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Abstract

With the rapid development of new and advanced technologies, the request for 
energy storage device with better electrochemical characteristics is increasing as 
well. Therefore, the search and development for more novel and efficient energy 
storage components are imperative. In Kazakhstan there are several groups 
that were established to conduct research in the field of energy storage devices. 
One of them is professor Mansurov’s research group with we have a long time 
fruitful collaboration. Group at Nazarbayev University do research in design and 
investigation of advanced energy storage materials for high performance energy 
storage devices, including lithium-ion batteries, sodium-ion batteries, lithium-
sulfur batteries, and aqueous rechargeable batteries, employing strategies as 
nanostructuring, nano/micro combination, hybridization, pore-structure control, 
configuration design, 3D printing, surface modification, and composition 
optimization. This manuscript reviews research on advanced battery materials, 
provided by Nazarbayev University scientists since the last 10 years.
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1. Multifunctional materials for Li-S batteries

Sulfur being inexpensive, abundant and ecolog-
ically friendly, has attractive advantages such as 
high theoretical specific capacity (1675 mAh g-1) 
and energy density (2600 Wh kg-1) [1]. Therefore, 
Li-S batteries are considered as promising energy 
storage systems in post Li-ion batteries. Despite 
the attractive advantages of sulfur, commerciali-
zation of Li-S batteries is hindered due to several 
problems of sulfur associated with low electrical 
conductivity of sulfur, complicated redox reactions 
(formation of intermediate products lithium poly-
sulfides (LiPSs), which dissolve in liquid electro-
lyte and migrate back and forward to anode side, 
the “shuttle effect” phenomenon) and significant 
volume changes upon reduction of sulfur to lithi-
um sulfides [2]. In order to solve above mentioned 
problems various strategies were developed. On the 
most attractive way is the implementation of po-
rous carbon additives to sulfur, which is designed 
to increase the conductivity and buffer volume 
changes of sulfur and lithium sulfide. However, 

low intermolecular forces between non-polar car-
bon and polar LiPSs are incapable of fully prevent-
ing shuttle effect. Therefore, in recent years hybrid 
materials (metal compounds with porous carbon) 
gained serious attention due to the polar nature of 
metal compounds which can effectively catch po-
lar LiPSs. Moreover, transition metal compounds 
used in other electrochemical reactions as electro-
catalysts can facilitate the conversion of LiPSs to 
lithium sulfides and vice versa. In this way, the role 
of metal oxides such as Mg0.6Ni0.4O [1, 3, 4], ZnO 
[5, 6], Fe/Co3O4 [7] Co3O4-x [8], Fe3O4 [9], TiO2 

[10] and TiO2-x [11] as sulfur and LiPSs carriers 
and the role of Ni [12, 13], Co [14] and Fe [7] elec-
trocatalysts and hetero-structured materials were 
investigated.  

The earliest works on the use of metal ox-
ides started with the nickel manganese oxide 
(Mg0.6Ni0.4O) particles which were used as sulfur 
carriers to prepare S/Mg0.6Ni0.4O and additives 
to sulfur polyacrylonitrile (S/PAN) composites. 
Mg0.6Ni0.4O particles used as a sulfur host result-
ed in poor performance of Li-S batteries due to 
the low electrical conductivity. Among other 3d 
transition metals, titanium, cobalt and iron oxides 
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(TiO2-x/rGO,Co3O4-x, Fe3O4@C-Gr) used as a sul-
fur carriers and hosts showed extremely high elec-
trochemical performance, which can be explained 
by the strong energy binding between polar LiPSs 
and metal oxides (Table 1). The major advantage 
of using these compounds is related with the ease 
of synthesis such as hydrothermal method, which 
can yield uniform spherical, microparticles for 
uniform distribution of sulfur and sulfur interme-
diate products.

Despite the strong interaction of metal oxides 
with polar LiPSs, limited number of polar active 
sites and large particle size the electrochemical 
performance of Li-S batteries is limited. This can 
be attributed to the low kinetics of sulfur conver-
sion to lithium sulfides and vice versa. Therefore, 
in order to facilitate the conversion of sulfur to end 
products, effective catalysts need to be designed. 
Among metal catalysts 3d transition metals such 
Ni, Co and Fe are considered as promising cata-
lysts compared with noble metals due to low cost 
of precursors and high abundance. Since metals 

Table 1
Metal oxide compounds used in Li-S batteries

Metal oxide compound Role Method of synthesis Sulfur loading, 
mg cm-2

Reversible capacity, 
mAhg-1

Ref.

Mg0.6Ni0.4O Sulfur host SHS - 850 at 0.1C [1]
Mg0.6Ni0.4O/PAN Additive SHS - 1223 at 0.1C [3]
Mg0.6Ni0.4O/PANi Additive SHS - 1448 at 0.1C [4]
3DOMPPy@ZnO Immobilizers Template assisted Up to 5 794.5 after 300 cycles [5]

ZnO@NCNT Immobilizers Sol-gel Up to 4.75 1032 at 0.2C [6]
Fe/Co3O4 Sulfur carrier Hydrothermal - 571.3 at 5C [7]
Co3O4-x Sulfur host Hydrothermal 2 1256 at 0.2C [8]

Fe3O4@C-Gr Sulfur host Hydrothermal 2 1425 at 0.2C [9]
3DOM-mTiO2 Sulfur host Template assisted - 1089 at 0.2C [10]

TiO2-x/rGO Sulfur host Hydrothermal 1.5 700 at 1.0C [11]

have poor interaction with polar LiPSs, in order to 
limit the shuttle effect, sulfur active material needs 
to be injected into pores of porous carbon or polar 
hosts such as metal oxide or phosphide. General-
ly using porous nickel phosphide and cobalt oxide 
sulfur hosts with Fe and Ni electrocatalysts (Fe/
Co3O4 and Ni/Ni2P@C) delivered high reversible 
capacity at high current densities (571.3 mAh g-1 
at 5C and 716.9 mAh g-1 at 3C, respectively) [12, 
13]. Such high reversible capacity at high current 
density can be attributed to the strong binding be-
tween metal oxides and LiPSs and catalytic activ-
ity of Fe and Ni electrocatalysts. Increasing the 
number of electrocatalytic sites further enhanced 
the electrochemical performance of Li-S batter-
ies when the cobalt nickel porous carbon nano-
fiber (CoNi@PCNF) was used as a 3D current 
collector (Fig. 1) [12]. Moreover, CoNi@PCNF 
was further used as current collector for lithium, 
which allowed assembling Li-S full cell, with ex-
tremely high electrochemical performance (about 
785 mAh g-1).

Fig. 1. CoNi@PCNF all-purpose electrode design [12].
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The high electrochemical performance of Li-S 
full cell can be explained with effective encapsu-
lation of sulfur and high conductivity of carbon 
nanofibers. Also, the addition of conductive addi-
tives and a binder leads to a significant decrease in 
the total gravimetric capacity of the sulfur cathode. 
Thus, eliminating the binder and current collector 
by forming a free-standing electrode can simpli-
fy its manufacturing and significantly increase the 
energy density of the batteries due to reduction in 
content of the electrochemically active component. 
Therefore, it has been proposed to prepare a sul-
fur-based cathode without the use of heavy metal 
current collectors and inactive polymer binders, 
such as the penetration of sulfur into activated car-
bon fiber or paper like. As reported by Mentbayeva 
et al., a freestanding cathode composite of sulfur/
dehydrogenated polyacrylonitrile/multiwalled car-
bon nanotube (S/DPAN/MWCNT) was prepared 
by a simple vacuum filtration method (Fig. 2). This 
design effectively exploits the synergistic effect of 
the ability of the conductive pyrolyzed polyacry-
lonitrile matrix to covalently bind sulfur, ensuring 
its uniform distribution, and the high conductivity 
of the MWCNT network with excellent mechan-
ical stability [15]. Zhao et al. first introduced a 
carbon nanotube composite (S/N-CNT), which 
does not contain a binder and doped with sulfur/ 
nitrogen (S/N-CNT), obtained by simple mixing of 
solutions, as a cathode material for Li/S batteries. 
It has been demonstrated that the use of N-CNTs 
has resulted in high electrochemical performance, 
indicating the great potential of N-CNTs as a cath-
ode additive for high-performance lithium-sulfur 
batteries [16].

In addition, one of the key characteristics of 
electronic devices is their flexibility due to the 
growing demand for such technologies. Thus, 
Kalybekkyzy and other authors fabricated a flexi-
ble nanofiber composite by simple electrospinning 
technique and tested it as a freestanding cathode 
for high-performance flexible lithium/sulfur bat-

 

Fig. 2. Schematics of preparation of freestanding S/DPAN/MWCNT composite cathode [15].

teries (Fig. 3). Due to its structural features, the 
prepared nanofiber cathode had good compatibility 
with conventional carbonates-based electrolytes 
and showed high coulombic efficiency, long ser-
vice life [17].

Due to the three-dimensional (3D) structure, 
carbon fiber fabric has attracted great interest as 
a substrate and/or current collector, which has the 
ability to incorporate various materials into its 3D 
structure, providing higher interfacial interaction 
compared to 2D collectors. The use of a carbon 
fiber current collector in a lithium-sulfur battery 
allows for a high sulfur content in its three-di-
mensional geometric structure, which provides in-
creased electronic conductivity between high-con-
ductivity 

Fig. 3. Images demonstrating (a, b) the freestanding 
flexible nanofiber composite cathode and (c) illustration 
of pouch cell with nanofiber composite cathode powering 
LED lamps under normal static condition and (d) under 
being manually bent [17].
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carbon particles and low-conductivity sulfur par-
ticles. With this purpose, Zhang et al. fabricated 
carbon fiber fabric and nickel foam as current col-
lectors for a composite sulfur cathode in the struc-
ture of a lithium cell. It has been suggested that the 
advantages of carbon fiber over Ni foam are due 
to its inherent chemical, structural and morpho-
logical uniqueness, which, along with its known 
high conductivity and chemical inertia, provides 
increased affinity for the sulfur composite cathode 
and improves stable charge transfer conditions dur-
ing battery operation [18]. Similar work was done 
by Kalybekkyzy et al., where a lightweight carbon 
nanofibers (CNFs) fabricated by a simple electro-
spinning method and used as a 3D structured cur-
rent collector for a sulfur cathode which ensure the 
compact packing of active material and provide 
high bulk conductivity of the electrode. The light 
wight of CNF current collector and high sulfur ar-
eal mass loading resulted in improved capacity for 
the whole mass of mAh g-1, while the conventional 
one on Al foil offered 200 mAh g-1. Therefore, the 
capacity of the electrode was increased 2.5 times by 
replacing the Al foil with an ultralight and porous 
cPAN CNF current collector [19].

Another work carried out by Qui et al. is aimed 
at developing an improved composite obtained 
from an organometallic titanium framework as a 
substrate for the placement of sulfur as illustrat-
ed in Fig. 4. The manufactured TiO2 porous matrix 
provides sufficient pore volume to store the sul-
fur and buffer its volumetric expansion during the 
charge/discharge process. In addition, Co3O4 nan-
oparticles with strong polarity activate enhanced 
interactions with polysulfides and have different 
adsorption and electrocatalytic sites that can con-
tribute to the intermediate LiPS conversion reac-
tion. Furthermore, a carbon nanotube improves the 
contact between S/Li2S and the host material and 
strengthen the structural integrity and stability of 
the composite cathode [20].

Along with the advancement of sulfur compos-
ite cathode and conductive host materials, the de-
velopment of gel and solid polymer electrolytes 
is promising way to overcome the issues of Li-S 
batteries. Bakenov’s group prepared gel polymer 
electrolyte (GPE) based on poly(vinylidene fluo-
ride-co-hexafluoropropylene)/poly(methylmeth-
acrylate)/ nanoclay (PVDF-HFP/PMMA/MMT) 
composite matrix by phase separation method [21]. 
The mechanically stable, porous membranes were 
activated lithium hexafluorophosphate solution. 
The performance of the material as an electrolyte 
for Li/S battery was evaluated in cells contain-
ing a ternary sulfur/polyacrylonitrile/Mg0.6Ni0.4O 
(S/PAN/Mg0.6Ni0.4O) composite cathode which 
was developed previously [3]. According to the 
results, GPE is electrochemically stable in the 1 to 
3.5 V vs. Li+/Li range, ionic conductivity is equal 
to 3.06 mS cm-1 at room temperature, Li|PVDF-
HFP/PMMA/MMT GPE|S/PAN/ Mg0.6Ni0.4O cell 
shows a high coulombic efficiency (above 99%) 
over 100 cycles, discharge capacity after 100 cy-
cles at 0.1 C is 1.071 mAh g-1.

Another GPE was prepared by trapping a liq-
uid electrolyte in a PVDF-HFP/PMMA polymer 
matrix doped with silicon dioxide (SiO2) nano-
particles [22]. The GPE exhibited a highly porous 
structure, which provided a high surface area to the 
membrane and enhances its absorption ability and 
as a result GPE had high electrolyte uptake (71%). 
The GPE membrane is electrochemically stable in 
the operation range of Li|S cell between 1 and 3 V 
vs. Li+/Li and shows a high ionic conductivity of 
3.12 mS cm-1 at room temperature. Li|GPE|S cell 
with the S/GNS composite cathode delivers a high 
initial discharge capacity of about 809 mAh g-1 at 
0.2C rate and exhibits an enhanced cyclability. A 
combination of the S/GNS composite cathode and 
PVDF-HFP/ PMMA/SiO2 GPE plays a significant 
role in retarding a shuttle effect.

Fig. 4. Schematics of S–TiO2/Co3O4-CNTs composite preparation [20].
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Alternatively, there are works on improvement 
of Li-S battery performance by surface modifica-
tion of polypropylene separator. Ultrathin, light-
weight clay-containing layer-by-layer coating 
[23] and a novel hierarchically porous polypyrrole 
sphere (PPS) modified separator [24] were devel-
oped. The modified separator was prepared by 
coating of commercial polypropylene (PP) separa-
tor with polyethylene imine (PEI), clay nanoparti-
cles and poly(acrylic acid) (PAA) by layer-by-lay-
er technique. The coated separator showed better 
mechanical, thermal properties, electrolyte uptake 
compared with bare separator. The coating inhib-
ited polysulfide diffusion and improved electro-
chemical performance of the Li-S cell, the Cou-
lombic efficiency was increased from 50 to 99%). 
In another work the hierarchically porous PPS 
modified separator was prepared by casting PPS 
composite to the PP separator. According to the 
polysulfide penetration test, the PPS modified sep-
arator could effectively suppress shutting effect. 
The EIS measurements showed that the cell with 
the PPS-modified separator has a smaller charge 
transfer resistance than with the routine separator, 
which can be due to the excellent conductivity of 
the PPS coating layer. The cell with the PPS-mod-
ified separator delivered the discharge capacity of 
855 mAh g-1 and retained a high efficiency of more 
than 94% over 100 cycles at 0.2 C (the cell with the 
routine separator only delivered 559 mAh g-1 over 
100 cycles).

Summarizing, a comprehensive consideration 
of all cell components, including comprising effect 
of the components operation/performance on each 
other, should be taken as a global goal, and only in 
this case there could be a complex and remarkable 

step towards creating a stable and safe long-oper-
ating Li-S battery. By virtue of the previous strat-
egies that have been provided by the researches 
and concentration of the efforts to overcome the 
obstacles upon the commercialization process, it is 
hopeful that practical Li-S batteries are coming in 
the foreseeable future.

2. Current state of 3D structured energy 
storage devices
 

Recently a rapid technological progress in var-
ious fields of industry and daily life has been driv-
en by miniaturization of electronics. Components 
such as hearing aids, spy cameras, heart monitors, 
implantable orthodontic systems, logic and mem-
ory circuits with various sensors, and military cy-
borg drones, etc. have been drastically reduced to 
smaller dimensions with vastly improved perfor-
mance (Fig. 5). Limited performance of batteries 
is one of the most critical problems to be tackled 
for sustainable technological advances and to al-
low for further development of novel and future 
technologies.

Lithium-ion batteries (LIBs) exhibit excellent 
cycle performance and high energy capacity and 
thus are the best choice to power miniaturized 
devices. However, the current architecture used 
in LIBs’ electrodes limits the energy and power 
densities in electrodes. Furthermore, safety issues 
arising from flammable liquid electrolytes and lith-
ium dendrite growth upon cycling still remain as 
the major challenges for implementation of LIBs 
in this area. Advanced architectures and materials 
are needed to design high performance LIBs with 
increased energy storage capacity per unit volume 

Fig. 5. Present and novel future technologies with integrated LIBs.
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while maintaining a small footprint area. Recently, 
3D solid-state batteries with enhanced energy and 
power densities are receiving great attention due to 
their intrinsic safety and great flexibility in device 
design and integration. Nonetheless, the fabrica-
tion of 3D solid-state batteries has been a formi-
dable challenge due to the limitation of conven-
tional thin-film techniques [25]. However, despite 
difficulties, several 3D solid-state battery concepts 
were realized and investigated. Peter H.L. Notten 
et al. proposed a concept based on the step-con-
formal deposition of various (in)active layers on 
a high surface area silicon substrates obtained by 
micro-etching (Fig. 6a), while Nathan et al. used 
isotropic 3D configuration, seen in Fig. 6b, that can 
be fabricated by successive deposition of confor-
mal films. Latter battery was one of the first ‘func-
tioning full 3D’ lithium ion microbatteries [26].

Even though the 3D designs of battery concepts 
were proved to be realizable, there are still unan-
swered questions about the kinetics, interphase 
diffusion of Li+-ions, integration and fabrication 
techniques that need our immediate attention. 
Therefore, our group focuses on the development 
of 3D electrodes, 3D current collectors and 3D all 
solid-state batteries fabricated by various methods 
with the consequent investigation of their electro-
chemical properties.

Fig. 6. 3D solid-state batteries: step-conformal deposited 
(a); isotropic 3D configuration (b) [25, 26].

Mainly 3D structured electrode architectures 
come in different forms such as interdigitated, hon-
eycomb, porous three dimensional and interwoven 
structures as seen in Fig. 7.

Using foam structure allows obtaining a tre-
mendous surface area, high mesoporosity, good 
electric conductivity, and an excellent chemical 
stability in a wide variety of liquid electrolytes. 
Nurpeissova et. al. reported a unique 3D archi-
tecture anode fabricated by electrodeposition of 
ultrathin Ni3Sn4 intermetallic alloy onto a com-
mercially available nickel foam current collector 
from an aqueous electrolyte [28–31]. The designed 
three-dimensional electrode demonstrated a high 
discharge capacity of 843.75 mAh g-1 during initial 
cycles and an improved cycle performance over 
100 cycles in contrast with the same alloy electro-
deposited onto planar substrate (Fig. 8). The high 
surface area of the electrode and short L+-ions dif-
fusion paths along with suppression of volume ex-
pansion provided by the proposed 3D structure and 
Ni inactive matrix play a key role in improving the 
performance of the electrode.

Yet another work worth mentioning is the Si 
on the Ni foam. 3D structured composite anode 
containing silicon thin film on graphene coated 
Ni foam was prepared by chemical vapor deposi-
tion and magnetron sputtering techniques [32] by 
Mukanova et al. As the main problem of the Si is 
the huge volume expansion, the 3D structure of the 
current collector is capable of effectively suppress/
diminish the volume changes, maintaining stable 
structure upon cycling. Along with this, graphene 
serves as an additional electrochemically active 
component and provides improved conductivity. 
Designed anode exhibits a high areal capacity of 
around 75 μAh cm-2 upon 500 cycles with the cou-
lombic efficiency of around 99%.

Along with Ni foams, commercially available 
Cu foams were also utilized in many works to sup-
port the 3D architecture. In her work, Kalimuldina 

Fig. 7. 3D-electrode architectures: interdigitated structure (a); honeycomb structure (b); porous three-dimensional 
structure (c); interwoven structure (d) [27].
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et al. fabricated conductive and flexible CuS with 
a unique hierarchical nanocrystalline branches 
and and Cu2S nanoflower films directly grown on 
three-dimensional (3D) porous Cu foam using an 
easy and facile solution processing method with-
out a binder and conductive agent for the first time. 
Copper sulfides (CuxS) with different stoichiome-
try are considered as prospective cathode materials 
for lithium batteries owing to their large energy 
storage capability [33]. The synthesis procedure 
is quick and does not require complex routes. 
Electrochemical testing of CuxS/Cu foam elec-

 
Fig. 8. SEM (a, c), TEM (b, d) images and electrochemical performance (e) of 2D and 3D Ni3Sn4 intermetallic alloys 
[31].

trodes (x=1, 1.8) showed a reasonable capacities of 
450 mAh g-1 and 250 mAh g-1 at 0.1 C and excel-
lent cyclability, which might be attributed to the 
unique 3D structure of the current collector and hi-
erarchical nanocrystalline branches and nanoflow-
ers that provide fast diffusion and a large surface 
area (Fig. 9) [34, 35].

Obtained results using Ni and Cu foams sug-
gest that the better electrochemical performance 
of 3D electrodes is attributed to the unique struc-
ture of foams that effectively increased the contact 
area between electrolyte and electrode. 

 
Fig. 9. SEM images (a,b) and photograph showing flexibility of 3D CuS/Cu films; electrochemical performance of 3D 
CuS/Cu films (d) and 3D Cu1.8S/Cu films (e) [34, 35].
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                с) 
 

Fig. 10. Galvanostatic charge and discharge profile (a), cyclability and coulombic efficiency at 0.1C (b) and Schematic 
illustration of 3D full battery fabrication and configuration of 3D full battery (c) [37].

The prepared full 3D battery successfully op-
erated at 0.1C rate and retained 90% of its initial 
capacity over 100 galvanostatic charge-discharge 
cycles [37].

Additive manufacturing, also known as 3D 
printing, has appeared as a novel class of free 
form fabrication technologies that have a variety 
of possibilities for the rapid creation of complex 
architectures at lower cost than conventional meth-
ods. 3D printing enables the controlled creation 
of functional materials with three-dimensional ar-
chitectures, representing a promising approach for 
the fabrication of next-generation electrochemical 
energy-storage devices and has many unique ad-
vantages over conventional manufacturing meth-
ods. Moreover, sequential 3D printing of battery 
electrodes and the solid electrolyte layer meets 
the need for intimate contact between the elec-
trodes and electrolytes. The exclusive capabilities 
of the 3D-printing technology enable the design 
of different shapes and high-surface-area struc-
tures, which no other manufacturing method can 
easily do. Therefore, the use of 3D printing will 

In 2013 Prieto Battery published a patent for an 
innovative three-dimensional battery that radical-
ly differs from modern counterparts in its unique 
combination of components and architecture de-
sign. The patented technology is based on a po-
rous copper structure (copper foam), which is lo-
cated in an ultra-thin layer of polymer electrolyte 
wrapped in a cathode matrix. The result is a lithi-
um-ion battery with a three-dimensional structure, 
consisting of interpenetrating electrodes with ex-
tremely close distances for ion diffusion process-
es. The power density of such batteries can reach 
14.000 W/L, which is an order of magnitude high-
er than the indicators of the used two-dimensional 
structures [36]. Based on the above possibilities 
for improving battery performance, Mentbayeva 
et al. reported on the development of a full 3D 
battery composed of Ni3Sn4 (Ni–Sn) alloy electro-
deposited onto a nickel foam current collector to 
form a 3D anode, which was coated with a poly-
mer electrolyte-separator film, and LiFePO4/CNT 
cathode filled into the voids of the resulting 3D 
structure, as depicted in Fig. 10 [37]. 
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provide an ideal opportunity to design high-power 
micro batteries with well-designed arrangements 
of microelectrodes [38]. Electrodes in most of the 
printed batteries are prepared by extrusion-based 
methods. Extrusion-based 3D printing employs 
a three-axis motion stage to draw patterns by ro-
botically squeezing “ink” through a micro-nozzle. 
Based on this concept, various 3D forms of micro 
batteries from simple to complex have been pro-
posed and are currently being studied. The pioneer 
of 3D printed batteries, Dr. Lewis from Harvard 
was able to print a battery with a few micrometer 
dimensions with outstanding performance as seen 
in Fig. 11. 

The 3D-printed LiFePO4/Li4Ti5O12 full cell fea-
tures initial charge and discharge capacities of 117 
and 91 mA h g-1 with good cycling stability. Highly 
concentrated inks were prepared by dispersing the 
particles in ethylene glycol (EG) – water solution 
[40, 15]. After her investigations, several groups 
also reported on the 3D printed batteries. For ex-
ample, Hu et al. reported on the 3D structured bat-
tery by slurry extrusion from an air-powered dis-
penser, of a novel synthesized cathode comprising 
LiMn0.21Fe0.79PO4-C nanocrystals [41]. Considering 
the novelty of this direction, our group will work 
on the direction of 3D printing. 

3. Rechargeable aqueous lithium-ion battery 
(RALIB)

Even lithium-ion batteries are the leading ener-
gy source for portable devices, they are associat-
ed with safety concerns due to the use of organic 
flammable electrolytes. Another problem of LIB is 
their high price, where 45% of which is the cost 
of technological requirements (special conditions 
for assembling batteries due to the sensitivity of 
materials to air and moisture, the use of expensive 
packaging). Therefore, the attention of researchers 
in recent decades is directed to the development of 
such systems in which it is possible to combine the 

Table 2 
Comparison of battery technology costs

LIB RALIB Lead Acid 
Battery

Battery Cost 
(USD/KWh) 600 170 170

Working Voltage, V 3.0 1.2 2.0

Cycle life (#) 2000 1000 1000 (25 °C); 
500 (33 °C)

Efficiency (η) 100 100 50-95
Energy Density 
(Wh/Kg) 100-150 40-60 30-40

Lifetime cost 
(USD/KWh) 0.30 0.17 0.23 (25 °C); 

0.50 (33 °C)

 

Fig. 11. 3D printed microbattery [39].

stability and energy density of LIB with safety and 
reduced cost (Table 2). 

Our group developed the model of zinc based 
Rechargeable Aqueous Lithium-ion Battery (RAL-
IB) Zn/LiCl-ZnCl2/LiFePO4 with a mild acidic 
electrolyte [42, 43]. The concept is demonstrated 
using LiFePO4 cathode and Zn anode, operating in 
an optimized weak acidic aqueous Li+/Zn2+ bina-
ry electrolyte. Rechargeable aqueous lithium-ion 
battery technology is very attractive, especially for 
large scale applications, including transportation, 
because the ionic conductivity of aqueous electro-
lytes is greater than that of organic counterparts, 
thereby allowing higher electrochemical reaction 
rates, and negligible potential drops due to the 
electrolyte impedance. In contrast with non-aque-
ous lithium batteries (LIB), the operation voltages 
of batteries with aqueous electrolytes are restrict-
ed by the electrochemical stability of water. The 
water stability window is pH-dependent because 
the hydrogen evolution potential is pH-depend-
ent. Zinc metal is considered as a promising anode 
material for rechargeable batteries due to its high 
theoretical capacity (820 mAh g-1), abundance, 
safety, scalability, low cost and environmentally 
friendliness [44, 45]. However, zinc is thermody-
namically unstable in the aqueous environment 
[46, 47]. It dissolves into Zn2+ ions under acidic 
conditions (pH<4), more stable at neutral pH, and 
it’s solubility increases in alkaline media. Com-
mercial, mainly used as primary batteries, aque-
ous zinc batteries (Zn-air, Zn-MnO2 and etc.) have 
alkaline media [48], where Zn(OH)4

-2 complexes 
formed due to the abundance of OH- ions. These 
zincate ions precipitate in the form of ZnO, result-
ing in dendrite growth or passivation of the anode. 
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Mildly acidic aqueous (or neutral) electrolyte for 
lithium-ion batteries is being investigated rela-
tively recently [49]. Main electrochemical perfor-
mance of the developed Zn/LiCl-ZnCl2/LiFePO4 
system is presented in Fig. 12. 

Rate capability performance (Fig. 12a) shows 
that the specific capacity gradually decreases with 
the current density increase. Notwithstanding, the 
capacity is fully recovered when the cycling rate 
is switched back to 0.6 C, indicating that along 
with superior rate capability, the Zn/LiClZnCl2/
LiFePO4 battery system possesses a very high re-
versibility and electrochemical stability [42]. The 
LiFePO4 positive electrode exhibited 400 cycles 
with 85% capacity retention and 100% energy ef-
ficiency at 6 C rate (Fig. 12b). It means that the 
battery is fully charged and discharged in 10 min. 
The novel battery temperature tolerance is also 
promising. It shows high capacity retention at var-
ious temperatures ranging from -10 to 50 °C. The 
system provides an operating voltage of 1.2 V. The 
electrochemical mechanism of the Zn/LiFePO4 
battery operation is illustrated in Fig. 12c. During 
the charge process, at the positive electrode side, 
Li-ions are extracted from the LiFePO4 matrix and 
the negative reaction is represented by the Zn2+ ion 
reduction. Laboratory prototype was designed and 

 

Fig. 12. Electrochemical performance of Zn/LiCl-ZnCl2/LiFePO4 battery.

tested (Fig 12d). Zn/LiFePO4 battery offers an ex-
ceptional safe, low cost, long cycling life, and high 
energy and power density energy storage for large-
scale applications.

4. Hollow Silica as anode material for 
lithium-ion batteries

Silica (silicon dioxide, SiO2) attracts scientific 
interest as an anode for lithium-ion batteries (LIB) 
due to its abundance and relatively high specif-
ic theoretical capacity of 1965 mAh g-1. Howev-
er, during the lithiation and delithiation (alloying 
with Li) silica has volume expansion up to 200%, 
leading to its pulverisation and loss of electrical 
conductivity [50]. A large number of SiO2 studies 
is aimed to improve its electrical conductivity and 
maintain mechanical stability [51, 52]. One of the 
methods is the in-situ formation of a passivating 
phase to increase the mechanical resistance dur-
ing the volume expansion. The hollow structure 
of SiO2 will protect it from pulverization during 
the lithiation and twice volume expansion, thereby 
prolonging battery life [53–55]. Silica was synthe-
sized according to the published procedure [56] 
(Fig. 13).
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Figure 13a shows the scheme for hollow silica 
(SiO2) preparation. Fe3O4 nanoparticles were pre-
pared by co-precipitation method, filtered, washed 
by distilled water and used as the template. Cetyl-
trimethyl ammonium bromide (CTAB) is used as a 
shell structure-directing agent. Then, Na2SiO3 and 
H2SO4 are titrated into the Fe3O4 suspension. Cal-
cination of the synthesized silica was carried out at 
600 °C for 2 h in air to remove CTAB, then after 
dissolving of Fe3O4 in hydrochloric acid.

Figure 13b shows XRD patterns of changes in 
the precursors structure during the silica prepara-
tion. Fe3O4 peaks are present in the XRD curve of 

freshly prepared SiO2. These peaks are also visible 
after the first annealing. They disappear after the 
treatment with hydrochloric acid and the second 
annealing. Finally, a single wide peak at 22-24о at 
2θ angle indicates an irregular structure of amor-
phous SiO2. 

The structure of synthesized silica was investi-
gated by transmission electron microscopy (TEM) 
(Fig. 14). A-c images were acquired at 120 keV 
using JEOL JEM-1400 plus microscope in TEM 
imaging mode, and d-f were acquired at 200 keV 
using JEOL ARM 200F in STEM mode. 

Fig. 13. Hollow SiO2 preparation: a) scheme; b) XRD patterns of the precursors and synthesized SiO2.

Fig. 14. Transmission electron microscopy (TEM) characterization of the SiO2.
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Fig. 15. Cycleability and coulombic efficiency of half-
cell battery with synthesized silica.

Figure 14 (a,b,c) presents bright field TEM im-
ages of the sample at different magnifications. The 
SiO2 structure has a 3D mesoporous cellular mor-
phology. The structure is interconnected by uni-
formly distributed pores with 10‒20 nm in window 
size as shown in b and e, and the wall thickness is 
in the range of 5‒10 nm as shown in c, and d. High 
angle annular dark field (HAADF) scanning TEM 
(STEM) images of the samples at different mag-
nification (Fig. 14 d, e). Energy-dispersive X-ray 
spectroscopy (EDS) elemental distribution map of 
Si and O element in the region in e presented in 
Fig. 14f. The developed 3D mesoporous SiO2 was 
tested as anode material for Li|1M LiPF6 in EC:D-
MC:EMC=1:1:1|SiO2:KB:CMC coin cell and per-
formed a stable reversible capacity of 280 mAh g-1 
after 100 cycles at a current density 50 mA g-1 and 
excellent rate performance (Fig. 15).

This stable electrochemical performance of 
synthesized silica shows that using the 3D meso-
porous structured SiO2 has promising perspectives 
as an anode material for LIB.

5. Conclusion and perspectives

17 years past since a battery production prob-
lems in Kazakhstan were discussed [57]. Battery 
research was supported by Kazakhstan govern-
ment well. Recent achievements of research group 
at Nazarbayev University on Li-ion battery were 
reviewed. The significant progress in areas of in-
novative materials for new generation batteries 
such as lithium-sulfur battery, three-dimensional 
architecture of the cell, high-capacity conversion 
anodes and safe aqueous battery was reported. A 
comprehensive consideration of all cell compo-

nents allowed to develop several prototypes of full 
cells. Competitive results of electrochemical per-
formances opens the way for further scale up and 
investigations to satisfy the requirements of porta-
ble devices and electric vehicles.
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