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Abstract

Manganese phosphates in various forms have garnered substantial interest because of their
applications in energy storage, catalysis, and material science. In this study, we present a novel
phosphorous acid (H;PO3) mediated approach for the facile synthesis of MnPO4-H,O and Mn,P,0,
with a unique flower-like morphology. As precursors, KMnO, and H;PO; were chosen to
hydrothermally synthesize MnPO4.H,0O. The crystalline Mn,P,0; was produced by heating
MnPO,.H;0 for two hours at 700 °C. XRD, FTIR, FESEM, TEM, and other techniques were used
to characterize the materials. The monoclinic structure of MnPO,4.H,O and Mn,P,0, was confirmed
by XRD. A possible formation mechanism is proposed, highlighting the role of H;PO; as both a
phosphorus source and a structure-directing agent. The electrochemical study showed that Mn,P,0-
has a specific capacitance of 169 F.g™!, whereas that of MnPO,-H,0 is 63 F.g™! at a current density
of 1 A.g™'. This approach provides a straightforward, economical, and scalable pathway to
manganese phosphates with unique morphology, paving the way for a potential future material with
enhanced performance in electrochemical and catalytic applications.

Keywords: Manganese phosphates, phosphorous acid, hydrothermal synthesis, flower-like
morphology, nanostructured materials.
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1. Introduction

Manganese phosphates, encompassing compounds such as MnPO,-H,0O and Mn,P,0, represent a
versatile class of materials that have gained substantial attention recently for their promising roles
in energy storage systems, catalytic processes, and advanced materials engineering (1). Transition
metal phosphate materials exhibit intriguing characteristics due to their extensive use in electric,
magnetic, dielectric, ceramic, laser host, and catalytic procedures (2,3). A large number of studies
have documented the ion exchange properties of transition metal phosphates (3—5). Transition metal
phosphates are extensively used as adsorbents, ionic conductors, catalysts, ion exchangers, catalyst
carrier and as catalysts due to their diverse structures (6). These materials have found applications
as supercapacitors, magnetic materials, heat resistant materials, friction materials, and molecular
recognition, because of their exceptional physical and chemical characteristics (7). As a result,
transition metal phosphates have recently gained popularity as a materials science research area
(4,8,9).

The phosphate block unit is used to separate the metal phosphate compounds into PO4*~, HPO,>,
H,PO,~, P,O5*, and P4O1,* units (1). Metal(III) phosphates are generally insoluble in water and
commonly occur in amorphous, crystalline, or partially crystalline forms. These metal phosphates
have varying levels of crystallinity and pH-dependent surface charge characteristics (6). The use of
MnPO4.H,0 as functional materials, such as cathode materials for lithium-ion batteries, is made
easier by the manganese's various oxidation states (6,8,10). Notably, the morphology of these
phosphates plays a critical role in enhancing their performance; hierarchical structures, such as
flower-like architectures, offer increased surface area, improved ion diffusion pathways, and better
electrochemical accessibility compared to bulk forms. It is crucial to look for a low-cost,
straightforward synthesis approach for the bulk production of MnPO4.H,O to increase its use
(6,8,11-13). Christensen et al. (14) initially prepared MnPO,.H,O by combining manganese (III)
nitrate with phosphoric acid and nitric acid, as well as by oxidizing manganese (II) nitrate with
phosphoric acid. Other researchers used manganese (II) carbonate as a source and oxidized it by the
action of nitric acid and phosphoric acid as part of an additional preparation technique (15-17).
Zhang et al. used Mn(NOj3), with H;PO, to synthesize hydrothermally controlled MnPO,4.H,O, at
130 °C in 16 h (18). Hu et al. synthesized microporous manganese phosphate using

organophosphonic acid from bulk manganese oxide via a soft templating method (19). These
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previously documented techniques involved the evolution of harmful gases, including NO, and CO,

and were time-consuming at high temperatures (20).

The precipitation, sol-gel, and hydrothermal processes used to prepare manganese phosphate
hydrate allowed for a close mixing of the solution's constituent elements, which facilitated the quick
homogenous nucleation, producing finer particles and higher-purity materials(21-24). Mixed
orthophosphates like LiMPO,4 (Where M can be Fe, Co, Ni, or Mn), provide good electrochemical
performances in lithium-ion battery cathode materials and are another area of interest for solution-
based approaches (17, 20-23). Manganese phosphate, when prepared using the typically high-
temperature process and using concentrated acid (conc. HNOs), causes particle aggregation and
sintering, which improves its electrochemical performance (20).

Many methods were used to prepare MnPO4.H,0, and each had its own pros and cons. The
precipitation procedure was often used to produce MnPO,.H,O. This method involved mixing
soluble manganese salts with phosphate sources in water. Although this method is easy to use and
reasonably economical, it does not give precise control over crystal size, shape, and purity. The
wide size range of the particles produced affects the material's properties and performance (21-24).
Researchers also used the sol-gel method, which involved breaking down and combining metal
alkoxides or salts to create a sol. This sol was then converted to manganese phosphate monohydrate
via gelation. While the sol-gel method allowed for better control over the composition and
consistency of the final product, it was often slow and required high temperatures during the
gelation process (16,24,25). Researchers studied microwave irradiation to encourage the nucleation
and growth of cobalt manganese phosphate crystals (26). This method reduced the time of synthesis
and improved control over particle size. But it is important to carefully manage the synthesis
conditions to prevent overheating and ensure consistent microwave energy distribution, as this
could cause unwanted side effects (26,27). The hydrothermal method was chosen for manganese
phosphate monohydrate because it produces high-purity, well-defined crystals with better
properties. Its scalability, energy efficiency, and eco-friendliness made it a good option for large-
scale industrial production of MnPO,4.H,0 (28,29). In the hydrothermal synthesis method, a reaction
took place in a closed vessel under high temperatures and high pressures (28,29).

For the synthesis of MnPO4.H,0, similar challenges persisted despite using various synthesis
techniques in the past. These challenges included complex or slow synthesis processes, difficulties

in achieving high purity, trouble in controlling crystal size and shape, and the possible use of
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harmful chemicals or conditions in certain methods (20,30). To overcome these limitations and boost
the production of MnPO,4.H,O with better properties for various applications, such as environmental
cleanup, battery technology, and catalysis, scientists have previously explored various synthesis
methods (20,30). Furthermore, one-pot syntheses that integrate reduction and phosphorylation steps
without additional oxidants or pH regulators are underrepresented, particularly for achieving
hierarchical flower-like structures in a facile manner. Traditional reductive approaches often
employ harsh agents, leading to byproduct formation and purification challenges, while morphology
tuning typically demands multi-step processing or specialized precursors.

The present work introduces a phosphorous acid-mediated reductive pathway, which differs
fundamentally in reaction chemistry from conventional phosphate-based methods that use Mn(II)
or Mn(IIl) salts as precursors, and enables the formation of unique flower-like morphologies
without external templating agents. Here we present hydrothermal synthesis of nanocrystalline
MnPO,-H,0 at 150 °C using only KMnO, and H3PO; as precursors. In this approach, H;POj5 acts
both as a reducing agent and a phosphate source, enabling a simple, rapid, low-cost, and eco-friendly
one-pot process that avoids the use of additional manganese salts and does not release any harmful
gases. Subsequent calcination at 700 °C conveniently converts MnPO,4-H,0 into Mn,P,0. To the
best of our knowledge, this is the first reported synthesis of manganese phosphates via reduction
with phosphorus acid (H;POs3). The simplicity of the process, combined with the high phase purity
and unique morphology achieved, offers a significant advancement over conventional multi-reagent
routes and provides an efficient pathway for producing these materials for potential applications in
catalysis, supercapacitors, and battery materials.

2. Experimental

2.1. Materials & Chemicals

KMnO, (AR grade) and H;PO3 (AR grade) were purchased from Fisher Scientific India. Teflon-
lined stainless steel autoclave (250 mL) was purchased from Shilpa Enterprises, Nagpur,
Mabharashtra.

2.2.  Synthesis

2.2.1. Synthesis of MnPO,.H,0

In a beaker, 13.01 g (0.0822 M) KMnO, was dissolved in 150 mL of distilled water and stirred for
1 hour (solution A). In another beaker, 13.50 g (0.1644 M) H;PO; was added to 50 mL of distilled

water (solution B). The as-prepared solution B was slowly added to solution A under continuous
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stirring, and the pH of this solution was 1.1. The solution was further stirred for 2 hours at ambient
conditions, and the pH of the solution changed to 1.5. The mixture was then hydrothermally treated
at 150 °C for 16 hours in a Teflon-lined stainless steel autoclave, followed by filtration. The obtained
product was washed multiple times with distilled water to neutralize any remaining acid. The as-
synthesized product was dried in an oven at 100 °C for 4 hours to obtain MnPO,4.H,O nanoparticles.
2.2.2. Synthesis of Mn,P,0,

The above prepared MnPO4.H,0O was calcined in a muffle furnace at 700 °C for two hours in air to

obtain Mn,P,0;. Fig. 1 shows the schematic of the synthesis of MnPO,4.H,O and Mn,P,0.

H,PO,;: Phosphorus source € H,PO,-directed self-assembly
+ reducing agent
+ structure-directing agent |

\ . B 1.,,_\!_.;
M > > M © szrg T O B 8 > 255

o |

Nucleation & growth — Self-assembly

Mn¥ + (PO, > MnPO,.H,0
Hydrothermal
Treatment
700°C|2h
Dehydration
+ phase

transformation

KMnO, + H,PO, Autoclave Mn,P,0,

Fig. 1: Schematic illustration of synthesis of MnPO4.H,0 & Mn,P,0,

2.3.  Characterization

MnPO4,H,0O and Mn,P,0; were characterized using Fourier Transform Infrared (FTIR)
spectroscopy (Perkin Elmer Frontier FTIR). FTIR was used to identify the surface functional groups
present in MnPO4.H,O and Mn,P,0;. X-ray Diffraction (XRD) (Bruker D8-Advance Eco) was
utilized to analyze their crystalline structures. The surface morphology and structural features of
MnPO,4.H,;0 and Mn,P,0; were examined using a JEOL JSM-7600PLUS Field Emission Scanning
Electron Microscope (FE-SEM). High-resolution transmission electron microscopy (HRTEM)
images were acquired using a JOEL JEM2100 HRTEM, and the images were obtained using an
accelerating voltage of 300 kV. The thermal stability of the materials was studied using
Thermogravimetric Analysis (TGA2 System, Mettler Toledo) under N, flow at a heating ramp of
10 °C per minute. The specific surface area was measured by the Brunauer—-Emmett-Teller (BET)

method using a Microtrac BELSORP MAX G instrument.
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2.4 Electrochemical Study

Electrochemical charge storage experiments were conducted using a Bio-Logic SP-50e potentiostat
in a three-electrode configuration. The working electrode was fabricated by depositing the active
material onto carbon paper (I cm x 3 cm). For electrode preparation, 8 mg of Mn,P,0O; or
MnPO,-4H,0 powder was dispersed with 1 mg of conductive carbon and 1 mg of Nafion binder in
I mL of ethanol. Following 10 minutes of sonication, the homogeneous suspension was drop-cast
onto the carbon paper substrate. The final deposited mass of the sample was 1 mg. Prior to
electrochemical testing, the prepared electrodes were dried under an IR lamp. A graphite counter
electrode and Hg-HgO reference electrode were utilized, with measurements conducted in 1.0 M
KOH electrolyte at ambient temperature.

3. Results & Discussion

3.1.  Characterization

3.1.1. X-ray Diffraction

The XRD pattern of the sample without hydrothermal treatment revealed an amorphous material
without any characteristic peaks of manganese phosphate, as shown in Fig. 2(a). The XRD patterns
of the hydrothermally treated sample and the calcined sample are shown in Fig. 2(b and c). Lattice
parameters of synthesized samples were calculated from XRD data using MDI JADE 6.0 software
by performing peak analysis, phase matching, and refinement. The peaks in Fig. 2(b) were matched
with the MnPO4.H,0 structure (JCPDS# 440071). These findings indicate that MnPO4-H,O
possesses a monoclinic crystal structure with the space group C2/c. X-ray line broadening was used
to calculate the average crystallite size. The average crystallite size for MnPO,4.H,O was 56.17 nm,
calculated from Scherrer’s formula (i.e. D = 0.894/fcos ), where A is the wavelength of Cu-K,
radiation, D is 0.89(Constant), @ is the diffraction angle, and f is the Full Width at Half Maximum
(FWHM) (20). The reflections at 26 values 18.2(110), 19.1(111), 23.8 (020), 25.3(111), 27.2(112),
30.2(202), 35.6(022), 41.0(311), 42.9(221), 47.6(313) and 56.2(224) match perfectly with the
peaks of MnPO4.H,0. The lattice parameters of MnPO,4.H,O closely match those reported in the
standard reference JCPDS# 440071. The peaks in Fig. 2(c) at 26 values 17.1(110), 20.0(001),
28.7(111), 28.9(021), 30.4(201), 34.7(220), 41.6(131), 43.5(221), 49.2(222), and 56.9 (400) were
matched with the Mn,P,0; (JCPDS# 290891). These results indicate that Mn,P,O; exhibits a
monoclinic crystal structure with the space group C2/m. The average crystallite size of 30.82 nm

for the Mn,P,0; sample was calculated using the Scherrer equation (20). The lattice parameters of

6
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Mn,P,0; match those of the standard data JCPDS# 290891. The XRD data confirms the phase

purity of the synthesized material.

Intensity (a.u.)

(1)

—
=
o~
o
=
P
=
=)
S
L

(-220)
(131)

Mn,P,0;
MnPO,.H,0
Amorphous phase

(c)

(a)

40
20

30 50

60 70

Fig. 2: (a) Amorphous manganese phosphate, (b) MnPO,-H,0 and (¢) Mn,P,0; XRD patterns

Table 1: Average crystallite sizes and structural parameters of MnPO,4-H,O and Mn,P,0; calculated

from XRD data
MnPO4.H20 Mn2P207
Lattice
This Difference (This This Difference (This
Parameters PDF#440071 PDF#290891
work work-PDF) work work-PDF)
a (A) 6.947 6.928 0.019 6.657 6.636 0.021
b (A) 7.483 7.478 0.005 8.592 8.584 0.008
c (A) 7.386 7.372 0.014 4.540 4.545 -0.005
B () 112.28 112.30 -0.020 102.86 102.78 0.080
Average
56.17 nm 30.82 nm
crystallite size

3.1.2. FTIR

The FTIR spectrum (Fig. 3) provides additional evidence for the generation of MnPO4.H,O

structure. The fundamental vibrating units, PO4*" ions and H,O molecules, are used to identify the

FTIR bands. The water bending and stretching vibrations are responsible for the bands that were

seen at about 1644 and 3436 cm™!, respectively (17). Three bands show up in the hydroxyl stretching

7
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(3436, 3090, and 2921 cm™") (17). P-OH stretching is responsible for the primary absorption band,
which is centered at 3090 cm! and characteristic of hydrogen phosphates (31). On the other hand,
it is also conceivable that the overtones v,(H,0) and v,(H,O) are assigned to the potential Fermi
resonance (32). The band at 1384 cm-1 was observed due to the residual phosphite group, which
originates from the incomplete oxidation of H3PO3. The band in the region 1300-1400 cm-1 was
due to the P-H bending and P-O stretching vibrations of phosphite ions (33). The other two bands
at 3436 and 2921 cm-1 appear as shoulders. When the water interacts effectively through the
hydrogen bonds, the first band is attributed to v(H-O-H). It is possible to attribute the second
shoulder to v(MnO-H), v(H;0"), or both (17,31). The doubly degenerate band at 1096 cm-1 and
non-degenerate band at 1026 cm-1 appeared due to the splitting of the solitary PO43- tetrahedron's
triply degenerate asymmetric stretching vibrations into two bands. The peaks at approximately 835,
670, 602, 536, and 406 cm™! wavenumbers were due to vibrations of v(P-OH) stretching, 3(Mn—O—
H) bending, 6(P-O—Mn), v4(P0O43-), and v(Mn-OP), respectively (17). The two peaks at 835, 670
cm-1 disappeared in Mn2P207 due to the calcination at high temperature of MnPO4.H20O (17). The
characterization and analysis presented above confirm the characteristic vibrations of MnPO,.H,O.
The FTIR spectra of Mn,P,0; shown in Fig. 3 indicate the fundamental vibrations of P,O,* anion.
Among the spectrum's most notable characteristics are the strong bands located at 1099, 939, 569,
527, and 422 cml. vas(PO3), vas (P-O-P), 5 (PO3), & (PO3), and p (PO3) can all be attributed to
these bands (1). The symmetric and asymmetric stretching vibrations of the P-O-P bridge (v,s POP
and vs POP) observed in the 700-970 cm™! range confirm P,O4* anions with bent P-O-P angles (1).
Comparing the two spectra, it can be clearly seen that peaks at 835 and 602 cm™! in MnPO4.H,O
disappear completely in Mn,P,07(17). These two peaks are assigned to the stretching vibrations
of P-OH and the bending vibration of Mn-O-H, respectively, which disappear after calcination when
the structure is converted to Mn,P,0 (1,17).

Page 8 of 24
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Fig. 3: FTIR spectra of (a) MnPO,4-H,0 & (b) Mn,P,0,
3.1.3. SEM

The SEM images show the flower-like morphology of MnPO4-H,0O, and Mn,P,0; (Fig. 4).
MnPO,4 -H,O exhibited uniform polycrystals, consisting of nanoparticles with a size distribution
ranging from small particles (200400 nm) to larger ones (>400—600 nm). This morphology
suggests the presence of nucleation sites that lead to nanocrystal growth during hydrothermal
treatment, although the exact mechanisms remain unclear. Mn,P,0; displays a porous structure with
agglomerated small particles measuring 80—100 nm. The porous surface structure observed on the

particles likely results from the decomposition process.

3.14. TEM

The TEM micrograph of MnPO,4-H,0, as shown in Fig. 5(a and b), confirms nanorod like structure
of the particle. The crystalline nature of the as-synthesized MnPO,-H,0 and the calcined Mn,P,0;
was primarily confirmed by powder XRD, which showed sharp diffraction peaks indexed to the
monoclinic phases. The SAED pattern of Mn,P,0; aligns well with the XRD data, which confirms
its monoclinic crystal structure (space group C2/m). The key d-spacings include 3.08 A (021), 2.94
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A (201), 2.58 A (220), and 2.17 A (131), which would produce rings at corresponding reciprocal
distances. The observed pattern's ring distribution and spotty nature are consistent with
nanocrystalline Mn,P,05, often seen in derivatives from thermal decomposition of precursors like

manganese phosphates (34).

In comparison, MnPO,-H,0 has a distinct monoclinic structure (space group C2/c). Its prominent
d-spacings are larger overall, such as 4.86 A (110), 4.64 A (111), 3.51 A (111),3.32 A (112),2.95
A (202), and 2.52 A (022). An SAED pattern for MnPO,-H,O would thus feature inner rings at
smaller reciprocal distances (larger d-values) compared to Mn,P,0, reflecting its different unit cell
and bonding (orthophosphate PO~ groups with coordinated water vs. pyrophosphate P,O-*" in
Mn,P,05).

Fig. 4: SEM micrographs of the (a and b) MnPO,4-H,0 & (c and d) Mn,P,0,

10
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In

Fig. 5: TEM micrograph of MnPO,.H,O (a,b) andMn2P207 (d,e), SAED pattern - (c) MnPO4.H,0O
and (f) Mn,P,0;.

3.1.5. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) of MnPO4-H,O and Mn,P,0; reveals distinct thermal
decomposition stages, as shown in Fig. 6. The TGA graph of MnPO,-H,O indicates an initial weight
loss of approximately 6% from 100°C to 320°C, primarily attributed to the dehydration of the
monohydrate, where the coordinated water molecule is released, forming anhydrous MnPO,4. A
subsequent, more significant weight loss of 18% occurs between 320°C and 510°C, likely due to
the decomposition of the phosphate structure, possibly involving the release of volatile components
or structural rearrangement, reducing the sample to 84 wt.% (13). Beyond 510°C, the weight
stabilizes at approximately 83%, indicating the formation of a thermally stable phase of Mn,P,05,
with no further significant mass loss. TGA graph of Mn,P,0; shows no significant weight loss till

900 °C, indicating a thermally stable material.

11


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01523e

Open Access Article. Published on 22 April 2026. Downloaded on 4/24/2026 6:01:15 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances Page 12 of 24

View Article Online
DOI: 10.1039/D5MA01523E

100

95 — Mn,P,0;
— MnPO,H,0
90

85

Weight (%)

80

75

25 125 225 325 425 525 625 725 825 925
Temperature (°C)

Fig 6: TGA plot of MnPO,-H,0 and Mn,P,0;

3.1.6. BET Surface Area

The surface area of manganese pyrophosphate (Mn,P,0-) and manganese phosphate monohydrate
(MnPO4-H,0) was determined using the Brunauer-Emmett-Teller (BET) method. Mn,P,0; showed
a typical type IV isotherm, whereas MnPO,4-H,0O showed an open hysteresis loop due to slow
kinetics in micropores or structural changes. Mn,P,0; exhibited a moderate BET surface area of
25.0 m%g, indicating a reasonably porous structure suitable for applications requiring good
accessibility of active sites. In contrast, MnPO,4-H,O showed a significantly lower BET surface area
of 8.1 m?%g, suggesting a more compact or less porous morphology with reduced external surface
available for interaction. These differences in surface area between the two manganese phosphate
compounds can influence their performance in catalytic, electrochemical, or adsorption-related

Processes.
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Fig. 7. BET N, Adsorption isotherm of MnPO,4-H,0 and Mn,P,0-,

3.2. Plausible Mechanism of MnPO,.H,0O and Mn,P,0,; Formation

The synthesis of manganese phosphate monohydrate (MnPO4-H,0) using phosphorous acid
(H5POs3) and potassium permanganate (KMnQO,) as the sole manganese source involves a redox-
driven precipitation reaction under controlled conditions. KMnQOy is a strong oxidizing agent in
aqueous solution, where it dissociates to form permanganate ions (MnO,~). The manganese in
MnQ," is in the +7 oxidation state (Mn(VII)). In the presence of a reducing agent, MnO,4~ can be
reduced to lower oxidation states, such as Mn(IIl), which is required for the formation of
MnPO,-H,0, where manganese exists as Mn** (35). The progress of the reaction was monitored by
UV-vis spectroscopy (Fig. S1) and the colour change of the solution. The colour of the solution
changed from purple (Mn’*) to brown pink (Mn3"), which was also indicated by the decrease in
absorbance of typical peaks of MnO,~ species (490-570 nm) as H;PO; was added to the KMnO,
solution. Possibly, some Mn?" also forms transiently or as an intermediate during the initial
reduction step. However, the hydrothermal treatment oxidises any remaining Mn?" phase (or
dissolved Mn?") to the Mn3" product, because of the presence of MnO,~.

Phosphorous acid (H3POj3) serves a dual purpose. First, it acts as a reducing agent, capable of
reducing Mn(VII) in MnO4~ to Mn(III). Second, upon oxidation, H;POj is converted to phosphate
ions (PO4*7), which are essential for forming the MnPO,4-H,0 product. The oxidation of H3;POj; to
H;PO, (phosphoric acid) provides the phosphate groups necessary for the precipitation reaction.
H;PO; plays another significant role as a structure-directing agent. The presence of PO33~ ions in
the solution helps in the development of unique flower-like morphology as was evidenced in
FESEM images (36,37).

Redox Reaction: The synthesis begins with the redox reaction between MnO,4~ and H;PO; (Eqn. 1).
In an acidic aqueous medium, the permanganate ion is reduced, and H;PO; is oxidized. The
simplified redox reaction can be represented as follows:

Reduction half-reaction:

MnO,” + 8H' + 4e~ — Mn** + 4H,0 (1)

Here, Mn(VII) is reduced to Mn(III).

Oxidation half-reaction:

H3PO3 + HzO — H3PO4 +2H" + 2¢” (2)
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H3POj; is oxidized to H3POy, releasing phosphate ions (PO4*”) upon dissociation of H3;PO, in
solution (Eqn. 2).

The overall redox reaction can be written as

MnO,4~ + H;PO; + 4H" — Mn** + H;PO4 + 2H,0 3)

Formation of MnPO,4-H,0: Once Mn3* and PO4*” ions are generated in the solution, they combine
to form the insoluble MnPO,-H,O precipitate (Eqn. 4). The reaction can be written as:

Mn3* + POg*~ + HyO — MnPO,4 -H,0 (s) (4)

The monohydrate form incorporates one water molecule per formula unit, which is typical for
manganese phosphate synthesized under aqueous conditions. The reaction conditions, such as pH,
temperature, and concentration, are critical to ensure the formation of the monohydrate phase with
high crystallinity and purity.

The synthesis typically occurs in an aqueous medium under mild conditions resulting into formation
of an amorphous manganese phosphate. Treatment of this amorphous manganese phosphate by the
hydrothermal method at 150 °C results in a crystalline MnPO,4-H,O phase as confirmed by X-ray
diffraction analysis. The pH of the solution influences the dissociation of H;PO, and the stability of
Mn3* ions. An acidic (pH ~ 1.5) environment is maintained to facilitate the redox reaction and
prevent the formation of undesirable manganese oxides or hydroxides.

Upon heating to 700°C, the anhydrous MnPO, undergoes a condensation reaction, where two
orthophosphate units combine, releasing oxygen to form manganese pyrophosphate (Mn,P,05)
(Eqn. 5) (38). The reaction can be written as:

2 MnPO; — Mn,P,0; + % 0O, (®))

Mn,P,0;, which is a thermally stable pyrophosphate phase, consists of P,O;* anions
(pyrophosphate groups) coordinated with Mn2?" cations, forming a crystalline lattice. The
transformation of MnPO,4-H,0 to Mn,P,0; upon calcining at 700°C proceeds through dehydration
to form MnPQO,, followed by thermal decomposition and condensation of phosphate units, resulting
in the stable pyrophosphate phase. The TGA data supports this, with the observed weight losses
aligning with the loss of water and structural reorganisation, resulting in the formation of Mn,P,0;.
H3;POs’s dual role as a reducing agent and phosphate source further streamlines the process,
reducing the number of reagents and minimizing byproducts. The redox-driven mechanism enables
precise control over the formation of MnPO,4-H,O, ensuring high phase purity with unique

morphology. This synthesis method for MnPO4-H,O under appropriate aqueous conditions and
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subsequent calcination to produce Mn,P,0 offers an efficient route to this material for applications
in catalysis, supercapacitors, battery materials, and other fields.

3.3 Electrochemical performance of Mn,P,0-

To study the electrochemical properties of Mn,P,0; and MnPO4 H,O, a three-electrode
configuration was employed with IM KOH electrolyte, a reference electrode of Hg-HgO, and a
counter electrode made of graphite. Cyclic voltammetry (CV) measurements of Mn,P,0; conducted
at various scan rates revealed that capacitance contribution predominantly occurs in the positive
potential window (-0.04 V to 0.67 V vs. Hg-HgO), as shown in Fig. 8. The CV curve of Mn,P,0,
at 5 mVs! exhibited two distinct redox peaks at approximately 0.38 V and 0.47 V (Vs Hg-HgO).
Similarly, MnPO,-4H,0 displayed capacitive behaviour in the positive potential range (-0.26 V to
0.8 V) at 10 mVs-! scan rate. The CV profile of MnPO, showed characteristic peaks at 0 V and 0.6
V. To further assess the charge storage capabilities of these materials, galvanostatic
charge/discharge (GCD) measurements were performed by varying the current density from 1 to 20
A.gl.

The following formula was used to calculate specific capacitance (Cs, F.g™") from GCD curves:
Cs=2I]V dt/ m(AV)

where I represents the applied current (mA), m is the active material mass (g), and [Vdt denotes the
area under the discharge curve in a GCD, AV is the potential window.

GCD analysis revealed that Mn,P,0; showed a specific capacitance value of 169 F.g! at 1 A.g’!
current density. Although the specific capacitance decreased upon increasing current density,
Mn,P,0; still retained 40% of its initial specific capacitance value even at a high current density.
In contrast, MnPO, exhibited a lower specific capacitance value of 63 F.g'! at 1 A.g"! and showed
a drastic decrease in specific capacitance (5.5%) at higher current density (20 A.g!), yielding only
3.5F.g"(39).
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Fig. 8: (a) CV curves of Mn,P,0; at various scan rates, (b) GCD curves of Mn,P,0; at different
current density, (c) Specific capacitances of Mn,P,0; vs Current density, (d) CV curves of
MnPO,.H,0 at various scan rates, (¢) GCD curves of MnPO,4.H,O at different current density, (f)
Specific capacitances of MnPO4.H,O vs Current density.

When compared with MnPO4-H,O, Mn,P,O; exhibits a markedly superior electrochemical
performance. At a current density of 1 A.g™', Mn,P,05 delivers a specific capacitance of 169 F.g™",
which is nearly 2.7 times higher than that of MnPO,4-H,O (63 F.g™"). This significant enhancement
can be attributed to the distinct phosphate framework and higher density of electrochemically active
manganese sites in Mn,P,0-, which facilitate more effective faradaic redox reactions (Mn?*/Mn3*).
Additionally, the pyrophosphate structure is likely to provide improved structural robustness and
better ion diffusion pathways compared to the hydrated orthophosphate phase, thereby contributing
to enhanced charge-storage capability. The relatively lower capacitance of MnPO,-H,0 may arise
from its more compact crystal structure and the presence of coordinated water molecules, which
can impede electron transport and limit the utilization of active material. The electrochemical
performance of Mn,P,0-, with a specific capacitance of 169 F g™' at a current density of 1 A g7,
highlights its potential as a promising pseudocapacitive electrode material for supercapacitor
applications. This moderate yet significant capacitance, achieved in a pure and unmodified form,
reflects the intrinsic redox activity of manganese species and the reversible faradaic charge-storage

mechanism of the phosphate framework. Owing to its structural stability, earth abundance, and
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environmentally benign nature, Mn,P,05 is particularly attractive for cost-effective and sustainable
energy storage systems. While the relatively low electrical conductivity of phosphate-based
materials may limit its performance, Mn,P,0; can serve as an efficient base material for further
performance enhancement through nanostructuring or hybridization with conductive matrices.
Therefore, Mn,P,0O; holds considerable potential for use in next-generation supercapacitors,
especially in composite or asymmetric device configurations where improved power and energy
densities are desired (39).

Mn,P,0; exhibited excellent specific capacity retention (100%) over 250 cycles at a current density
of 5 A g™! as shown in Fig. S3. Cyclic voltammetry (CV) at varying scan rates (5 to 100mVs-1),
was conducted within the selected potential window (0V to 0.4 V), to calculate the

electrochemically active surface area. ECSA values are found to be 0.41 cm? for Mn,P,0; sample.

BET surface area calculations showed that Mn,P,0; possessed a higher surface area (25.0 m?/g)
than MnPO4.H,O (8.1 m?/g). Since capacitance directly correlates with electrode surface area,
MnPO,4.H,0's limited surface area likely hindered its charge storage performance. This structural
limitation explains why MnPO,4.H,O exhibited substantially lower capacitance than Mn,P,0,

particularly at higher charging rates, where efficient charge distribution becomes crucial.

Table 2: Comparison of specific capacitance of Mn,P,0O; (and composites) reported in recent

literature.
. Specific Current Electrode

Material Capacitance | Density Electrolyte Configuration Reference

Flower-like Mn,P,0; 169F g™! 1Ag" | 1 MKOH Drop-cast on This work
carbon paper
Mn,P,0; nanosheets ~140-180 F - .
(freeze-dried) o 1Ag 3 M KOH Ni foam (40)
~120-160 F - Three

Mn,P,0; nanoclusters o l1Ag 1 M KOH electrode 41)
Mn,P,0; (from Mn-
organic phosphate, 2309 F g™ O'S_IA 3 M KOH elgﬁjie (42)
calcined at 550 °C) &
Mn,P,0;@polypyrrole
(sunflower-like 658 F g! 1Ag? | 1 MKOH Ni foam (43)
composite)
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Mn,P,0, (in PANI - - Three
hybrid study) 730Ce [Ag 4 MKOH electrode (44)

Although the specific capacitance of our Mn,P,O; (169 F g™' at 1 A g™') is lower than certain
nanostructured or composite Mn,P,07 electrodes reported recently, it remains competitive among
pure-phase materials synthesized via simple routes. The performance gap relative to binder-free Ni-
foam or polymer-composite electrodes is primarily attributed to differences in electrode
configuration, conductivity, and mass loading. The flower-like morphology obtained through our
H3PO; mediated approach provides a good ion-accessible surface area while maintaining structural
stability after calcination. Our future plans include making nanocomposites of Mn,P,0; with other
conductive materials to improve the supercapacitor performance.

4. Conclusion

In conclusion, this study demonstrates a novel and efficient hydrothermal synthesis of MnPO,4-H,O
using KMnO, and H;POj as precursors, followed by thermal treatment at 700°C for 2 hours to yield
crystalline Mn,P,05. Unlike conventional methods that often require multiple manganese salts or
complex phosphate sources, this approach streamlines the reaction by leveraging the strong
oxidizing properties of KMnO, and the dual functionality of H;PO;. This reduces the number of
reagents, minimizes byproducts, and enhances phase purity, as confirmed by XRD analysis showing
pure monoclinic phases for both compounds. These findings contribute to the advancement of
synthesis methodologies for manganese-based materials, with potential applications in catalysis,
energy storage, anti-corrosion coatings, etc., paving the way for further exploration of tailored
reaction conditions to optimize crystallite size and phase purity. Mn,P,0; demonstrated a specific
capacitance of 169 F.g7" at 1 A.g™', highlighting Mn,P,0; as a promising manganese phosphate-
based electrode material and a viable platform for further optimization toward high performance

supercapacitor applications.
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