
accumulation, and fracture repeats periodically. As a result, the process proceeds via self-sustained 
propagation of a coupled reaction–fracture front, producing a uniformly fractured material behind 
the reaction front. The resulting particles remain interconnected by bridges of unbroken material, 
which provide residual mechanical strength and preserve the morphology of the precursor. The 
pores separating the particles correspond to crack cavities and form a connected network through 
which gaseous products escape. In this sense, the pores (cracks) may be considered as one of the 
products of the reaction, determining the microstructure of the resulting anhydrous oxalate. The 
propagation velocity of the reaction front and the characteristic fracture scale are stationary 
parameters determined by the coupled development of reaction and fracture. The fracture scale is 
controlled by the magnitude of deformation associated with the reaction shrinkage: larger shrinkage 
leads to smaller fracture scales. 

Anisotropic shrinkage results in different fracture scales along different crystallo-graphic 
directions and therefore leads to the formation of anisotropic product particles [45]. Since during 
dehydration of NiC₂O₄·2H₂O the lattice parameter along the cation–anion chains changes only 
slightly, whereas the main shrinkage occurs perpendicular to these chains, fracture is expected to 
occur predominantly along the chain direction. Consequently, the product particles should exhibit 
an elongated morphology along this direction. 

Indeed, Figure 6 shows parallel cracks aligned along the crystals forming the aggregate. The 
specific surface area of the resulting anhydrous oxalate determined by BET adsorption is 5–8 m² g⁻¹. 
Based on this value, the approximate particle size forming the pseudomorph was estimated using the 
relation [50]: 𝑑 = ௄ఘ∙ௌ       (3) 

where d is the mean particle size, ρ = 3.468 g cm⁻³ is the density of the material, S is the specific surface 
area, and K is a shape factor accounting for particle morphology (K=4 for elongated particles (rods)). 
The estimated particle size ranges from 140 to 230 nm. 

Thus, dehydration of NiC₂O₄·2H₂O proceeds via pseudomorphic conversion, resulting in the 
formation of submicron anisotropic particles separated by crack-like pores. 

3.3. Mechanism of Pore Formation during Oxalate Decomposition 

The thermal decomposition of anhydrous nickel oxalate in air was performed at 250 °C for 45 h. 
These conditions were selected to minimize the coarsening and sintering of nickel oxide nanoparticles 
formed during the reaction. The observed mass loss corresponds to the formation of NiO, while the 
broadened peaks in the X-ray powder diffraction pattern (Figure S1) indicate the formation of 
nanosized particles. During the reaction, a pseudomorphic transformation occurs, resulting in the 
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formation of nano-crystalline nickel oxide (Figure 7a). The theoretical change in molar volume during 
the conversion of nickel oxalate to nickel oxide is 73.9%. 

Samples of the obtained nickel oxide were examined using transmission electron mi-croscopy 
(Figure 7b). TEM results show that the nickel oxide particles have sizes of 2–4 nm. The specific surface 
area of nickel oxide determined by the BET method was 310–350 m² g⁻¹. Assuming that the formed 
particles are isometric, their size can be estimated using (3) with ρ(NiO) = 6.67 g cm⁻³ and K=6. The 
calculated particle size is 2.7 nm (for S = 330 m² g⁻¹), which is in good agreement with the TEM data. 
The average crystallite size calculated from the analysis of the peak broadening of the product X-ray 
diffraction pattern is 4 nm (Figure S1). 

 

Figure 7. (a) Pseudomorph of nanocrystalline nickel oxide obtained during thermal decomposition of anhydrous 
nickel oxalate in air; (b) TEM image of nanocrystalline nickel oxide. 

During dehydration of NiC₂O₄·2H₂O, a pseudomorphic conversion occurs, resulting in 
submicron anisotropic particles separated by pore-cracks. These cracks permeate the entire 
pseudomorph volume and enable efficient removal of gaseous products during oxalate 
decomposition. Under such conditions, individual particles within the pseudomorph can react 
independently. As a result, the thermal decomposition of nickel oxalate proceeds uniformly 
throughout the entire pseudomorph volume. Therefore, the reaction mechanism can be analyzed by 
considering processes occurring within a single particle forming the pseudomorph generated after 
dehydration. 

It is commonly assumed that the porosity formed during nickel oxalate decomposition arises 
from the large volume change associated with the reaction and from the evolution of gaseous 
products [11,25,29]. The decomposition reaction initiates at the particle surface with the cleavage of 
the C–C bond in the oxalate ion [51]. Subsequently, the Ni–O bond breaks, leading to the formation 
of two CO₂ molecules and a nickel atom. This process can be described by the following reaction: 

NiC₂O₄ → Ni + 2CO₂       (4) 

An alternative pathway has also been proposed in the literature: 

NiC₂O₄ → NiO + CO + CO₂      (5) 
However, analysis of experimental observations and theoretical calculations indicates that the 

pathway described by Equation (4) is thermodynamically more favorable [23,51]. 
Regardless of the specific reaction pathway, the transformation of oxalate ions into CO₂ and CO 

molecules disrupts the metal–oxalate chains and leads to the collapse of the crystalline framework of 
nickel oxalate. This process results in a significant structural rearrangement. The released nickel 
atoms initially form clusters that subsequently coalesce into metallic particles. Oxygen may react with 
individual atoms, clusters, or particles, converting them into NiO. The dominant pathway depends 
on the local concentration of adsorbed oxygen and on the rate of oxalate decomposition. 

At 250 °C the decomposition proceeds relatively slowly (45 h), suggesting that oxidation occurs 
at the early stages of the reaction. If the pathway described by Equation (5) is realized, oxygen can 
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additionally oxidize CO molecules. Oxidation of both metallic nickel and CO is highly exothermic 
and releases more heat than is required for oxalate decomposition. Therefore, in contrast to 
decomposition under vacuum or inert atmosphere, the reaction is accompanied by a pronounced 
exothermic peak in the DSC curve (Figure 3). 

During the reaction, particles nucleate on the crystal surface and grow through the incorporation 
of nickel atoms from the surrounding region. Because the reaction leads to an almost fourfold 
reduction in volume, the material surrounding the growing particles becomes depleted, forming 
depressions that subsequently evolve into pores. The reaction proceeds on the pore surfaces, while 
nickel atoms or ions diffuse toward NiO particles forming the pore walls. As the reaction progresses, 
pores propagate into the crystal interior, forming a labyrinth-like structure that allows efficient 
removal of gaseous reaction products and access of oxygen. 

This mechanism is similar to processes observed during the reduction of metal oxides [52,53] 
and during dealloying [54–56]. The particle and pore sizes are determined by the competition 
between the rate of oxalate decomposition at the pore surface and the diffusion mobility of nickel 
atoms or cations [52,53]. An increase in the reaction rate and/or a decrease in diffusion mobility leads 
to smaller particles and pores. Conversely, slower reaction kinetics and/or enhanced diffusion 
promote particle and pore growth. 

In addition, the formed particles and pores may further grow due to coarsening and sintering 
driven by the reduction of surface energy. The rate of this process strongly depends on particle size 
and temperature and is controlled by the diffusion mobility [10,57]. To minimize this effect, the 
reaction should be performed at relatively low temperatures. Therefore, a synthesis temperature of 
250 °C was selected in the present study. Under these conditions, exceptionally high specific surface 
areas were obtained compared with values reported in the literature. A schematic illustration of the 
transformation of nickel oxalate into NiO is shown in Figure 8. 

 

Figure 8. Illustration of the transformation of nickel oxalate into nickel oxide. 

The proposed mechanism implies diffusion mobility of nickel atoms or cations. The relevant 
diffusion process occurs along the surface and at the reaction interface where the chemical 
transformation takes place. According to experimental observations in this study, the resulting NiO 
particles have sizes of 2–4 nm. Therefore, diffusion over distances of only several nanometers is 
sufficient to produce the observed microstructure. 

The diffusion coefficient can be estimated using the relation 𝐷~𝑥ଶ/𝑡∗, where x is the diffusion 
length and t* is the characteristic time of the diffusion process. This relation follows from the 
characteristic diffusion length 𝑥 ∼ √𝐷𝑡∗  for non-steady diffusion processes [58]. In this case, the 
diffusion path x is comparable to the particle size h (x ≈ h), while the characteristic diffusion time can 
be estimated as 𝑡∗~ℎ/𝑉, where V is the velocity of the reaction front. The reaction front velocity can 
be estimated by dividing the particle size after dehydration (H ≈ 200 nm) by the total reaction time 
(t = 45 h). This yields 𝐷~ℎ ∙ 𝐻/𝑡~ 5 × 10⁻²¹ m² s⁻¹. 

Experimental data on the diffusion of nickel atoms or ions on the surface of nickel oxalate are 
not available. However, the estimated value can be compared with the surface diffusion coefficient 
of nickel on metallic Ni. According to literature data [59], the surface diffusion coefficient of nickel at 
250 °C is in the range of 10⁻²¹–10⁻¹⁹ m² s⁻¹. Although the defective oxalate surface formed during the 
reaction may enhance atomic mobility, interaction with oxygen may reduce diffusion rates. 
Nevertheless, the obtained estimate indicates that the proposed mechanism is physically plausible. 
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The formation of gas bubbles and the associated pressure buildup inside crystals is expected 
only under extremely rapid heating conditions, such as rapid decomposition within an aerosol flow 
reactor [28,29]. In the present study the reaction was carried out at 250 °C for 45 h, making bubble 
formation inside crystals unlikely. Therefore, this mechanism can be neglected in the formation of 
porosity under the present experimental conditions. 

To characterize the specific surface area and porosity of NiO and NiC₂O₄ samples, N₂ adsorption 
measurements were performed. The N₂ adsorption–desorption isotherms and corresponding pore 
size distributions calculated using the BJH model are shown in Figure S2. The hysteresis loop 
observed in the relative pressure range 0.4–0.9 is likely associated with pores between NiO 
nanoparticles. The high-pressure part of the hysteresis loop (0.9 < P/P₀ < 1) probably corresponds to 
larger textural pores formed during dehydration. The pore-size distribution (Figure S2, inset) shows 
a bimodal character, consisting of small mesopores (~3 nm) and larger macropores (~120 nm). Thus, 
the macroporous structure formed during dehydration is preserved in the final product, while 
mesopores are generated during oxalate decomposition. Since pseudomorph formation proceeds 
through multiple stages, pores are generated at each stage, resulting in a hierarchical pore structure 
(Figure 8). 

4. Conclusions 

Thermal decomposition of nickel oxalate dihydrate in air results in the formation of a porous 
structure that preserves the morphology of the initial particles and can be described as a 
pseudomorph. Since pseudomorph formation involves two stages—dehydration and oxalate 
decomposition—pore formation occurs during both stages of the reaction. A detailed mechanism of 
porosity formation at each stage is proposed. During dehydration, cracks divide the sample into 
blocks several hundred nanometers in size. During subsequent oxalate decomposition these blocks 
transform into mesoporous aggregates composed of nanosized particles. As a result, thermal 
decomposition of nickel oxalate in air produces a pseudomorphic NiO structure consisting of 2–4 nm 
nanoparticles and a hierarchical two-level pore system. 

Many applications of NiO require both high reaction-accessible surface area and low transport 
resistance. Macropores reduce diffusion limitations, while mesopores increase the accessible surface 
area for adsorption and reaction. Therefore, materials possessing a hierarchical pore structure with 
macropores and interconnected mesoporous channels are promising for improving the performance 
of catalysts, sensors, supercapacitors, and Li-ion batteries. 
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paper posted on Preprints.org, Figure S1: Powder XRD pattern of NiO obtained by thermal decomposition of 
the precursor (250 °C, 45 h) together with stick patterns corresponding to ICDD PDF#47-1049.; Figure S2: 
Nitrogen adsorption and desorption isotherms of the NiO and NiC2O4. Inset: corresponding pore distribution 
derived from absorption data and calculated from the isotherm using the BJH model. 
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