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A R T I C L E  I N F O

Keywords:
Porous electrodes
Sintered electrodes
Space holder technique
Powder metallurgy

A B S T R A C T

Porous metallic electrodes are essential for energy storage and conversion technologies due to their high surface 
area, enhanced ionic transport, and increased number of electroactive sites. The objective of this study is to 
investigate the influence of polyvinyl alcohol (PVA) space holders on the microstructure, porosity, and structural 
connectivity of sintered powder metallurgy iron electrodes, establishing correlations between processing pa
rameters and electrochemical performance. In this study, porous iron electrodes were fabricated via powder 
metallurgy using polyvinyl alcohol (PVA) as a space holder, aiming to optimize electrochemical performance. 
The powder mixtures were uniaxially compacted at 60, 80, 100, and 120 MPa, followed by a two step sintering 
process, with an intermediate step at 300 ◦C for controlled PVA removal and final sintering at 1050 ◦C for 30 min 
under argon with preliminary vacuum. The influence of PVA content on porosity, pore morphology, and 
microstructural connectivity was systematically evaluated. Morphological analyses showed that PVA promoted 
the formation of open and interconnected pores, achieving porosity levels that enhance ionic transport and in
crease the number of electroactive sites compared to conventional powder metallurgy electrodes. Variation in 
compaction pressure allowed tuning of pore size distribution and densification, enabling a balance between 
mechanical stability and high porosity. Structural analyses confirmed the stability of the metallic phase and 
minimal oxidation. These results demonstrate that the PVA space-holder technique enables controlled micro
structure design to directly improve electrochemical performance, providing a clear design advantage over 
conventional electrodes for batteries, fuel cells, and other energy devices.

1. Introduction

In recent years, the transportation sector has increasingly focused on 
electric vehicles (EVs), which have become a central pillar in the global 
transition toward sustainable mobility. This transformation is primarily 
driven by the urgent need to reduce greenhouse gas emissions, partic
ularly CO2, and to improve overall energy efficiency in response to 
climate change and growing environmental concerns [1,2]. The elec
trification of transportation systems represents a strategic pathway to 
decarbonize road mobility, reduce dependence on fossil fuels, and pro
mote the integration of renewable energy sources into the energy ma
trix. Consequently, governments, industries, and research institutions 
worldwide have intensified investments in EVs technologies as part of 
broader sustainability and carbon neutrality strategies [1,2]. A key 
factor enabling this transition is the rapid advancement of battery 

technologies, which directly determine vehicle performance, reliability, 
and consumer acceptance. Over the past decade, substantial progress in 
electrochemical systems, materials engineering, and cell design has 
resulted in significant improvements in energy density, power capa
bility, safety, and cycle life stability. In particular, remarkable re
ductions in charging times and consistent increases in vehicle driving 
range have addressed two of the main barriers to large scale EV adop
tion, namely limited range and long charging durations. Modern battery 
systems are capable of achieving faster charging rates while maintaining 
structural and electrochemical stability, thereby reducing the time 
required to reach high states of charge and enhancing operational con
venience [1–4]. In this context, advanced batteries have emerged as one 
of the most promising solutions, standing out due to their high energy 
density, long service life, and high operational efficiency. The perfor
mance of these devices intrinsically depends on the mechanical 
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properties of the materials that make up their electrodes, whose 
microstructure plays a central role in ionic transport, electronic con
duction, and the kinetics of electrochemical reactions [1–4]. The 
improvement of electrodes, particularly with regard to controlling 
porosity and internal architecture, has been recognized as one of the 
main pathways for enhancing battery efficiency and storage capacity. 
Microstructural analysis including parameters such as total porosity, 
interconnectivity, tortuosity, and specific surface área makes it possible 
to simultaneously optimize charge transport and the availability of 
electroactive sites, elements essential for performance under high-power 
operation and accelerated charge discharge cycles [3]. In this scenario, 
porous metal electrodes emerge as particularly attractive candidates, 
combining high electrical conductivity, low density, large surface area, 
and adjustable permeability key characteristics for applications that 
require multifunctional, structurally efficient materials, such as elec
trochemical devices, catalysts, energy dissipation systems, and light
weight structural components [4,5]. Porous metals constitute a 
relatively recent class of engineering materials whose structure consists 
of a continuous solid phase and a network of voids that may exhibit 
different levels of connectivity [6]. The ability to control the volumetric 
fraction of pores, along with their size, distribution, and morphology, 
enables the tuning of material performance for specific requirements, 
expanding their potential applications in strategic sectors such as sen
sors, heat exchangers, biomedical implants, electromagnetic shielding, 
and electrochemical devices [7,8]. Understanding the influence of these 
structural parameters on properties such as diffusion, permeability, 
conductivity, and mechanical strength has motivated continuous 
research efforts, driven by advances in processing and characterization 
techniques [7,8]. Among the different fabrication routes for porous 
metallic materials, powder metallurgy (PM) stands out for its versatility, 
microstructural control potential, and industrial viability [6,7]. PM 
enables the production of components with complex geometries, 
adjustable porosity, and customized chemical composition, while also 
offering advantages such as low material waste, operational simplicity, 
and reduced costs [9–12]. The combination of mixing, compaction, and 
sintering steps enables the production of dense, partially dense, or 
highly porous structures, depending on the parameters adopted, and is 
widely used to produce metallic electrodes with performance tailored to 
various operational conditions. The morphology, metallurgical and 
mechanical properties, and the porosity level of components produced 
by powder metallurgy are strongly dependent on the sintering temper
ature and the cooling conditions [13,14]. In particular, the space holder 
(SH) technique has emerged as an effective strategy for producing highly 
controlled porous structures. In this approach, temporary particles 
typically salts, polymers, or hydrides are incorporated into the metal 
mixture to form voids after their thermal or chemical removal [12]. The 
method allows precise control of porosity fraction, pore size and shape, 
and spatial distribution, enabling the fabrication of electrodes with 
designed architecture, high electrochemically accessible surface area, 
and low transport losses. The flexibility in choosing the space-forming 
material, combined with the possibility of using metallic powders with 
diverse morphologies, further enhances the ability to tailor mechanical, 
thermal, and electrochemical properties to the specific needs of each 
device [13]. The electrochemical performance of porous electrodes is 
strongly influenced by characteristics such as pore network connectiv
ity, tortuosity, and the effective thickness for ion and electron transport 
14–16. Thick electrodes can increase areal energy density but often 
exhibit limitations related to ionic transport, especially at high operating 
rates, which highlights the importance of microstructural strategies 
capable of improving the efficiency of active material utilization [15]. 
Thus, understanding how processing particularly the use of the SH 
method affects microstructural organization becomes essential for the 
development of more efficient materials for energy storage. Given this 
scenario, the present research significant knowledge gaps remain 
regarding porous metallic electrodes, particularly concerning how 
microstructure affects ionic and electronic transport during high rate 

operation, the relationship between processing parameters (such as the 
space holder method) and the resulting electrochemical and mechanical 
properties, and the effects of structural degradation over repeated cy
cles. Additionally, challenges persist in optimizing the trade offs be
tween energy density, transport efficiency, mechanical strength, and 
production cost, as well as in maintaining uniformity and performance 
at an industrial scale.

2. Material and methods

The morphology of the samples was investigated by scanning elec
tron microscopy (SEM) using a JEOL® JSM 6510-LV instrument, oper
ating at an accelerating voltage of 20 kV, coupled with a Noran® energy- 
dispersive X-ray spectroscopy (EDS) system, which allowed the deter
mination of the elemental composition of the sintered samples. Crys
tallographic analyses were performed by X-ray diffraction (XRD) using a 
Phillips® X'Pert MPD diffractometer with CuKα radiation and a wave
length of 1.5418 Å. The equipment operated at an accelerating voltage 
of 40 kV, performing angular scans over a 2θ range of 20◦ to 80◦, with a 
step size of 0.05◦ and an acquisition time of 1 s. The diffractograms were 
processed using the X'Pert HighScore Plus® software, employing data 
from the Crystallography Open Database (COD) to correlate the identi
fied peaks, enabling the investigation of secondary phase formation 
during sintering, as well as the assessment of the purity of the metallic 
matrix.

Vickers microhardness (μHV, HV0.5 kgf) tests were conducted 
following the recommendations of MPIF Standard 51, specific for the 
characterization of components manufactured by metal powder pro
cessing. Measurements were performed on a Shimadzu® HMV-2000 
digital microhardness tester, using a diamond pyramid indenter with a 
0.5 kgf load applied for 15 s, in accordance with ASTM E384-17 for 
material microindentation. Three indentations were made in different 
regions of each sample, corresponding to the inner, middle, and outer 
radii, and the mean of the values obtained was used for comparison 
between conventional samples and those containing PVA as a space 
holder (SH). The analysis allowed correlating the presence of PVA- 
induced porosity with the local mechanical strength of the sintered 
matrix, considering the different compaction pressures investigated.

The main raw material used in this study is water atomized iron 
powder, commercially designated ASC 100.29 and produced by the 
Swedish company Höganäs®. This material exhibits chemical purity 
higher than 99.91%, high compressibility, and particles with predomi
nantly irregular morphology, as shown in the scanning electron micro
scopy (SEM) image in Fig. 1. The combination of these characteristics 
favors the powder's compactability, promoting the formation of more 
homogeneous green compacts. Particle size analysis was conducted by 
laser diffraction, and the particle size distribution histogram is presented 
in Fig. 2. The iron powder particles showed diameters ranging from 0.2 
to 300 μm, with an average value of 98.64 μm. In the cumulative dis
tribution, it was observed that 10% of the particles have a diameter 
below 40.22 μm, 50% are at 93.03 μm, and 90% have a diameter below 

Fig. 1. — ASC 100.29 iron powder particles analyzed by SEM.
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164.31 μm. The apparent density of the material, as reported by the 
manufacturer, is 2.98 g/cm3. Polyvinyl alcohol (PVA) powder supplied 
by the company was used as the space holder (SH).

Neon Analytical Reagents, with an apparent density of 1.27 g/cm3, 
whose appearance is shown in Fig. 3. The PVA plays a fundamental role 
in the process, performing a dual function by initially acting as an 
organic binder, providing mechanical strength to the green compacts, 
and later promoting the formation of interconnected pores after its 
thermal decomposition during the sintering cycle.

The PVA was previously milled in a Retsch® planetary mill, model 
PM-100, operating at 140 rpm for 15 min with the aim of reducing ag
glomerates and homogenizing the particle size distribution. After mill
ing, the powder was classified by magnetic agitation using a 100 mesh 
sieve (approximately 150 μm), removing remaining coarse particles and 
ensuring a finer and more homogeneous granulometric distribution. 
Two distinct compositions of metallic powders were prepared. The first 
consisted of iron powder with the addition of 1 wt% zinc stearate as a 
lubricant, while the second additionally included 10 wt% PVA. The 
mixtures were homogenized in a double-cone mixer for 30 min, ensuring 
uniform dispersion of both the lubricant and the space holder (SH). 
Powder compaction was carried out in a cylindrical die made of 
austenitic tool steel AISI D6 with an internal diameter of 13 mm, pro
ducing green bodies 3 mm thick, using a Marcon® hydraulic press, 
model MPH-15, under uniaxial pressures of 60, 80, 100, and 120 MPa. 
The composition, compaction pressure, and sintering temperature pa
rameters of the samples are presented in Table 1.

The green compacts were sintered in a horizontal resistive muffle 
furnace manufactured by Sanchis Fornos Industriais®, model Tubular 
1600, with prior vacuum and under a positive-pressure atmosphere of 
pure argon at 0.6 bar and a volumetric flow rate of 2 L/min as carrier 
gas, in order to minimize oxidation due to the reactivity of the material. 
The thermal cycle, illustrated in Fig. 4, comprised two stages, using a 
heating rate of 10 ◦C/min. The first stage was dedicated to the removal 
of PVA at 300 ◦C for 15 min, while the second stage involved iron 

sintering at 1050 ◦C, with a 30 min dwell followed by controlled cooling 
to room temperature. The physical properties were determined from the 
absolute density of the sintered samples, ρS (g/cm3), using Archimedes’ 
principle according to MPIF Standard 42 and ASTM B962-17. The ab
solute density was calculated using Equation (1), based on the mass and 
the volume of fluid displaced by the samples when immersed in a liquid 
of known density. 

PS=
mS

mS − mI
PL (1) 

Where: 

ρS is the absolute density of the sintered sample, in g/cm3

mS it is the dry mass of the sintered material, in g.

mI is the immersed mass of the sintered sample, in g
ρL is the density of the liquid in which the sintered sample is 

immersed, in g/cm3

The absolute porosity of the sintered samples, ρS (%),was estimated 
using Equation (2), relating the absolute density to the theoretical 
density of the material, ρT (g/cm3), which for iron is approximately 7.87 
g/cm3. 

ϕS=
(

1 −
PS
PT

)

100 (2) 

Where. 

ϕS is the absolute porosity of the sintered sample, in %
ρS is the absolute density of the sintered sample, in g/cm3

ρT is the theoretical density of the material, in g/cm3.

Fig. 2. — Particle size distribution of ASC 100.29 iron powder.

Fig. 3. — Sample appearance of the polyvinyl alcohol.

Table 1 
Processing parameters of the sintered samples.

Sample 
identification

Material 
composition.

Compaction 
pressure, CP[MPa]

Sintering 
temperature, ϑS 
[◦C]

1 Fe 60 1.050
2 Fe 80 1.050
3 Fe 100 1.050
4 Fe 120 1.050
5 Fe + 10% PVA 60 1.050
6 Fe + 10% PVA 80 1.050
7 Fe + 10% PVA 100 1.050
8 Fe + 10% PVA 120 1.050

Fig. 4. — Thermal profile of the sintering cycle employed.
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3. Results and discussion

3.1. Absolute density

The absolute density of the sintered samples, determined by the 
Archimedes method, ranged from 4.94 to 6.73 g/cm3 for the samples 
obtained by PM, while for those produced by the SH method the values 
ranged from 3.56 to 4.59 g/cm3. As shown in Fig. 5, in both processing 
routes a tendency for the final density to increase with increasing 
compaction pressure was observed, a behavior associated with the 
greater packing efficiency of the particles during the compaction stage. 
However, even under equivalent pressure conditions, the electrodes 
processed by conventional MP exhibited significantly higher densities 
than those recorded for the electrodes obtained by the SH method 
containing 10% PVA [1–10].

The differences observed in the absolute densities obtained by the 
PM and SH processing methods highlight the intrinsic influence of the 
manufacturing route on the final microstructure of the sintered elec
trodes [1,2,12,17]. The higher densities achieved through conventional 
PM, even under identical compaction conditions, indicate more efficient 
particle rearrangement and a lower fraction of pores during the green 
body formation stage. This behavior is expected, since PM directly de
pends on the consolidation of metallic powder, whereas the SH method 
incorporates a temporary pore forming agent (PVA), which introduces 
additional voids that remain after the debinding and sintering stages [1,
2,12,17]. Similar trends have been reported in studies involving porous 
titanium and copper systems, where the addition of space holders sys
tematically reduces packing density and increases overall porosity, even 
when processed under high compaction pressures. The monotonic in
crease in density with compaction pressure for both methods reflects the 
classical densification mechanism, driven by particle deformation, 
improved interparticle contact, and the reduction of interstitial spaces 
[1,2,12,17]. However, in materials produced via the SH method, the 
effect of pressure appears attenuated, suggesting that the compress
ibility of the powder mixture is restricted by the presence of PVA par
ticles, which act as rigid inclusions during compaction [1,17]. This 
limitation prevents complete particle rearrangement and reduces the 
potential densification gain, even when higher compaction pressures are 
applied. After sintering, the burnout of PVA leaves behind a network of 
interconnected pores, stabilizing the lower densities observed. Overall, 
the lower density obtained by the SH method may be desirable 
depending on the intended application. For electrodes used in electro
chemical systems, increased porosity enhances the effective surface area 
and facilitates electrolyte penetration, potentially improving ion trans
port and electrochemical performance [5–9]. On the other hand, elec
trodes produced via MP tend to exhibit greater mechanical stability and 
lower electrical resistance due to the increased metallic contact between 
particles [2,12].

3.2. Porosity behavior

Fig. 6 presents the porosity results of the sintered samples. For the 
samples obtained by conventional powder metallurgy (PM), porosity 
ranged from 37.2% at a compaction pressure of 60 MPa to 14.6% at 120 
MPa. In turn, for those produced using the space holder (SH) method 
with the addition of PVA, the values ranged from 54.7% to 41.6% at 
pressures of 60 and 120 MPa, respectively. It can be observed that the 
samples processed by the SH method exhibited significantly higher 
porosity compared to those obtained by conventional MP under the 
same compaction conditions, representing relative increases of 47.0% at 
60 MPa and 184.9% at 120 MPa. This behavior confirms the role of PVA 
as a pore forming agent, whose decomposition and removal during 
sintering promotes the creation of intentional voids in the metallic 
matrix, resulting in a substantial reduction in absolute density [5–10]. 
Thus, the controlled introduction of the pore-forming agent allows 
modulation of the volumetric fraction of porosity without compromising 
the overall powder compaction, exerting a direct effect on the micro
structure. In summary, although increasing the compaction pressure 
favors sample densification, the presence of PVA predominantly in
fluences porosity, dimensional stability, and volumetric shrinkage, 
significantly impacting the sintering and consolidation mechanisms of 
the material.

The porosity results clearly demonstrate the influence of both the 
processing route and the compaction pressure on the microstructural 
characteristics of the sintered samples [1–3,9,10]. Samples produced via 
the conventional powder metallurgy (PM) method exhibited a signifi
cant reduction in porosity with increasing compaction pressure, 
reflecting the classical densification mechanism in metallic powders, in 
which higher pressures promote better particle packing and reduce 
interstitial voids [3,9,10]. This trend is consistent with previous studies 
on metallic and titanium-based systems, in which densification during 
compaction is largely governed by particle rearrangement, deformation, 
and enhanced interparticle contact [18]. In contrast, samples processed 
using the space holder (SH) method exhibited substantially higher 
porosity under the same compaction pressures, confirming the role of 
PVA as an effective pore-forming agent. The decomposition of PVA 
during sintering introduces additional voids, resulting in a controlled 
increase in porosity and a concomitant decrease in absolute density. This 
controlled pore formation is particularly relevant for applications 
requiring high surface area or fluid permeability, such as electro
chemical electrodes or biomedical scaffolds. The relative porosity in
crease observed at 120 MPa (184.9%) highlights the dominant effect of 
the pore-forming agent over compaction-induced densification at higher 
pressures, indicating that the SH method allows for independent tuning 
of porosity regardless of compaction level. Furthermore, the presence of 
PVA influences not only porosity but also the dimensional stability and 

Fig. 5. — Absolute density of the samples as a function of compaction pressure. Fig. 6. — Sample porosity as a function of compaction pressure.
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volumetric shrinkage of the sintered samples [5–13]. The intentional 
introduction of interconnected pores can reduce internal stresses during 
sintering, facilitating the densification of complex geometries, but may 
also affect mechanical strength. Therefore, while higher compaction 
pressures are effective in densifying PM samples, in SH samples the 
microstructure is predominantly determined by the amount, size, and 
distribution of the pore-forming agent, providing a versatile tool to 
balance porosity and mechanical performance according to the intended 
application [3,9,10]. Overall, these results demonstrate that the SH 
method enables precise control over the volumetric fraction of porosity, 
offering advantages in designing materials where enhanced perme
ability or surface area is desired, while MP processing remains prefer
able when high density and mechanical stability are critical.

3.3. Morphological analyses

The SEM micrographs shown in Fig. 7 reveal marked structural dif
ferences between the samples obtained under the different processing 
conditions.

The sample fabricated by MP exhibits a structure characterized by a 
predominance of micropores, whose overlap generates interconnected 
channels, resulting from the packing and sintering of the iron particles. 
This promotes high surface contact between the particles, enhances the 
consolidation mechanisms of the structure through neck formation, and 
increases the active surface area. In contrast, the sample obtained by the 
SH method displays a dual and hierarchical pore architecture, in which 
regular macropores, resulting from the removal of PVA particles, are 
surrounded by cell walls containing a network of micropores, high
lighting the role of the spacer in defining the microstructure and in 
forming a hierarchical porous network [3,5,9,10,13]. The microstruc
ture of sintered electrodes obtained by powder metallurgy (PM) is 
strongly influenced by the use of polyvinyl alcohol (PVA) as a space 
holder. Conventional PM samples without PVA exhibit a predominantly 
microporous structure, where small, irregular pores arise from the nat
ural packing of metal particles. During sintering, the formation of 
interconnected channels and necks between particles enhances particle 
consolidation and increases the relative density. In contrast, PM samples 
prepared with PVA display a dual and hierarchical pore architecture. 
Regular macropores are generated by the decomposition and removal of 
PVA particles, while the surrounding cell walls retain a network of mi
cropores formed during sintering 19–21. This hierarchical structure in
creases the overall porosity and active surface area, resulting in a highly 
interconnected pore network. The incorporation of PVA as a space 
holder thus provides an effective strategy to tailor the porosity and 
microstructural characteristics of sintered electrodes for applications 
requiring enhanced fluid permeability or surface área [1,3,9,12].

3.4. Analysis by electron microprobe with energy dispersive X ray 
spectroscopy (EDS)

The sample produced by PM exhibits a structure characterized by the 
predominance of micropores, whose overlap generates interconnected 
channels, resulting from the packing and sintering of the iron particles. 
This promotes high surface contact between particles, facilitates struc
tural consolidation mechanisms through neck formation, and increases 
the active surface area. In contrast, the sample obtained using the SH 
method displays a dual and hierarchical pore architecture, in which 
regular macropores, resulting from the removal of PVA particles, are 
surrounded by cell walls containing a network of micropores, high
lighting the role of the space holder in defining the microstructure and 
forming a hierarchical porous network. The chemical composition 
analysis by EDS, shown in Fig. 8, complements the SEM observations by 
evidencing the main elements present and allowing their distribution to 
be correlated with the microstructure of the samples. Iron is the pre
dominant element in the samples, with the characteristic Fe-Lα and Fe- 
Kα peaks confirming the presence of the base metallic matrix, along with 
the secondary Fe-Kβ line observed in the sample produced by the SH 
method. The absence of other elements indicates that the integrity of the 
metallic matrix was not compromised and that the PVA used during 
processing was completely removed during sintering without leaving 
residues. In the MP sample, the presence of oxygen was only indicative, 
suggesting possible superficial oxidation after sintering, likely during 
handling, but at levels below the detection limit, with no evidence of 
oxidized phase formation or significant contamination.

3.5. X-ray diffraction (XRD)

The XRD diffractograms presented in Fig. 9 allow the identification 
of the characteristic peaks of the crystalline phases present in the sam
ples. Small shifts of these peaks relative to crystallographic standards 
can be attributed to residual stresses induced by the sintering process, 
without, however, compromising the crystalline structure of the 
material.

The analysis of the diffractograms revealed that, for both the samples 
obtained by PM and those produced by the SH method, the main peak at 
44.4◦ is characteristic of the ferritic phase (α-Fe), corresponding to the 
(110) crystallographic plane of the body-centered cubic (BCC) structure. 
In both conditions, a secondary peak at 64.7◦ was also observed, asso
ciated with α-Fe and corresponding to the (200) plane. In the sample 
obtained by MP, additional peaks related to the formation of iron oxides 
were identified, particularly the presence of magnetite (Fe3O4), evi
denced by the peaks at 29.8◦ for the (220) plane, 35.2◦ for the (311) 
plane, 56.7◦ for the (511) plane, and 62.3◦ for the (440) plane. 
Furthermore, the occurrence of hematite (α-Fe2O3) was verified, indi
cated by the peak at 32.9◦ corresponding to the (104) crystallographic 
plane.(511) e 62,3◦ de plano (440). Furthermore, the presence of he
matite (α-Fe2O3) was observed, indicated by the peak at 32.9◦

Fig. 7. — Scanning electron microscopy of the electrode samples.A) Sample obtained by PM; B) Sample obtained by the SH method.
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corresponding to the (104) crystallographic plane. The formation of 
oxidized phases in smaller amounts in the samples produced by MP may 
be associated with superficial oxidation resulting from their removal 
from the furnace and subsequent exposure to air at temperatures close to 
400 ◦C, a phenomenon reported and influenced by atmosphere condi
tions and cooling rate [13,17,22].

3.6. Microhardness behavior

The analysis of Vickers microhardness as a function of compaction 
pressure, presented in Fig. 10, revealed a directly proportional rela
tionship for both processing conditions 18,22–24.

The electrode sample produced by PM exhibited higher microhard
ness across the entire pressure range, varying from 15.3 to 28.6 HV0.5 
kgf for pressures between 60 and 120 MPa. In contrast, the sample ob
tained by the SH method showed significantly lower values, ranging 
from 10.1 to 17.7 HV0.5 kgf over the same pressure range. As expected, 
this difference is attributed to the presence of additional pores 

introduced by PVA and the distinct consolidation dynamics during sin
tering, which result in lower density and, consequently, reduced resis
tance to plastic deformation [6,13,22,24–26]. Furthermore, 
densification was more effective with increasing compaction pressure, 
amplifying the difference between the microhardness values obtained 
by the two methods. These results underscore the importance of densi
fication in enhancing mechanical properties, as higher pressures pro
mote microstructural uniformity and increase resistance to plastic 
deformation [6,13,24]. The microhardness results clearly demonstrate 
the strong influence of processing method and compaction pressure on 
the mechanical performance of the electrode samples. Samples pro
duced via conventional powder metallurgy (PM) exhibited consistently 
higher microhardness across the entire pressure range, which can be 
attributed to their higher densification and lower porosity compared to 
samples produced by the space holder (SH) method. In SH samples, the 
presence of additional pores introduced by PVA significantly reduces the 
effective load-bearing area and increases stress concentration points, 
thereby lowering resistance to plastic deformation and resulting in 
reduced hardness values. The observed trend of increasing microhard
ness with higher compaction pressures highlights the critical role of 
densification in improving mechanical properties. Higher pressures 
promote better particle rearrangement and interparticle bonding, lead
ing to a more uniform microstructure and enhanced load transfer be
tween particles. This effect is particularly pronounced in PM samples, 
where the absence of a pore-forming agent allows full densification, 
whereas in SH samples, even at elevated pressures, the intentional 
porosity introduced by PVA limits the achievable hardness [3,13,24].

4. Conclusion

From the results and discussions, it can be concluded that:
The study of electrodes with controlled porosity has a significant 

social impact, as it contributes to the development of more efficient 
energy storage technologies, supports the production of electric vehicles 
and clean energy systems, and directly reduces CO2 emissions and the 
environmental impacts associated with fossil fuel use, thereby 

Fig. 8. — Energy-dispersive X-ray spectroscopy (EDS) spectra of the samples.

Fig. 9. — A) Sample obtained by MP; B) Sample obtained by the SH method.

Fig. 10. — Microhardness of the samples as a function of compaction pressure.
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promoting sustainability, energy efficiency, and substantial societal 
benefits.

The processing strategy has a critical influence on the microstruc
ture, porosity, and mechanical performance of electrodes produced by 
powder metallurgy (PM) for advanced electrochemical energy storage. 
Conventional PM electrodes exhibited higher absolute density, lower 
porosity, and superior hardness, ensuring mechanical stability and 
dimensional integrity. In contrast, the space holder (SH) method, using 
PVA as a pore forming agent, enabled precise control over pore size, 
distribution, and interconnectivity, producing electrodes with lower 
density and highly tunable hierarchical porosity. This feature is partic
ularly advantageous for battery applications, as it promotes enhanced 
electrolyte infiltration, improved ionic conductivity, and increased 
electrochemically active surface area, resulting in higher charge ca
pacity, more efficient charge/discharge kinetics, and superior energy 
storage performance.

Compaction pressure was shown to modulate densification in both 
PM and SH electrodes. While higher pressures improved particle packing 
and hardness in PM samples, SH electrodes maintained substantial 
porosity due to the PVA template, allowing decoupling of mechanical 
integrity from functional porosity. Microhardness measurements 
confirmed this trade off: PM electrodes provide higher load-bearing 
capacity, whereas SH electrodes optimize pathways for ion transport 
and electrochemical activity.

These results provide a robust framework for the rational design of 
metallic battery electrodes via powder metallurgy. By combining 
controlled pore formation with tailored compaction parameters, elec
trodes can be engineered to simultaneously achieve high porosity for 
enhanced ionic and electronic transport and sufficient mechanical sta
bility for long term cycling. The SH approach, in particular, offers a 
versatile route for next generation batteries, including high power and 
fast charging systems, where hierarchical porosity and optimized 
microstructure directly contribute to improved rate performance, en
ergy density, and cycle life. These findings establish clear guidelines for 
selecting processing routes to meet the stringent demands of advanced 
electrochemical energy storage devices.
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