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oping at the A-site on the
structure, surface morphology, and magnetic
behavior of La1−xAgxSrMn2O5+d (x = 0.1 and 0.2)

Sonia Soltani, *a Mokhtar Hjiri,b Abdullah M. Aldukhayel,c Manel Essid,d

Anouar Jbelic and Nouf Ahmed Althumairic

This study explores the impact of silver substitution at the A-site on the structural, morphological, and

magnetic properties of La1−xAgxSrMn2O5+d compounds, specifically for doping levels x = 0.1 and 0.2.

The samples were synthesized using a conventional solid-state reaction method. X-ray diffraction (XRD)

analysis confirmed that both compositions crystallize in a single-phase orthorhombic structure with the

Pnma space group. Surface morphology and grain distribution were characterized via scanning electron

microscopy (SEM), revealing microstructural changes associated with Ag doping. Temperature-

dependent magnetization measurements indicate that Ag substitution leads to a reduction in overall

magnetization, while the Curie temperature (Tp), associated with the ferromagnetic-to-paramagnetic

transition, remains essentially unaffected. This transition was identified from the derivative of the

magnetization versus temperature curves. At lower temperatures, subtle anomalies in the magnetization

data suggest the possible emergence of short-range antiferromagnetic interactions or charge ordering

tendencies, without evidence of a distinct AFM phase transition. Magnetocaloric properties were also

evaluated, showing notable variations in magnetic entropy change (−DSm) near the transition

temperatures. The compounds exhibit relatively high values of relative cooling power (RCP), highlighting

their potential for magnetic refrigeration applications.
1. Introduction

The rapid advancement of science and technology over recent
decades has led to an urgent demand for multifunctional
materials that can address a variety of global challenges,
including energy sustainability, environmental remediation,
and green manufacturing.1–30 Innovative materials research
spans a diverse spectrum from eco-compensatory watershed
management and carbon footprint mitigation in forestry
products31–45 to novel nanomaterials for heavy metal pollutant
capture and advanced geopolymers for soil remediation.46–70

The convergence of environmental science, materials chem-
istry, and applied physics has accelerated the development of
high-performance compounds that can integrate energy effi-
ciency, environmental safety, and scalable manufacturing.71–85

For example, engineered materials exhibiting tailored
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electromagnetic responses, corrosion resistance, and tunable
phase behavior are essential for applications ranging from
magnetic refrigeration and energy harvesting to advanced
catalysis and sensor technologies.86–91

Within the realm of functional materials, perovskite-type
oxides have garnered signicant interest due to their remark-
able structural exibility and rich spectrum of electronic,
magnetic, and catalytic properties.92–100 Their tunability through
compositional modications and doping strategies enables
precise control over crystallographic phases and physical
behaviors, rendering them suitable for emerging technologies
such as magneto resistive devices, spintronics, and environ-
mentally benign refrigeration systems.101–111 The interplay
between crystal structure, defect chemistry, andmicrostructural
morphology determines their overall performance, necessi-
tating advanced synthesis and characterization techniques,
including solid-state reaction methods, X-ray diffraction, and
electron microscopy.112–120 These techniques facilitate under-
standing how grain boundaries, oxygen vacancies, and dopant
distribution inuence magnetic ordering, electronic transport,
and phase stability.121–126

Perovskite manganites, with the general formula Ln1−xAx-
MnO3 (Ln = La, Pr, Nd; A = Sr, Ca, Ba, Ag), represent a partic-
ularly compelling class of materials where charge, spin, and
lattice degrees of freedom interact intricately to give rise to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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phenomena such as colossal magnetoresistance, metal–insu-
lator transitions, and complex magnetic phase diagrams.127,128

The substitution of A-site cations modulates the Mn3+/Mn4+

ratio, directly impacting the double-exchange mechanism that
governs ferromagnetic metallicity, while also affecting electron–
phonon coupling linked to Jahn–Teller distortions.129,130 This
delicate balance results in temperature-dependent magnetic
transitions, including ferromagnetic, antiferromagnetic, and
charge-ordered states, which can be ne-tuned by doping level
and oxygen stoichiometry.131,132 Moreover, these manganite's
exhibit signicant magnetocaloric effects near their Curie
temperatures, positioning them as promising candidates for
energy-efficient magnetic refrigeration technologies that offer
environmentally friendly alternatives to conventional gas
compression cooling.133,134

Among the various dopants, silver (Ag) substitution at the A-
site is of particular interest due to its distinctive ionic radius
and electronic properties, which inuence microstructure,
magnetic interactions, and grain boundary effects differently
compared to more commonly used divalent cations.135,136

Although silver doping has shown potential in enhancing
magnetoresistance and modifying phase stability, systematic
studies on its effects on La1−xAgxSrMn2O5+d compounds remain
scarce. Additionally, the impact of silver incorporation on
magnetocaloric properties and low-temperature magnetic
ordering phenomena such as antiferromagnetism or charge
ordering warrants thorough investigation to better understand
the underlying mechanisms and optimize functional
performance.

This study aims to ll these gaps by synthesizing La1−xAgx-
SrMn2O5+d (x= 0.1, 0.2) compounds via conventional solid-state
reaction and characterizing their structural, morphological, and
magnetic properties using X-ray diffraction, scanning electron
microscopy, and magnetization measurements. We further
evaluate their magnetocaloric potential through analysis of
magnetic entropy change and relative cooling power, thereby
contributing to the broader goal of developing advanced
manganite materials for energy-efficient cooling and multi-
functional applications. Our ndings offer new insights into the
role of silver doping at the A-site in tuning magnetic transitions
and microstructure–property relationships in complex oxide
systems, with implications extending across materials science
and sustainable technology sectors.

2. Synthesis and characterization
2.1. Sample preparation

Polycrystalline samples of La1−xAgxSrMn2O5+d (abbreviated as
LASMO), with doping levels x = 0.1 and x = 0.2, were synthe-
sized using the conventional solid-state reaction method,
a widely used approach for preparing complex oxide ceramics
due to its simplicity, scalability, and effectiveness in forming
thermodynamically stable phases. This method allows for
precise control over stoichiometry, is cost-effective, and suitable
for preparing bulk quantities of high-purity compounds. It is
particularly effective in promoting solid-state diffusion between
precursor oxides and carbonates when subjected to high-
© 2025 The Author(s). Published by the Royal Society of Chemistry
temperature treatment. High-purity precursors La2O3, SrCO3,
MnO2, and Ag2CO3 ($99.9%) were used as starting materials.
To ensure chemical stability and prevent moisture contamina-
tion, La2O3 was pre-calcined at 700 °C for several hours to
remove any adsorbed water or carbonate impurities that could
affect stoichiometry. Appropriate stoichiometric amounts of
each precursor were calculated to match the nominal compo-
sition of La1−xAgxSrMn2O5+d. The powders were thoroughly
ground and homogenized using an agate mortar and pestle for
several hours to achieve a uniform nemixture, which is critical
for promoting complete reaction and ensuring phase
homogeneity.

The homogenized mixtures were then pressed into cylin-
drical pellets approximately 12 mm in diameter and 2 mm thick
using a uniaxial hydraulic press. These pellets were subjected to
multiple calcination steps in the temperature range of 700 °C to
1200 °C, each lasting around 20 hours, with intermediate
grindings to enhance reaction completeness and improve
crystallinity. These thermal treatments facilitate diffusion of the
cations and oxygen, allowing for the formation of the desired
layered perovskite structure. The general chemical reaction
involved in the formation of LASMO via the solid-state route can
be expressed as:

(1 − x)La2O3 + xAg2CO3 + SrCO3 + 2MnO2 /

2La1−xAgxSrMn2O5+d + 2CO2[

This equation represents the solid-state formation of the
target compound, where La3+, Ag+, and Sr2+ occupy the A-site
positions, while Mn ions are at the B-site of the layered perov-
skite structure. The oxygen non-stoichiometry (d) accounts for
any excess oxygen due to partial oxidation or reduction during
heating, especially considering the variable valence states of
Mn. Aer the nal sintering step, the synthesized samples were
characterized by X-ray diffraction (XRD) using powdered speci-
mens to conrm phase purity, determine the crystal structure,
and extract lattice parameters. Thesemeasurements ensure that
the nal products are structurally homogeneous and crystallize
in the expected phase before proceeding to surface and
magnetic analyses.

2.2. Sample characterization

To comprehensively evaluate the structural, microstructural,
and magnetic properties of the synthesized LASMO compounds
(x = 0.1 and 0.2), a combination of advanced characterization
techniques was employed. X-ray diffraction was used as the
primary method for structural analysis. Room-temperature
measurements were performed using an X'Pert MPD Philips
diffractometer equipped with a CuKa radiation source (l =

1.54060 Å). The XRD data were collected over a wide 2q range
with a ne step size and long counting time to ensure high-
resolution data suitable for phase identication, crystal struc-
ture conrmation, and lattice parameter renement. These
analyses allow the detection of any secondary phases, identi-
cation of the space group, and assessment of how Ag substitu-
tion at the A-site inuences the orthorhombic perovskite
RSC Adv., 2025, 15, 22616–22628 | 22617
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structure. Rietveld renement can be further applied to extract
detailed structural parameters and quantify phase purity.

The surface morphology and grain size distribution were
investigated using Scanning Electron Microscopy with a TES-
CAN Vega 3 system. The powders were dispersed and mounted
on conductive stubs and then coated with a thin layer of carbon
using a vacuum sputter coater to eliminate surface charging
under the electron beam and to enhance image clarity. SEM
imaging provided insights into the microstructural features of
the samples, including grain connectivity, porosity, and texture,
all of which inuence the material's magnetic and transport
properties. Any changes in grain morphology due to varying Ag
content can also be correlated with magnetic performance. To
explore the magnetic behavior, temperature-dependent
magnetization measurements were conducted using a Super-
conducting Quantum Interference Device (SQUID) magnetom-
eter, one of the most sensitive tools for detecting magnetic
signals. The magnetization M(T) was recorded over the
temperature range 5 K to 400 K under an applied magnetic eld
of 0.05 T. This range covers both low-temperature ordering
phenomena and the high-temperature ferromagnetic–para-
magnetic (FM–PM) transition, allowing accurate determination
of the Curie temperature (Tp) and other magnetic transition
points. The derivative of the M(T) curve was analyzed to
pinpoint Tp more precisely. Additionally, from these magneti-
zation data, the magnetocaloric effect (MCE) was evaluated
through the calculation of the magnetic entropy change (DSm)
using the Maxwell relation. The corresponding relative cooling
Fig. 1 Spectra obtained by EDS analysis and Grain morphology in a pow

22618 | RSC Adv., 2025, 15, 22616–22628
power (RCP) values were derived to assess the efficiency and
applicability of these materials in magnetic refrigeration
technologies.
3. Results and discussion
3.1. Qualitative analysis

Qualitative elemental analysis of the synthesized samples (x =
0.1 and 0.2) was carried out using Energy Dispersive X-ray
Spectroscopy (EDX), a technique that detects characteristic
X-rays emitted from a sample surface when excited by an
electron beam, allowing for the identication of constituent
elements. As shown in Fig. 1, both samples exhibit EDX
spectra consistent with the expected elemental composition
based on the starting precursors. For x = 0.1 (Fig. 1a), the
spectrum obtained from region 1 shows clear peaks for La
(lanthanum), Ag (silver), Sr (strontium), Mn (manganese), and
O (oxygen), indicating successful incorporation of all target
elements. Similarly, the sample, x = 0.2 (Fig. 1b), with EDX
data from region 3, reveals the same elemental peaks, further
conrming consistent composition across different synthesis
batches. The relatively similar spectral proles and peak
intensities between both samples suggest uniform elemental
distribution and successful synthesis without contamination.
These results collectively conrm that the intended multi-
element composition was effectively achieved in both
samples, validating the reliability and reproducibility of the
synthesis process.
der of La1−xAgxSrMn2O5+d ((a) x = 0.1 and (b) x = 0.2).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.2. Morphological study

The morphological characteristics of the LASMO samples were
investigated using SEM, a high-resolution technique that
reveals surface features and particle distribution. Fig. 2 shows
SEM micrographs of the silver-doped samples with composi-
tions x = 0.1 (Fig. 2a) and x = 0.2 (Fig. 2b), both imaged at the
same magnication for direct comparison. The micrographs
reveal that the samples are composed of densely packed
agglomerates of crystallites, suggesting a compact and inter-
connected microstructure, which is favorable for enhanced
transport properties.137 Both compositions exhibit relatively
uniform morphology, with consistently distributed grains
across the observed areas. Notably, the silver-doped samples
display slightly larger grain sizes than the undoped LaSrMn2O5

parent compound, which typically shows ner particles. Based
on SEM image analysis, the average grain sizes were estimated
to be around 258 nm for the x= 0.1 sample and 238 nm for the x
= 0.2 sample, respectively. These subtle variations in grain size
may be attributed to the inuence of Ag doping on the growth
kinetics during the synthesis process, potentially promoting
grain coarsening at lower doping levels.

3.3. Structural study by X-ray diffraction

X-ray diffraction patterns of LASMO compounds with doping
levels x = 0.1 and 0.2 were collected at ambient temperature
across a 2q range of 20° to 91°, using a step size of 0.016°. The
measurements were performed with Cu Ka radiation (l =

1.54051 Å) as the X-ray source. Structural renement of the
recorded diffraction data was carried out using the Rietveld
method implemented in the FullProf soware suite.138 The XRD
analysis conrmed that all samples crystallize in a single-phase
orthorhombic structure, consistent with the Pnma space group.
During renement, atomic positions and isotropic displace-
ment parameters were incrementally optimized. However, the
thermal vibration parameters for oxygen atoms could not be
accurately determined due to limitations inherent in X-ray
scattering from light elements. The renement process
Fig. 2 SEM micrographs of the LASMO series: (a and b) respectively for

© 2025 The Author(s). Published by the Royal Society of Chemistry
yielded a strong correlation between the experimental and
calculated diffraction patterns, as illustrated in Fig. 3. The
rened structural parameters, including lattice constants,
atomic coordinates, and residual factors (RB, RF, and c2), are
summarized in Table 1, indicating good t quality and struc-
tural consistency across the series.

The incorporation of silver ions in place of lanthanum does
not induce a structural phase transition in the LASMO
compounds; however, it does signicantly inuence the lattice
parameters. The observed changes in lattice constants with
increasing Ag content can primarily be attributed to differences
in ionic radii. As silver concentration increases, the lattice
parameters a and c exhibit an upward trend, while parameter
b decreases slightly. This anisotropic behavior results in an
overall increase in the unit cell volume as the Ag substitution
level rises. While the enlargement of the lattice can be partially
explained by the larger ionic radius of Ag+ (1.42 Å) compared to
La3+ (1.36 Å),139 additional factors must be considered. Notably,
silver doping may also inuence the Mn valence state by
increasing the concentration of Mn4+ ions, because of Ag+

substituting La3+ at the A-site. This compensatory increase in
Mn4+ alters the Mn3+/Mn4+ ratio, which helps maintain charge
neutrality. Since Mn3+ ions contribute more strongly to Jahn–
Teller distortions than Mn4+, changes in their relative abun-
dance can subtly inuence lattice dimensions and local struc-
tural distortions. It is worth noting that the lattice parameter
b values reported here (∼15.41 Å) are approximately double the
conventional Pnma cell dimension (typically∼7.7 Å). This is due
to the use of a doubled unit cell setting along the b-axis, which is
commonly employed for layered perovskite structures and
allows for the accommodation of potential superstructure
effects, such as cation ordering, oxygen-vacancy modulation, or
A-site layer alternation. This approach has been widely used in
structurally similar manganites and is justied here by the
observed reection splitting and satisfactory Rietveld rene-
ment indicators. It should be emphasized that this unit cell
doubling along the b-axis does not indicate the formation of
compositions x = 0.1 and x = 0.2.

RSC Adv., 2025, 15, 22616–22628 | 22619
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Fig. 3 Calculated, observed, and difference X-ray diffraction patterns for La1−xAgxSrMn2O5+d ((a) x = 0.1 and (b) x = 0.2).

Table 1 Structural parameters of La1−xAgxSrMn2O5+d (x = 0.1 and x = 0.2) compounds obtained as a result of structural refinement by the
Rietveld method

Samples a (Å) b (Å) c (Å) V (Å3) RB (%) RF (%) c2

x = 0.1 5.450(5) 15.410(2) 5.495(7) 462.110(1) 4.6 1.4 1.5
x = 0.2 5.456(1) 15.409(5) 5.497(5) 462.206(5) 3.8 5.2 1.8
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a double perovskite structure (A2BB0O6 type), as no B-site
ordering or structural symmetry change was observed in the
XRD patterns. X-ray powder diffraction is also an effective
technique for determining the average crystallite size, oen
referred to as the coherent domain size, as well as for assessing
lattice defects through analysis of peak broadening. Addition-
ally, the average grain size of the material was estimated using
the XRD peaks and the Scherer formula.140

D ¼ K$l

b cos q
(1)

In this equation, K is a constant (0.89), D represents the average
crystallite size, l denotes the X-ray wavelength (1.54051 Å), b is
the full width at half maximum (FWHM) of the diffraction peak,
and q is the Bragg diffraction angle corresponding to that peak.
The calculated average crystallite sizes (D) were found to be
31.9 nm for the sample with x = 0.1 and 28.2 nm for x = 0.2,
indicating that an increase in Ag content leads to a reduction in
crystallite size. It is noteworthy that the particle sizes deter-
mined by SEM are larger than these crystallite dimensions. This
discrepancy suggests that each particle observed under SEM
comprises multiple crystallites, likely aggregated due to internal
interactions or defects such as vacancies and dislocations.

3.4. Magnetic properties

Magnetic measurements as a function of temperature were
carried out using a SQUID magnetometer. An external magnetic
eld of 0.05 T was applied while recording data over a temper-
ature range from 5 K to 400 K. From these measurements, the
22620 | RSC Adv., 2025, 15, 22616–22628
ferromagnetic-to-paramagnetic transition temperature (TC) was
determined by analyzing the derivative curves (dM/dT) as
a function of temperature under the applied eld. The observed
width of this magnetic transition is inuenced by the magni-
tude of the applied eld; theoretically, TC is dened as the
temperature at which spontaneous magnetization emerges in
the absence of an external eld. However, because a eld must
be applied to obtain a measurable signal, it inevitably induces
a magnetic moment above the intrinsic transition temperature,
resulting in a broader transition prole. To balance these
effects, we selected a eld strength of 0.05 T sufficiently low to
minimize transition broadening while still providing a signi-
cant magnetization signal.

To investigate the magnetic behavior of our samples,
magnetization measurements were conducted as a function of
temperature. Fig. 4 illustrates the thermal evolution of magne-
tization under an applied magnetic eld of 0.05 T for La1−x-
AgxSrMn2O5+d compounds with x = 0.1 and 0.2. As the
temperature decreases, the magnetization curves clearly indi-
cate a transition from the paramagnetic to the ferromagnetic
state, with transition temperatures around 365 K, 366 K, and
367 K. The precise TC marking the shi from the ferro-
magnetically ordered phase to the paramagnetic phase was
determined from the derivative curves of magnetization with
respect to temperature, as shown in Fig. 5. Notably, our time-
dependent magnetization measurements reveal that TC
remains essentially constant across the different compounds.
Interestingly, at low temperatures, a decline in magnetization is
observed, which has been attributed to the formation of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Variation of the magnetization as a function of temperature for x = 0, x = 0.1 and x = 0.2.

Fig. 5 Variation of the derivative of the magnetization (dM/dT) as a function of the temperature, of the compounds La1−xAgxSrMn2O5+d for x =
0.1 and 0.2.
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antiferromagnetic domains and/or the emergence of a charge-
ordered phase. Additionally, Fig. 6 displays the M(H)
isotherms for LASMO samples (x = 0, 0.1, and 0.2), recorded
over a temperature range of 10 to 390 K with applied magnetic
elds varying from 0 to 5 T.

The M(H) isotherms further verify the ferromagnetic nature
of the samples at low temperatures. For temperatures below TC,
the magnetization increases sharply and quickly reaches satu-
ration under only a weak applied eld. In contrast, when T
exceeds TC, the material exhibits paramagnetic behavior,
resulting in nearly linear magnetization curves as the eld
varies. The saturation magnetization values are approximately
5.4 mB per Mn for x = 0.1 and 4.2 mB per Mn for x = 0.2 (see
Fig. 6). This reduction in saturation magnetization with higher
Ag content is likely due to an enhanced presence of antiferro-
magnetic or charge-ordered states, which favor antiferromag-
netic coupling at low temperatures.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Fig. 7 shows a typical curve of the variation of M2 versus H/M
(Arrott curves) for the compound LASMO (x = 0.1 and x = 0.2).
We notice that, for T < TC, all samples present isotherms with
positive slopes which implies that the ferromagnetic–para-
magnetic transition is of the second order. The Arrott curves
also allow to determine the Curie temperature from the
isotherm passing through the origin. The value of the Curie
temperature TC deduced from these Arott curves is very close to
that deduced from the M(T) curve. The observed nanometric
grain sizes are expected to affect the magnetic behavior of the
LASMO samples. Reduced grain dimensions can lead to
enhanced surface to volume ratios, which in turn increase the
inuence of surface spin disorder and grain boundary effects.
These factors can suppress long-range ferromagnetic ordering,
contributing to the observed decrease in saturation magneti-
zation with increasing Ag content. Additionally, nanoscale
effects may promote magnetic inhomogeneities or spin frus-
tration, which could also explain the subtle low-temperature
RSC Adv., 2025, 15, 22616–22628 | 22621
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Fig. 6 Magnetization versus magnetic applied field at various
temperatures for the samples La1−xAgxSrMn2O5+d with x = 0, x = 0.1
and x = 0.2.

Fig. 7 Arrott curves for La1−xAgxSrMn2O5+d with x = 0, x = 0.1 and
x = 0.2.
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anomalies suggestive of competing magnetic interactions.
Therefore, both chemical doping and nanoscale morphology
likely act in concert to shape the overall magnetic response of
these compounds. In addition, Ag+ substitution is expected to
increase Mn4+ concentration and modify the Mn3+/Mn4+ ratio,
the Curie temperature remains nearly unchanged across the
doping range. This could be due to a compensation between
increased hole doping and structural effects such as lattice
distortions or changes in bond angles, which moderate the net
effect on double exchange interactions. Further investigation,
22622 | RSC Adv., 2025, 15, 22616–22628
including direct oxygen stoichiometry measurements and
electronic structure analysis, is necessary to fully understand
this magnetic stability.

3.5. Study of the magnetocaloric effect

Magnetic entropy, which plays a crucial role in the magneto-
caloric effect (MCE), can be determined from magnetization
isotherms recorded under varying applied magnetic elds.
According to classical thermodynamic principles, the magnetic
entropy is linked to magnetization (M), external magnetic eld
(m0H), and absolute temperature (T) through the Maxwell
relation:141,142 �

vSðT ;HÞ
vðm0HÞ

�
T

¼
�
vMðT ;HÞ

vT

�
H

(2)

To avoid the challenges of direct adiabatic measurements,
we derived magnetic entropy change (DSm) from isothermal
magnetization data. The entropy change, corresponding to
a eld variation from 0 to Hmax, is computed using:

DSMðT ;H1/H2Þ ¼
ðH2

H1

m0

�
vM

vH

�
P;H

dH (3)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 RCP values for La1−xAgxSrMn2O5+d (x = 0, 0.1 and x = 0.2)
samples

Composition jDSmax
M j (J kg−1 K−1) dTFWHM (K) RCP (J kg−1)

LaSrMn2O5+d 1.28 136.5 174.72
La0.9Ag0.1SrMn2O5+d 1.55 106.1 164.455
La0.8Ag0.2SrMn2O5+d 2.07 72.5 150.207
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The MCE refers to the reversible thermal change observed
when a magnetic material undergoes a transition from an
ordered ferromagnetic (FM) to a disordered paramagnetic (PM)
state. Near the Curie temperature (TC), this leads to a peak in
magnetic entropy change.

Fig. 8 illustrates the temperature dependence of the absolute
magnetic entropy change jDSmj for La1−xAgxSrMn2O5+d

compounds with x = 0.0, 0.1, and 0.2, under different applied
magnetic elds. For comparison, the undoped parent
compound (x= 0) was also analyzed under the same conditions.
The peak value of DSmax

M is observed near TC and increases with
eld strength. The results show that DSmax

M increases systemat-
ically with Ag content: 1.28 J kg−1 K−1 for x = 0, 1.55 J kg−1 K−1

for x= 0.1, and 2.07 J kg−1 K−1 for x= 0.2 under an applied eld
of 5 T. These values are relatively high compared to other
manganites, indicating enhanced uctuations in magnetic
order near the FM–PM transition.

While the value of DSmax
M is an important parameter, it does

not fully characterize a material's refrigeration efficiency. The
relative cooling power (RCP) which accounts for both the
Fig. 8 Variation of the magnetic entropy as a function of the
temperature and the magnetic field of the compounds La1−xAgx-
SrMn2O5+d (x = 0.1 and x = 0.2).

© 2025 The Author(s). Published by the Royal Society of Chemistry
magnitude and breadth of the entropy change is equally crucial.
RCP is calculated as:

RCP = jDSmax
M jdTFWHM (4)

where dTFWHM represents the width of the DSM peak at half
maximum.

Table 2 summarizes the DSmax
M , dTFWHM, and RCP values for

the samples at 5 T. Interestingly, although the Ag-doped
samples show higher DSmax

M values, the undoped sample (x =

0) exhibits the highest RCP (177.12 J kg−1) due to its broader
DSm peak. This highlights a trade-off between entropy magni-
tude and working temperature range, both of which are critical
for real-world refrigeration applications. Overall, the LASMO
compounds demonstrate promising MCE properties and
tunability via silver substitution. These observations suggest
that Ag substitution not only enhances the magnetic entropy
change but also modies the temperature span over which the
effect occurs, likely due to alterations in the Mn3+/Mn4+ ratio
and exchange interactions. The broader DSm peak observed in
the undoped sample may be indicative of more gradual
magnetic transitions, while the sharper, higher peaks in Ag-
doped compositions reect stronger but narrower thermal
responses. This tunability of MCE characteristics via composi-
tional control offers valuable exibility for optimizing materials
based on specic operational requirements, such as compact-
ness, thermal stability, or operating temperature range in
practical systems. Moreover, the relatively high RCP and jDSmj
values across all compositions underscore the robustness of the
layered structure in sustaining signicant magnetothermal
responses.
4. Conclusion

The La1−xAgxSrMn2O5+d samples were successfully synthesized
via the solid-state reaction method and systematically charac-
terized through structural, morphological, and magnetic anal-
yses. X-ray diffraction, combined with Rietveld renement,
conrmed that all compounds crystallize in a single-phase
orthorhombic structure with space group Pnma, without any
detectable structural phase transition upon Ag substitution.
SEM analysis revealed densely packed crystallites with slight
grain coarsening in Ag-doped samples. Magnetic measure-
ments showed that all compositions undergo a second-order
paramagnetic–ferromagnetic (PM–FM) transition.

The saturation magnetization was found to decrease with
increasing Ag content, while the magnetic entropy change
(−DSm) increased, accompanied by a reduction in relative
RSC Adv., 2025, 15, 22616–22628 | 22623
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cooling power (RCP). These trends are consistent with
enhanced double exchange interactions and altered Mn valence
distribution due to Ag incorporation. While the oxygen non-
stoichiometry (d) was not determined in this study, it is antici-
pated to inuence the Mn3+/Mn4+ ratio and, consequently, the
material's magnetic and electronic behavior. Future investiga-
tions will focus on quantifying d to better understand its impact
on the structure of property relationships in these systems.
Overall, the results suggest that Ag-doped LASMO compounds
possess promising magnetocaloric properties and could serve
as potential candidates for magnetic refrigeration applications.
Data availability

The data that support the ndings of this study are available
from the corresponding author upon reasonable request.
Author contributions

Sonia Soltani: conceptualization, methodology, supervision,
writing – original dra. Mokhtar Hjiri: experimental design,
data curation, formal analysis, writing – review & editing.
Abdullah M. Aldukhayel: investigation, resources, validation.
Manel Essid: characterization (XRD, SEM), data interpretation.
Anouar Jbeli: magnetic measurements, data analysis. Nouf
Ahmed Althumairi: funding acquisition, project administra-
tion, writing review & editing. All authors have read and agreed
to the published version of the manuscript.
Conflicts of interest

The authors declare that they have no conict of interest related
to this work.
Acknowledgements

The authors extend their appreciation to the Deanship of
Research and Graduate Studies at King Khalid University for
funding this work through Large Research Project under grant
number RGP2/148/46.
References

1 J.-yu Yang, et al., Retracted Article: The PI3K/Akt and NF-kB
signaling pathways are involved in the protective effects of
Lithocarpus polystachyus (sweet tea) on APAP-induced
oxidative stress injury in mice, RSC Adv., 2020, 10(31),
18044–18053.

2 G. Huang, et al., Isolation and Identication of Chemical
Constituents from Zhideke Granules by Ultra-Performance
Liquid Chromatography Coupled with Mass Spectrometry,
J. Anal. Methods Chem., 2020, 1(2020), 8889607.

3 X. Sui, et al., High spatial resolution recording of near-
infrared hologram based on photo-induced phase
transition of vanadium dioxide lm, Opt. Lett., 2015,
40(7), 1595–1598.
22624 | RSC Adv., 2025, 15, 22616–22628
4 S. Xiu-Bao, et al., Research on the response model of
microbolometer, Chin. Phys. B, 2010, 19(10), 108702.

5 X. Sui, et al., Response model of resistance-type
microbolometer, Opt. Rev., 2010, 17, 525–531.

6 X. Sui, et al., Multi-sampling and ltering technology of
IRFPA, Optik, 2011, 122(12), 1037–1041.

7 X. Sui, Q. Chen and G. Gu, Adaptive bias voltage driving
technique of uncooled infrared focal plane array, Optik,
2013, 124(20), 4274–4277.

8 Y. Zhiquan, et al., Types and space distribution
characteristics of debris ow disasters along China-
Pakistan Highway, Electron. J. Geotech. Eng., 2016, 21, 191–
200.

9 J. Gao, Friction coefficient estimation of the clutch in
automatic transmission based on improved persistent
excitation condition, 2017 Chinese Automation Congress
(CAC), IEEE, 2017.

10 Wu Zhengzhi, et al., Preliminary studies on diagnostic cast
of peptic ulcer based on saliva proteome and
bioinformatics, 2011 4th International Conference on
Biomedical Engineering and Informatics (BMEI), IEEE, 2011,
vol. 3.

11 Z.-zhi Wu, et al., Preliminary study on saliva proteomics of
different furs in digestive system diseases, 2009 IEEE
International Symposium on IT in Medicine & Education,
IEEE, 2009, vol. 1.

12 Z.-zhi Wu, et al., Effect of Natural Brain-Kenetine on
variance of Gene expression proles in MSC and
hippocampus of AD rats analyzed by Gene chips and
bioinformatics techniques, 2008 IEEE International
Symposium on IT in Medicine and Education, IEEE, 2008.

13 A. C. J. Huango, et al., Natural cerebrolysin induces
neuronal differentiation in bone marrow mesenchymal
stem cells, Neural Regener. Res., 2009, 4, 178–185.

14 Z. Wu, et al., Study on relationship between the thickness of
tongue fur and the expressions of apoptosis-related genes
of the tongue epithelial cells in patients with diseases of
the digestive system, J. Tradit. Chin. Med., 2007, 27(2),
148–152.

15 Z. WU, et al., Quantitative study of tiantai I on
superoxidative dismutase and lipofuscin in relevant
cerebral areas of spontaneous Alzheimer disease in mice,
Chin. J. Tissue Eng. Res., 2005, 178–181.

16 Z.-Z. Wu, Effects of Tiantai No. 1 on relative neuropeptides
of spontaneous aged dementia mice, Chin. J. Neurosci.,
2004, 20, 167–170.

17 W. U. Zhengzhi, L. I. Ming and J. I. A. Xiuqin, Changes of
neuronal nitric oxide synthase in relevant cerebral regions
in spontaneous senile dementia model and regulation of
Tiantai I, Chin. J. Tissue Eng. Res., 2005, 244–247.

18 C. Wang, et al., On-demand airport slot management: tree-
structured capacity prole and coadapted re-break setting
and slot allocation, Transp. A: Transp. Sci., 2024, 1–35.

19 D. Ye, et al., PO-SRPP: A decentralized pivoting path
planning method for self-recongurable satellites, IEEE
Trans. Ind. Electron., 2024, 71(11), 14318–14327.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra02729b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 3
:5

9:
39

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
20 Y. Xiao, Y. Yang, D. Ye and J. Zhang, Quantitative precision
second-order temporal transformation-based pose control
for spacecra proximity operations, IEEE Trans. Aerosp.
Electron. Syst., 2025, 61(2), 1931–1941.

21 Y. Xiao, Y. Yang, D. Ye and Y. Zhao, Scaling-transformation
based attitude tracking control for rigid spacecra with
prescribed time and prescribed bound, IEEE Trans.
Aerosp. Electron. Syst., 2025, 61(1), 433–442.

22 H. H. Zhang, et al., 5G base station antenna array with
heatsink radome, IEEE Trans. Antennas Propag., 2024,
72(3), 2270–2278.

23 H. Lv, J. Zeng, Z. Zhu, S. Dong and W. Li, Study on prestress
distribution and structural performance of heptagonal six-
ve-strut alternated cable dome with inner hole, Structures,
2024, 65, 106724.

24 J. Du, et al., Solidication microstructure reconstruction
and its effects on phase transformation, grain boundary
transformation mechanism, and mechanical properties of
TC4 alloy welded joint, Metall. Mater. Trans. A, 2024,
55(4), 1193–1206.

25 S. Lv, et al., Effect of axial misalignment on the
microstructure, mechanical, and corrosion properties of
magnetically impelled arc butt welding joint, Mater. Today
Commun., 2024, 40, 109866.

26 T. Yue, et al., Monascus pigment-protected bone marrow-
derived stem cells for heart failure treatment, Bioact.
Mater., 2024, 42, 270–283.

27 Y. Hou, et al., Assortative mating on blood type: Evidence
from one million Chinese pregnancies, Proc. Natl. Acad.
Sci. U. S. A., 2022, 119.51, e2209643119.

28 Provably Efficient Service Function Chain Embedding and
Protection in Edge Networks.

29 X. Yi, R. Zhao and Y. Lin, The impact of nighttime car body
lighting on pedestrians' distraction: A virtual reality
simulation based on bottom-up attention mechanism,
Saf. Sci., 2024, 180, 106633.

30 H. Liao, et al., Ropinirole suppresses LPS-induced
periodontal inammation by inhibiting the NAT10 in an
ac4C-dependent manner, BMC Oral Health, 2024, 24(1),
510.

31 Z. Zhang, M. Lin, D. Li, R. Wu, R. Lin and C. Yang, An AUV-
Enabled Dockable Platform for Long-Term Dynamic and
Static Monitoring of Marine Pastures, IEEE J. Ocean. Eng.,
2025, 50(1), 276–293.

32 B. Zhu, et al., KNN-based single crystal high frequency
transducer for intravascular photoacoustic imaging, 2017
IEEE International Ultrasonics Symposium (IUS), IEEE, 2017.

33 B. P. Zhu, et al., Lead zirconate titanate thick lm with
enhanced electrical properties for high frequency
transducer applications, Appl. Phys. Lett., 2008, 93(1),
012905.

34 Li-C. Zhao, et al., Fast and Sensitive LC-DAD-ESI/MS
Method for Analysis of Saikosaponins c, a, and d from the
Roots of Bupleurum Falcatum (Sandaochaihu), Molecules,
2011, 16(2), 1533–1543.
© 2025 The Author(s). Published by the Royal Society of Chemistry
35 L. Zhao, et al., Rubidium salt can effectively relieve the
symptoms of DSS-induced ulcerative colitis, Biomed.
Pharmacother., 2024, 181, 117574.

36 L. Zhao, et al., Effect of Cyclocarya paliurus on
hypoglycemic effect in type 2 diabetic mice, Medical
science monitor: internatioXiu-Bao, Sui, et al., Research
on the response model of microbolometer, Chin. Phys. B,
2019, 19(10), 2976.

37 S.-X. Yang, et al., Extraction of avonoids from Cyclocarya
paliurus (Juglandaceae) leaves using ethanol/salt aqueous
two-phase system coupled with ultrasonic, J. Food Process.
Preserv., 2020, 44(6), e14469.

38 Z. Wu, et al., Inuence of Tiantai No. 1 Recipe on learning
and memory function of spontaneous Alzheimer disease
models, Chin. J. Tissue Eng. Res., 2005, 180–181.

39 Z. Wu, et al., Effects of serum containing natural
cerebrolysin on glucose-regulated protein 78 and CCAAT
enhancer-binding protein homologous protein expression
in neuronal PC12 cells following tunicamycin-induced
endoplasmic reticulum stress, Neural Regener. Res., 2009,
4(2), 92–97.

40 Z. Z. WU, et al., Effect of Tiantai No. 1 on beta-amyloid-
induced neurotoxicity and NF-kappa B and cAMP
responsive element-binding protein, Chin. J. Integr. Med.,
2008, 14(4), 286–292.

41 Z. Wu, et al., Study on saliva proteome and bioinformatics
in patients with chronic gastritis, 2011 IEEE International
Symposium on IT in Medicine and Education, IEEE, 2011,
vol. 1.

42 F.-juan Huang, and Z.-zhi Wu., From unusual sequences to
human diseases, Medicine Sciences and Bioengineering:
Proceedings of the 2014 International Conference on
Medicine Sciences and Bioengineering (ICMSB2014),
Kunming, Yunnan, China, August 16-17, 2014, CRC Press,
2015.

43 G. Tian, et al., Leg-bathing in decoction in treating
rheumatism, experimented on rats and demonstrated by
visualization of knee joint synovium, Acta Med. Mediterr.,
2016, 32(6), 1873–1879.

44 G. Tian, et al., Evidence-based traditional Chinese medicine
research: two decades of development, its impact, and
breakthrough, J. Evid. Base Med., 2021, 14(1), 65–74.

45 G.-H. Tian, et al., Electroacupuncture treatment alleviates
central poststroke pain by inhibiting brain neuronal
apoptosis and aberrant astrocyte activation, Neural Plast.,
2016, 1(2016), 1437148.

46 G. Tian, et al., Therapeutic effects of wenxin keli in
cardiovascular diseases: an experimental and mechanism
overview, Front. Pharmacol., 2018, 9, 1005.

47 G.-H. Tian, et al., Long-term stimulation with
electroacupuncture at DU20 and ST36 rescues
hippocampal neuron through attenuating cerebral blood
ow in spontaneously hypertensive rats, J. Evidence-Based
Complementary Altern. Med., 2013, 1, 482947.

48 G. Tian, et al., Can a holistic view facilitate the development
of intelligent traditional Chinese medicine? A survey, IEEE
Trans. Comput. Soc. Syst., 2023, 10(2), 700–713.
RSC Adv., 2025, 15, 22616–22628 | 22625

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra02729b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 3
:5

9:
39

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
49 J. Zhai, et al., Acupuncture for constipation in patients with
stroke: protocol of a systematic review and meta-analysis,
BMJ Open, 2018, 8(3), e020400.

50 Y. Wu, et al., Causal association between circulating
inammatory markers and sciatica development:
a Mendelian randomization study, Front. Neurol., 2024,
15, 1380719.

51 Yi-Yi Lin, et al., Effect of Siegesbeckiae Herba in treating
chronic pain, China J. Chin. Mater. Med., 2020, 45(8),
1851–1858.

52 Yi Lin, et al., Acupuncture combined with Chinese herbal
medicine for discogenic low back pain: protocol for
a multicentre, randomised controlled trial, BMJ Open,
2024, 14(11), e088898.

53 J. J. Yang, Analysis of clinical medication characteristics of
zedoary turmeric oil injection based on real world data,
Chin. J. New Drugs, 2023, 32(5), 547–552.

54 X. Li, et al., The analgesic mechanism of Xi Shao Formula
research on neuropathic pain based on metabolomics, J.
Tradit. Chin. Med. Sci., 2023, 10(4), 448–460.

55 X.-Yi Li, et al., Medication rules of traditional Chinese
medicine compounds for pain, Zhongguo Zhongyao Zazhi,
2023, 3386–3393.

56 D. Xiang, et al., HCMPE-Net: an unsupervised network for
underwater image restoration with multi-parameter
estimation based on homology constraint, Opt Laser.
Technol., 2025, 186, 112616.

57 D. Xiang, et al., HCMPE-Net: an unsupervised network for
underwater image restoration with multi-parameter
estimation based on homology constraint, Opt Laser.
Technol., 2025, 186, 112616.

58 M. Feng, C. Yan, Z. Wu, W. Dong, Y. Wang and A. Mian,
History-enhanced 3D scene graph reasoning from RGB-D
sequences, IEEE Trans. Circ. Syst. Video Technol., 2025,
DOI: 10.1109/TCSVT.2025.3548308.

59 Y. Yu, et al., CrowdFPN: crowd counting via scale-enhanced
and location-aware feature pyramid network, Appl. Intell.,
2025, 55(5), 1–13.

60 Y. Guan, Z. Cui and W. Zhou, Reconstruction in off-axis
digital holography based on hybrid clustering and the
fractional Fourier transform, Opt Laser. Technol., 2025,
186, 112622.

61 Z. L. Ni, et al., Numerical Analysis of Ultrasonic Spot
Welding of Cu/Cu Joints, J. Mater. Eng. Perform., 2025, 1–12.

62 M.-X. Zhang, et al., Technical performance, surgical
workload and patient outcomes of robotic and
laparoscopic surgery for pediatric choledochal cyst:
a multicenter retrospective cohort and propensity score-
matched study, Hepatobiliary Surg. Nutr., 2025, https://
hbsn.amegroups.org/article/view/135228.

63 M. Zhang, et al., Robotic-Assisted Proctosigmoidectomy vs.
Laparoscopic-Assisted Soave Pull-Through for
Hirschsprung's Disease: Medium-Term Outcomes From
a Prospective Multicenter Study, Ann. Surg., 2023, 10–1097.

64 Y. Huang, et al., Travel and regional development:
a quantitative analysis of China, J. Reg. Sci., 2025, DOI:
10.1111/jors.12760.
22626 | RSC Adv., 2025, 15, 22616–22628
65 Z. Ni, et al., Improving the weldability and mechanical
property of ultrasonic spot welding of Cu sheets through
a surface gradient structure, J. Mater. Res. Technol., 2025,
36, 2652–2668.

66 Z. Yu, et al., A generalized Faustmann model with multiple
carbon pools, For. Pol. Econ., 2024, 169, 103363.

67 X. Xiang, et al., Flavor prole of 4-isothiocyanato-1-butene
in microwave rapeseed oil and its anti-inammatory
properties in vitro, J. Agric. Food Chem., 2025, 73(17),
10520–10530.

68 Z. Yu, et al., Optimal harvest decisions for the management
of carbon sequestration forests under price uncertainty and
risk preferences, For. Pol. Econ., 2023, 151, 102957.

69 J. Xu, et al., Study on fuel injection stability improvement in
marine low-speed dual-fuel engines, Appl. Therm. Eng.,
2024, 253, 123729.

70 Y. Nie, C. Ji and H. Yang, The forest ecological footprint
distribution of Chinese log imports, For. Pol. Econ., 2010,
12(3), 231–235.

71 J. Sheng, R. Ding and H. Yang, Corporate green innovation
in an aging population: Evidence from Chinese listed
companies, Technol. Forecast. Soc. Change, 2024, 202,
123307.

72 T. Peng, Z. Ning and H. Yang, Embodied CO2 in China's
trade of harvested wood products based on an MRIO
model, Ecol. Indic., 2022, 137, 108742.

73 S. Zhang, Y. Yang and H. Yang, A meshless symplectic
algorithm for nonlinear wave equation using highly
accurate RBFs quasi-interpolation, Appl. Math. Comput.,
2017, 314, 110–120.

74 J. Sheng, R. Zhang and H. Yang, Inter-basin water transfers
and water rebound effects: The South-North water transfer
Project in China, J. Hydrol., 2024, 638, 131516.

75 R. Fei, et al., Deep core node information embedding on
networks with missing edges for community detection,
Inf. Sci., 2025, 707, 122039.

76 T. Qiu, et al., Electrochemistry and DFT study of galvanic
interaction on the surface of monoclinic pyrrhotite (0 0 1)
and galena (1 0 0), Int. J. Min. Sci. Technol., 2024, 34(8),
1151–1162.

77 H. Yan, et al., Adsorption mechanism of hydrated Lu (OH)
2+ and Al (OH)2+ ions on the surface of kaolinite, Powder
Technol., 2022, 407, 117611.

78 S. Qiu, et al., Theoretical investigation of hydrated [Lu (OH)
2]+ adsorption on kaolinite (0 0 1) surface with DFT
calculations, Appl. Surf. Sci., 2021, 565, 150473.

79 D. Zhu, et al., Molecular dynamics simulation of aluminum
inhibited leaching during ion-adsorbed type rare earth ore
leaching process, J. Rare Earths, 2019, 37(12), 1334–1340.

80 S. Qiu, et al., Investigation of protonation and
deprotonation processes of kaolinite and its effect on the
adsorption stability of rare earth elements, Colloids Surf.,
A, 2022, 642, 128596.

81 H. Yan, et al., Compound leaching behavior and regularity
of ionic rare earth ore, Powder Technol., 2018, 333, 106–114.
© 2025 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1109/TCSVT.2025.3548308
https://hbsn.amegroups.org/article/view/135228
https://hbsn.amegroups.org/article/view/135228
https://doi.org/10.1111/jors.12760
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra02729b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 3
:5

9:
39

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
82 D. Zhang, et al., Investigation of injection and ow
characteristics in an electronic injector featuring a novel
control valve, Energy Convers. Manage., 2025, 327, 119609.

83 M. Feng, C. Yan, Z. Wu, W. Dong, Y. Wang and A. Mian,
Hyperrectangle embedding for debiased 3D scene graph
prediction from RGB sequences, IEEE Trans. Pattern Anal.
Mach. Intell., 2025, DOI: 10.1109/TPAMI.2025.3560090.

84 Li-Na Ding, et al., A GDSL motif-containing lipase
modulates Sclerotinia sclerotiorum resistance in Brassica
napus, Plant Physiol., 2024, 196(4), 2973–2988.

85 Y.-Z. Wu, et al., Antimicrobial peptides: classication,
mechanism, and application in plant disease resistance,
Probiotics Antimicrob. Proteins, 2025, 1–15.

86 Z. Chen, et al., Dynamic model and vibration of rack vehicle
on curve line, Veh. Syst. Dyn., 2025, 1–19.

87 Z. Chen, et al., Creep behaviour between resilient wheels
and rails in a metro system, Veh. Syst. Dyn., 2025, 1–21.

88 F. Qindong, et al., Coupling coordination analysis of urban
social vulnerability and human activity intensity, Environ.
Res. Commun., 2025, 7(3), 035009.

89 F. Qindong, Q. Lu and X. Yang, Spatiotemporal assessment
of recreation ecosystem service ow from green spaces in
Zhengzhou's main urban area, Humanit. Soc. Sci.
Commun., 2025, 12(1), 1–14.

90 Q. Long, et al., Inuence mechanism of leaching agent
anions on the leaching of aluminium impurities in ionic-
type rare earth ores: A DFT simulation combined with
experimental verication, Sep. Purif. Technol., 2025, 354,
128768.

91 X. Qin, et al., Simulation and design of T-shaped barrier
tops including periodic split ring resonator arrays for
increased noise reduction, Appl. Acoust., 2025, 236, 110751.

92 H. Yang, X. Zhang and Y. Hong, Classication, production,
and carbon stock of harvested wood products in China
from 1961 to 2012, BioResources, 2014, 9(3), 4311–4322.

93 H. Yang and X. Zhang, A rethinking of the production
approach in IPCC: its objectiveness in China,
Sustainability, 2016, 8(3), 216.

94 H. Yang, et al., A decade trend of total factor productivity of
key state-owned forestry enterprises in China, Forests, 2016,
7(5), 97.

95 H. Yang, Y. Nie and C. Ji, Study on China's timber resource
shortage and import structure: natural forest protection
program outlook, 1998 to 2008, For. Prod. J., 2010, 60(5),
408–414.

96 H. Yang and Li. Xi, Potential variation in opportunity cost
estimates for REDD+ and its causes, For. Pol. Econ., 2018,
95, 138–146.

97 Y. Hongqiang, et al., China's wood furniture manufacturing
industry: industrial cluster and export competitiveness, For.
Prod. J., 2012, 62(3), 214–221.

98 J. Sheng and H. Yang, Collaborative models and uncertain
water quality in payments for watershed services: China's
Jiuzhou River eco-compensation, Ecosyst. Serv., 2024, 70,
101671.

99 J. Sheng and H. Yang, Linking water markets with payments
for watershed services: the eastern route of China's South-
© 2025 The Author(s). Published by the Royal Society of Chemistry
North Water Transfer Project, Agric. Water Manag., 2024,
295, 108733.

100 A. Geng, J. Chen and H. Yang, Assessing the greenhouse gas
mitigation potential of harvested wood products
substitution in China, Environ. Sci. Technol., 2019, 53(3),
1732–1740.

101 A. Geng, H. Zhang and H. Yang, Greenhouse gas reduction
and cost efficiency of using wood ooring as an alternative
to ceramic tile: A case study in China, J. Clean. Prod., 2017,
166, 438–448.

102 X. Li, X. Zhang and H. Yang, Estimating the opportunity
costs of avoiding oil palm-based deforestation in
Indonesia: Implications for REDD+, Chin. J. Popul. Resour.
Environ., 2020, 18(1), 9–15.

103 X. Yin, et al., Targeted sonodynamic therapy platform for
holistic integrative Helicobacter pylori therapy, Adv. Sci.,
2025, 12(2), 2408583.

104 D. O. N. G. Yali, High-temperature deformation
measurement using optical imaging digital image
correlation: Status, challenge and future, Chin. J.
Aeronaut., 2025, 103472.

105 Y. Wang, et al., Balancing Intermediates Formation on
Atomically Pd-Bridged Cu/Cu2O Interfaces for Kinetics-
Matching Electrocatalytic C–N Coupling Reaction, Angew.
Chem., Int. Ed., 2025, e202503011.

106 S. Yu, et al., An inclined groove and its optimization design
method for improving the energy performance at the
saddle zone of axial ow pumps, Energy, 2025, 136527.

107 J. Li, et al., A simple and efficient three-dimensional spring
element model for pore seepage problems, Engineering
Analysis with Boundary Elements, 2025, 176, 106225.

108 C. Ma, et al., A multi-scale spatial–temporal interaction
fusion network for digital twin-based thermal error
compensation in precision machine tools, Expert Syst.
Appl., 2025, 127812.

109 H. Wang, et al., Magnetic properties, critical behavior, and
magnetocaloric effect of Nd1−xSrxMnO3 (0.2# x# 0.5): The
role of Sr doping concentration, J. Appl. Phys., 2024, 136(9),
DOI: 10.1063/5.0229032.

110 X. Huang, et al., Effects of Sodium Sources on Nonaqueous
Precipitation Synthesis of b00-Al2O3 and Formation
Mechanism of Uniform Ionic Channels, Langmuir, 2025,
DOI: 10.1021/acs.langmuir.4c04641.

111 K. Liu, et al., Pixel-Level Noise Mining for Weakly
Supervised Salient Object Detection, IEEE Transact. Neural
Networks Learn. Syst., 2025, DOI: 10.1109/
TNNLS.2025.3575255.

112 B. Bai, et al., Temperature-driven migration of heavy metal
Pb2+ along with moisture movement in unsaturated soils,
Int. J. Heat Mass Transfer, 2020, 153, 119573.

113 B. Bai, et al., A high-strength red mud–y ash geopolymer
and the implications of curing temperature, Powder
Technol., 2023, 416, 118242.

114 B. Bai, et al., The remediation efficiency of heavy metal
pollutants in water by industrial red mud particle waste,
Environ. Technol. Innovation, 2022, 28, 102944.
RSC Adv., 2025, 15, 22616–22628 | 22627

https://doi.org/10.1109/TPAMI.2025.3560090
https://doi.org/10.1063/5.0229032
https://doi.org/10.1021/acs.langmuir.4c04641
https://doi.org/10.1109/TNNLS.2025.3575255
https://doi.org/10.1109/TNNLS.2025.3575255
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra02729b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 3
:5

9:
39

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
115 P. Guo, et al., Enhanced iodine capture by nano-copper
particles modied benzimidazole-based molded porous
carbon, Appl. Surf. Sci., 2025, 163754.

116 Y. Zhao, et al., Frequency insensitive electromagnetic
absorption core-shell sandwich structure with excellent
electromagnetic damage tolerance, Composites, Part B,
2025, 289, 111946.

117 B. Bai, et al., Corrosion effect of acid/alkali on cementitious
red mud-y ash materials containing heavy metal residues,
Environ. Technol. Innovation, 2024, 33, 103485.

118 Y. Zhao, et al., Excellent angular and electrical performance
damage tolerance of wave-absorbing laminate via gradient
ATA design, Compos. Commun., 2024, 46, 101838.

119 T. Fan, et al., Nucleation and growth of L12-Al3RE particles
in aluminum alloys: A rst-principles study, J. Rare Earths,
2023, 41(7), 1116–1126.

120 B. Bai, et al., A novel thermodynamic constitutive model of
coarse-grained soils considering the particle breakage,
Transp. Geotech., 2025, 50, 101462.

121 Y. Zhao, et al., 3D phase gradient induced surface wave
torsion metastructure for anomalous electromagnetic
damage tolerance, Compos. Sci. Technol., 2025, 111088.

122 B. Bai, et al., Granular Thermodynamic Migration Model
Suitable for High-Alkalinity Red Mud Filtrates and Test
Verication, Int. J. Numer. Anal. Methods Geomech., 2025,
DOI: 10.1002/nag.3946.

123 Y. Shen, Q. Lu and Y. Li, Design criterion and analysis of
hybrid-excited Vernier reluctance linear machine with slot
Halbach PM arrays, IEEE Trans. Ind. Electron., 2022, 70(5),
5074–5084.

124 B. Bai, J. Chen and B. Zhang, Flowing-water remediation
simulation experiments of lead-contaminated soil using
UCB technology, Int. J. Phytorem., 2025, 27(6), 761–770.

125 B. Bai, et al., A granular thermodynamic framework-based
coupled multiphase-substance ow model considering
temperature driving effect, J. Rock Mech. Geotech. Eng.,
2024, DOI: 10.1016/j.jrmge.2024.11.017.

126 B. Bai, et al., A thermodynamic multi-eld model for
unsaturated sulfate-saline soils considering crystallization
process, Comput. Geotech., 2025, 184, 107251.

127 N. Mtiraoui, et al., Magnetic and magnetocaloric properties
in Nd1-3xBaxCax SrxMnO3 (x= 0.11 and 0.133) perovskite
manganites, J. Solid State Chem., 2021, 294, 121847.

128 W. Xia, et al., Research progress in rare earth-doped
perovskite manganite oxide nanostructures, Nanoscale
Res. Lett., 2020, 15(1), 9.

129 F. Tayari, et al., Progress and Developments in the
Fabrication and Characterization of Metal Halide
22628 | RSC Adv., 2025, 15, 22616–22628
Perovskites for Photovoltaic Applications, Nanomaterials,
2025, 15(8), 613.

130 C. N. R. Rao, Novel materials, materials design and
synthetic strategies: recent, Trends in Chemistry of
Materials: Selected Research Papers of CNR Rao 1, 2008, p. 3.

131 F. Tayari, et al., A Comprehensive Review of Recent
Advances in Perovskite Materials: Electrical, Dielectric,
and Magnetic Properties, Inorganics, 2025, 13(3), 67.

132 S. Hammouda, Effect of rare earth ion size on ordering
processes in rare earth ferrites RFe2O4 by R=
LuxY1−xFe2O4 substitution study, Diss. Master thesis, Al-
Quds University, 2016 (cited on page 17), 2015.

133 T. Gottschall, et al., Making a cool choice: the materials
library of magnetic refrigeration, Adv. Energy Mater., 2019,
9(34), 1901322.

134 T. O. Owolabi, et al., Ensemble-based support vector
regression with gravitational search algorithm
optimization for estimating magnetic relative cooling
power of manganite refrigerant in magnetic refrigeration
application, J. Supercond. Novel Magn., 2019, 32, 2107–2118.

135 N. Nazir and M. Ikram, Tuning of the structural,
morphological, dielectric, and magnetoresistance
properties of Gd2NiMnO6 double perovskite by Ca
doping, Phys. B, 2022, 632, 413734.

136 R. Dhahri, et al., Enhanced electrical and magnetic
properties of barium manganese titanium oxide
perovskite ceramics synthesized by solid-state reaction, J.
Mater. Sci.: Mater. Electron., 2025, 36(1), 30.

137 F. Tayari, et al., Investigating Fe-doped
Ba0.67Ni0.33Mn1−xFexO3 (x= 0, 0.2) ceramics: insights into
electrical and dielectric behaviors, RSC Adv., 2024, 14(18),
12561–12573.

138 F. Tayari, et al., Crystal Structural Characteristics and
Electrical Properties of Novel Sol-Gel Synthesis of Ceramic
Bi0.75Ba0.25(FeMn)0.5O3, Materials, 2024, 15, 3797.

139 R. D. Shannon, Revised Effective Ionic Radii and Systematic
Studies of Interatomic Distances in Halides and
Chalcogenides, Acta Crystallogr., Sect. A, 1976, A32, 751–
767.

140 F. Tayari, et al., Exploring Enhanced Structural and
Dielectric Properties in Ag-Doped Sr(NiNb)0.5O3 Perovskite
Ceramic for Advanced Energy Storage, Ceramics, 2024,
7(3), 958–974.

141 J. S. Amaral, et al., Magnetocaloric effect in Er-and Eu-
substituted ferromagnetic La-Sr manganites, J. Magn.
Magn. Mater., 2005, 290, 686–689.

142 M. E. McHenry and D. E. Laughlin, Magnetic moment and
magnetization, Charact. Mater., 2012, 2, 25.
© 2025 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1002/nag.3946
https://doi.org/10.1016/j.jrmge.2024.11.017
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra02729b

	Effects of silver doping at the A-site on the structure, surface morphology, and magnetic behavior of La1tnqh_x2212xAgxSrMn2O5tnqh_x002Btnqh_x03B4 (x tnqh_x003D 0.1 and 0.2)
	Effects of silver doping at the A-site on the structure, surface morphology, and magnetic behavior of La1tnqh_x2212xAgxSrMn2O5tnqh_x002Btnqh_x03B4 (x tnqh_x003D 0.1 and 0.2)
	Effects of silver doping at the A-site on the structure, surface morphology, and magnetic behavior of La1tnqh_x2212xAgxSrMn2O5tnqh_x002Btnqh_x03B4 (x tnqh_x003D 0.1 and 0.2)
	Effects of silver doping at the A-site on the structure, surface morphology, and magnetic behavior of La1tnqh_x2212xAgxSrMn2O5tnqh_x002Btnqh_x03B4 (x tnqh_x003D 0.1 and 0.2)
	Effects of silver doping at the A-site on the structure, surface morphology, and magnetic behavior of La1tnqh_x2212xAgxSrMn2O5tnqh_x002Btnqh_x03B4 (x tnqh_x003D 0.1 and 0.2)

	Effects of silver doping at the A-site on the structure, surface morphology, and magnetic behavior of La1tnqh_x2212xAgxSrMn2O5tnqh_x002Btnqh_x03B4 (x tnqh_x003D 0.1 and 0.2)
	Effects of silver doping at the A-site on the structure, surface morphology, and magnetic behavior of La1tnqh_x2212xAgxSrMn2O5tnqh_x002Btnqh_x03B4 (x tnqh_x003D 0.1 and 0.2)
	Effects of silver doping at the A-site on the structure, surface morphology, and magnetic behavior of La1tnqh_x2212xAgxSrMn2O5tnqh_x002Btnqh_x03B4 (x tnqh_x003D 0.1 and 0.2)
	Effects of silver doping at the A-site on the structure, surface morphology, and magnetic behavior of La1tnqh_x2212xAgxSrMn2O5tnqh_x002Btnqh_x03B4 (x tnqh_x003D 0.1 and 0.2)
	Effects of silver doping at the A-site on the structure, surface morphology, and magnetic behavior of La1tnqh_x2212xAgxSrMn2O5tnqh_x002Btnqh_x03B4 (x tnqh_x003D 0.1 and 0.2)
	Effects of silver doping at the A-site on the structure, surface morphology, and magnetic behavior of La1tnqh_x2212xAgxSrMn2O5tnqh_x002Btnqh_x03B4 (x tnqh_x003D 0.1 and 0.2)

	Effects of silver doping at the A-site on the structure, surface morphology, and magnetic behavior of La1tnqh_x2212xAgxSrMn2O5tnqh_x002Btnqh_x03B4 (x tnqh_x003D 0.1 and 0.2)
	Effects of silver doping at the A-site on the structure, surface morphology, and magnetic behavior of La1tnqh_x2212xAgxSrMn2O5tnqh_x002Btnqh_x03B4 (x tnqh_x003D 0.1 and 0.2)
	Effects of silver doping at the A-site on the structure, surface morphology, and magnetic behavior of La1tnqh_x2212xAgxSrMn2O5tnqh_x002Btnqh_x03B4 (x tnqh_x003D 0.1 and 0.2)
	Effects of silver doping at the A-site on the structure, surface morphology, and magnetic behavior of La1tnqh_x2212xAgxSrMn2O5tnqh_x002Btnqh_x03B4 (x tnqh_x003D 0.1 and 0.2)
	Effects of silver doping at the A-site on the structure, surface morphology, and magnetic behavior of La1tnqh_x2212xAgxSrMn2O5tnqh_x002Btnqh_x03B4 (x tnqh_x003D 0.1 and 0.2)


