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This paper presents an innovative technological concept that significantly enhances the

specific energy (both gravimetric and volumetric) of primary lithium power sources. A

composition and laboratory-scale process for manufacturing composite cathodes with

minimal electrochemically inactive («ballast») components have been developed. The

proposed approach enables the production of high-density cathodes without significantly

reducing their porosity. The composite cathodes were tested in disc-shaped primary

power sources with dimensions of 2325 (23 mm in diameter and 2.5 mm in height). The

effect of graphene content in the cathode mass on the discharge voltage of the cells was

investigated. It was demonstrated that a graphene content of 3% by weight of MnO2 in

the cathode mass increases the average discharge voltage of the cells from 2.1 V to 2.5 V

at a discharge current of 1 mA. Testing at a discharge current of 1 mA revealed that the

capacity of the developed cells exceeds that of the best commercial counterparts by at

least 40%.
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Introduction
Developers of lithium and lithium-ion power

sources are increasingly focused on improving specific
energy, particularly for systems capable of multiple
cycling, such as accumulators. This trend is driven by
the growing demand in markets for portable electronic
devices, electric vehicles, unmanned aerial vehicles,
energy storage systems, and other applications. The
global lithium-ion battery market, valued at
approximately $60 billion USD today, is projected to
grow to $187 billion USD by 2032.

However, there is a specific range of electronic
and electrical devices for which lithium and lithium-
ion batteries are unable to meet the operational
requirements. For example, the requirements for
military reserve batteries were established as early as
1996. These requirements emphasize higher specific
energy, low self-discharge, and the inability to recharge

or maintain the power source in a timely manner.
Traditionally, to completely avoid self-discharge,

reserve power sources are stored in a dry state without
electrolyte. The electrode space is filled with electrolyte
only just before the reserve power source is activated.
This approach allows the battery to be stored for
decades, but at the same time, it prevents immediate
deployment. This significantly complicates the design
and operational procedures.

Modern lithium-ion batteries offer specific
energies up to 250 W⋅h/kg and self-discharge rates of
up to 2% per month. In contrast, reserve power sources
with specific energies exceeding 300 W⋅h/kg have self-
discharge rates of less than 1% per year, making
them more suitable for long-term applications such
as sensors, pacemakers, or other compact, autonomous
devices in hard-to-reach areas. Moreover, lithium-
based systems are increasingly used in the civilian
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sector due to their versatility.
Primary power sources, which dominate a

significant portion of the market, reached a global
market value of $45 billion USD in 2022. This market
is projected to grow to $72 billion USD by 2030,
with an average annual growth rate of 6.11%. As
such, improving the specific energy performance of
batteries across various temperatures and current loads
remains a critical goal.

The composition of the cathode layer in primary
lithium power sources, with a discharge voltage ranging
from 3 to 2 V, typically consists of 80–90% active
material, 5–15% conductive additives (such as carbon
black or graphite), and about 5–10% polymer binder.
In the cathode mass, the carbon material primarily
functions as a conductive additive. However, due to
its layered structure, the carbon material also aids in
the formation and consistency of the electrode mass,
which is crucial for meeting the technological and
operational parameters of the cathode sheets. That
said, the carbon additives and binder do not contribute
to the generation of electrical current, making them
«ballast» additives. Cathodes produced by using
traditional technology have a density of no more than
2.5 g/cm3, which limits the specific energy per unit
volume.

In the proposed innovative concept, the primary
electrochemically active component of the cathode is
MnO2, and the function of the carbon additive is
partially fulfilled by another component with a layered
structure. This component is electrochemically active
within the working voltage range, while also serving
as a conductive additive. Additionally, it contributes
to the formation of a high-density cathode layer,
which can reach up to 3.5 g/cm3 without significantly
reducing porosity. This is important for ensuring proper
discharge of the cathode under increased current.
MnO2 is one of the most widely used electrode
materials, not only in primary batteries but also in
promising accumulators [1].

In terms of physical and electrochemical
properties, the function of this additive can be
performed by a number of transition metal oxides,
but the most advantageous is MoO3. This oxide is a
semiconductor with a layered structure, and its
conductivity is provided by doping with metal cations
of different valences. It is electrochemically active
within the working discharge voltage range of the
primary cathode component, has a high density
(4.75 g/cm3), is non-toxic, and is relatively
inexpensive. The galvanostatic curve profile of this
oxide is characterized by two plateaus at 2.75 and
2.3 V relative to a Li reference electrode. These values
fall within the 3.0 to 2.0 V range, which is the working

discharge voltage range of MnO2-based cathodes.
During discharge, stoichiometric MnO2 is transformed
into a non-stoichiometric structure of lithium-
intercalated oxide bronze LixMoO3 , whose electronic
conductivity increases with the amount of intercalated
lithium. This, in turn, enhances the overall electronic
conductivity of the cathode layer and increases the
discharge voltage under high current loads.

However, to implement this concept, it is
necessary to ensure the initiation of discharge with
the current required by the consumer. The issue is
that both MnO2 and MoO3 are semiconductors with
low electronic conductivity and significant resistance
at the phase boundary between these oxide materials.
Cathodes made solely from oxides do not provide the
necessary discharge current. Therefore, the key idea
behind this concept is to reduce the phase boundary
resistance between MnO2 and MoO3 by modifying
the surface of MnO2 particles with a conductive
material. At the same time, the amount of such
material must be minimal to avoid negatively affecting
the specific weight of the cathode layer. Graphene is
nearly ideal for this surface modification.

The most well-known analogue of this type of
hybrid cathode material for lithium power sources is
the MnO2-CFx composite [2,3]. The synergistic effect
at the phase boundary between MnO2, CFx, and the
electrolyte leads to increased specific energy, raises
the average discharge voltage, and reduces the voltage
drop at the beginning of discharge [4]. This type of
cathode material is used in commercial cylindrical
power sources manufactured by Ultralife.

MnO2 and MoO3 composites have attracted
interest as anode materials for lithium-ion batteries
[5]. The initial specific capacity of such anodes is
2333.1 mA⋅h/g, but it decreases to 908.8 mA⋅h/g
after 50 cycles. It is noted that anodes based on this
composite operate in the potential range of 3.0 to
0.01 V. Unlike the composite presented in this work,
which is intended for use as a cathode material, these
composites are not used in lithium power sources.

MoO3 was previously used as a cathode material
in commercial power sources, but recently
molybdenum (VI) oxide has found applications in
lithium-ion systems [6,7]. It has been noted that
modifying NMC cathodes with this oxide for lithium-
ion batteries is promising, where the MoO3 coating
plays a key role in inhibiting structural degradation
and absorbing HF, which prevents an increase in
charge transfer resistance and enhances electrochemical
performance [8].

Materials and methods

Cathodes were manufactured by mixing MnO2

powders (HDM γ-β modification, particle
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size <40 µm) with graphene in amounts ranging from
1% to 3% of the MoO3 mass. Graphene was uniformly
distributed over the surface of the MnO2 particles.

Graphene with a «pompom» structure (Fig. 1)
was used in this work, which had previously been
successfully applied as an additive to the cathode mass
of a lithium-sulfur battery [9].

thickness in the discharged state did not exceed the
specified dimension (2.5 mm for size 2325). The
weight of the cathode was 1.0±0.01 g, with a thickness
of 1.2±0.003 mm. The weight of the anode was
0.08±0.003 g, with a thickness of 0.65±0.01 mm.

As an aprotic electrolyte, a 1 M solution of
LiClO4 in a solvent mixture of propylene carbonate
and dimethoxyethane (3:1 by volume) was used. Before
use, the electrolyte was dried over freshly calcined
molecular sieves (4 Å). The water content in the
prepared electrolyte was less than 100 ppm.

Galvanostatic studies were conducted by
discharging the assembled disc elements with a
discharge current of 1 mA at a temperature of +250C.
The final discharge voltage ranged from 2.0 to 1.8 V.

Results and discussion

The discharge profile of the 2325 form factor
elements with a graphene content of 1% (relative to
the total MnO2 content) is presented in Fig. 2.

Fig. 1. TEM images of graphene with a «pompom» structure

After adding MoO3 powder (chemically pure
grade) to the mixture, a composite was formed in
which the MnO2 and MoO3 phases contacted through
the graphene phase, significantly reducing the resistance
at the phase boundary between the two oxides.

After mixing, a fluoropolymer-based binder was
added to the dry component mixture in an amount of
up to 1% of the total cathode mass. The resulting
cathode mass was mixed and dried at 600C for 24
hours. After drying, the cathode mass was ground in
a high-speed grinder. The crushed cathode mass was
pressed onto the current collector of the disc element
using a press mold. The diameter of the cathode is
18 mm, and the pressing force was 2.4 tons on the
entire cathode. After manufacturing, the cathode
underwent thermal treatment for 4 hours at 2500C.
The density of the cathode layer based on the composite
MnO2/MoO3 cathodes reached 3.5±0.05 g/cm3.

The anode was made from metallic lithium of
grade LE-1. To reduce the resistance at the lithium/
electrolyte interface, the lithium surface was modified
with a Li-Al alloy. The thickness of the modification
layer was 3–5 µm.

The cathodes were tested in disc-shaped elements
of size 2325 under the condition that the
electrochemical capacity of the cathode equaled the
electrochemical capacity of the lithium anode.

The thickness of the electrode structure (cathode,
anode, and separator) was selected so that the element’s

Fig. 2. Discharge characteristics of 2325-sized elements with a

composite MnO2:MoO3 (50:50) cathode. The amount of

graphene in the cathode mass is 1% of the MnO2 content.

Discharge current is 1 mA. Curve 1 corresponds to the

element No. 21; curve 2 corresponds to the element No. 34

As seen in Fig. 2, the average discharge voltage
of the elements with 1% graphene content in the
cathode mass (relative to the MnO2 content) is
relatively low, around 2.1 V. This indicates that this
amount of graphene does not effectively reduce the
resistance at the phase boundary between manganese
and molybdenum oxides across the entire contact
surface of the composite structure. It is also worth
noting that the discharge profile of the composite
cathode exhibits a single plateau, even though the
electrochemical reduction of MnO2 and MoO3 during
lithium-ion intercalation occurs at different potentials.
The capacity of the elements with 1% graphene is
quite high, around 270 mA⋅h per gram of cathode
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material, with the utilization rate of the cathode
materials approaching 90%.

Increasing the graphene content in the cathode
mass to 3% of the MnO2 content leads to a significant
change in the cathode profile. Figure 3 shows typical
discharge curves for 2325-sized elements with cathodes
containing an increased amount of graphene.

Increasing the graphene content in the cathode
mass to 3% of the MnO2 content raises the average
discharge voltage of the elements to 2.4 V. The
increased contact area between the MnO2 and MoO3

phases through the graphene phase revealed at least
three plateaus (2.8 V, 2.4–2.5 V, and 2.2 V) on the
discharge curves, corresponding to the electrochemical
reduction processes of manganese dioxide and
molybdenum trioxide.

The discharge capacity of the elements (Fig. 3)
averages ~275 mA⋅h at a discharge current of 1 mA,
which is more than 40% higher than the best-known
commercial products (such as 190 mA⋅h for Duracell
elements).

MnO2/MoO3 composite cathodes. Information on the
characteristics of Panasonic and Duracell elements is
taken from the promotional brochures of these
manufacturers.

The advantage of the elements based on the
innovative MnO2/MoO3 composite cathodes, compared
to commercial counterparts, is particularly evident in
their energy performance (Fig. 4).

Fig. 3. Discharge characteristics of 2325-sized elements with a

composite MnO2:MoO3 (50:50) cathode. The amount of

graphene in the cathode mass is 3% of the MnO2 content.

Discharge current is 1 mA. Curve 1 corresponds to the

element No. 58; curve 2 corresponds to the element No. 59

Values for different manufacturers 
Indicator 

Renata Panasonic Duracell Development by USUST 

cathode active material MnO2 CFx MnO2 MnO2 / MoO3 composite 

voltage, V 3.0 (2.9) 3.0 (2.9) 3.0 (2.9) 2.4 

capacity, mA.h 190 165 190 275 

maximum discharge current, mA 3.0 – – 1.0 

Comparison of the main characteristics of 2325-sized elements

Table provides a comparison of the main
characteristics of 2325-sized elements from global
manufacturers and the innovative elements with

Fig. 4. Comparison diagram of capacity and energy of

2325-sized elements

As shown in Fig. 4, the energy of 2325-sized
elements from commercial manufacturers Renata and
Duracell (with a maximum capacity of 190 mA⋅h) is
550 mW⋅h. In comparison, the energy of the prototype
elements with MnO2/MoO3 composite cathodes is
660 mW⋅h, which is approximately 20% higher than
that of the commercial elements.

Conclusions

1. An innovative technological concept for
producing composite cathodes with up to 98%
electrochemically active material and ultra-high
cathode layer density (up to 3.5 g/cm3) has been
developed.

2. It has been shown that increasing the graphene
content from 1% to 3% of the MnO2 in the cathode
mass raises the average discharge voltage of the cells
from 2.1 V to 2.4 V at a discharge current of 1 mA.
The combination of physical and electrochemical
properties in the 2325 form factor resulted in a 40%
increase in capacity and a 20% boost in energy output
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compared to commercial products from well-known
manufacturers.
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²ÍÍÎÂÀÖ²ÉÍÀ ÒÅÕÍÎËÎÃ²×ÍÀ ÊÎÍÖÅÏÖ²ß
ÂÈÃÎÒÎÂËÅÍÍß ÊÀÒÎÄ²Â Ç ÂÈÑÎÊÎÞ
Ù²ËÜÍ²ÑÒÞ ÄËß Ë²Ò²ªÂÈÕ ÐÅÇÅÐÂÍÈÕ ÄÆÅÐÅË
ÆÈÂËÅÍÍß Ç Ï²ÄÂÈÙÅÍÎÞ ÏÈÒÎÌÎÞ
ÅÍÅÐÃ²ªÞ
Î.Â. Ìàðêåâè÷, Þ.Â. Ïîë³ùóê, Â.Â. Ç³í³í, Ê.². Âàâ³ëîí,
Ê.Ì. Ñóõèé

Íàäàíî ³ííîâàö³éíó òåõíîëîã³÷íó êîíöåïö³þ,
çàñòîñóâàííÿ ÿêî¿ ðàäèêàëüíî ï³äâèùóº ïèòîìó åíåðã³þ
(íà îäèíèöþ âàãè òà îá’ºìó) ïåðâèííèõ ë³ò³ºâèõ äæåðåë
ñòðóìó. Ðîçðîáëåíî ñêëàä ³ ëàáîðàòîðíó òåõíîëîã³þ âèãî-
òîâëåííÿ êîìïîçèòíèõ êàòîä³â, ÿê³ ïðàêòè÷íî íå ì³ñòÿòü
áàëàñòíèõ (åëåêòðîõ³ì³÷íî ïàñèâíèõ) êîìïîíåíò³â. Çàñòî-
ñóâàííÿ çàïðîïîíîâàíî¿ êîíöåïö³¿ äîçâîëÿº âèãîòîâëÿòè
êàòîäè âèñîêî¿ ù³ëüíîñò³ áåç ñóòòºâîãî çìåíøåííÿ ¿õ ïî-
ðóâàòîñò³. Êîìïîçèòí³ êàòîäè áóëè ïðîòåñòîâàí³ ó äèñêî-
âèõ ïåðâèííèõ äæåðåëàõ æèâëåííÿ â ãàáàðèòàõ 2325
(ä³àìåòð 23 ìì, âèñîòà 2,5 ìì). Äîñë³äæåíî âïëèâ âì³ñòó
ãðàôåíó ó ñêëàä³ êàòîäíî¿ ìàñè íà ðîçðÿäíó íàïðóãó åëå-
ìåíò³â. Ïîêàçàíî, ùî âì³ñò ãðàôåíó 3% â³ä âàãîâî¿ äîë³
MnO2 â êàòîäí³é ìàñ³ ï³äâèùóº ñåðåäíþ ðîçðÿäíó íàïðóãó
åëåìåíò³â ç 2,1 äî 2,5 Â ïðè ñòðóì³ ðîçðÿäó 1 ìÀ. Âèïðî-
áóâàííÿ åëåìåíò³â ïðè ñòðóì³ 1 ìÀ ïîêàçàëî, ùî ïðè
ðîçðÿä³ äî ê³íöåâî¿ íàïðóãè 2 Â ¿õ ºìí³ñòü ïåðåâèùóº
ºìí³ñòü êðàùèõ êîìåðö³éíèõ àíàëîã³â ì³í³ìóì íà 40%.

Êëþ÷îâ³ ñëîâà: ë³ò³ºâ³ äæåðåëà ñòðóìó, ðåçåðâí³ äæåðåëà
æèâëåííÿ, ãðàôåí, MnO2, MîO3, ºìí³ñòü.
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This paper presents an innovative technological concept
that significantly enhances the specific energy (both gravimetric
and volumetric) of primary lithium power sources. A composition
and laboratory-scale process for manufacturing composite cathodes
with minimal electrochemically inactive («ballast») components
have been developed. The proposed approach enables the
production of high-density cathodes without significantly reducing
their porosity. The composite cathodes were tested in disc-shaped
primary power sources with dimensions of 2325 (23 mm in
diameter and 2.5 mm in height). The effect of graphene content
in the cathode mass on the discharge voltage of the cells was
investigated. It was demonstrated that a graphene content of 3%
by weight of MnO2 in the cathode mass increases the average
discharge voltage of the cells from 2.1 V to 2.5 V at a discharge
current of 1 mA. Testing at a discharge current of 1 mA revealed
that the capacity of the developed cells exceeds that of the best
commercial counterparts by at least 40%.

Keywords: lithium power sources; reserve power sources;
graphene; MnO2; MoO3; capacity.
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