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Electrochemical behavior after laser irradiation of TiSz and its TiS2/C composite with 50% and 80% of NCM
(nanoporous carbon material) content in aqueous electrolyte was investigated. It was shown that for TiS> and its
TiS2/C composite the capacitance and Faradaic charge storage mechanisms provide identical contributions to the
capacity of corresponding storage devices, while laser irradiation stimulates fast reversible Faradaic reactions that
leads to 70% increase of pseudocapacitance contribution into the general capacitance.

It was found that preliminary intercalation of fluorine into the electrode material (using thermal exposure
method) significantly increases capacity and Coulomb efficiency of storage devices. In particular, their specific
energy value becomes almost 5 times greater than corresponding value for the original electrode material.
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Introduction

Sulfides of transition metals and their NCM
composites have wide range of wusages such as
supercapacitors, batteries and  electrocatalysis.

Composites can also have a well-developed surface, high
conductivity, and the ability to undergo fast reversible
Faradaic reactions that makes them highly important for
the production of supercapacitors (both asymmetric and
hybrid). The key areas for improving the parameters of
these materials are: determining the proportions of the
components, their additional processing with a laser (to
stabilize the surface and neutralize free chemical bonds),
and ultrasound (physical and chemical effects associated
with cavitation, exfoliation of aggregated layers of carbon
material to unblock access to them, as well as uniform
distribution of transition metal sulfide particles in the
composite, reducing the size of nanoparticles and
increasing the specific surface area, etc.).
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I. Experimental, discussion of the
results

Electrochemical studies of titanium disulfide and
TiS2/C composites were carried out using a three-
electrode electrochemical cell. TiS, and TiS,/C
composites with 50, 80 % NCM (nanoporous carbon
material) were used as working electrodes before and after
laser treatment. Fig. 1-2 represent the discharge curves for
TiS,/C with different NCM contents before and after laser
irradiation, obtained in galvanostatic mode at different
discharge current values.

The NCM content in the composite increases the
discharge duration (Fig. 1-2) which allows redox reactions
to occur more completely and this leads to a specific
capacity increase (Table 1) which was calculated by the
formula

_ 21t
(Um—%AU)m

C


mailto:ivan.budzuliak@сnu.edu.ua

LM. Budzulyak, L.S. Yablon, I.I. Budzulyak, V.O. Kotsyubynsky, R.V. Ilnytskyi

1-0001A
2-0.0025 A
3-0005A

0.6 4
:50‘4’
0.2

0.0 4

1-0001A |
2-00025A

084 3-0005A

084
= o4
024

004

T T 1
10000 15000 20000

tc

a

[M-0001A |
2-0.0025 A
|3-0005A |

08+
08+

.
D 044
024

004

T 1
10000 15000 20000

Ls

b

1-0.001A
2-0.0025A
3-0.005A

15000

Fig. 2. Discharge curves for the TiS,/C = 50/50 composite before (a) and after (b) laser irradiation.

Table 1.
Discharge capacity for TiS2 and laser-irradiated (LI) TiS2/C composites
LA C, o
’ TiS2 | TiS2/C=20/80 | Laser TiS2/C=20/80 | TiS2/C=50/50 | Laser TiS2/C=50/50
0.001 47 95 129 165 191
0.0025 28 69 114 149 172
0.005 7 15 95 131 144

where / — charge/discharge current, ¢ — discharge time,
m —mass of material, U, — max voltage, AU — voltage drop
during discharge (value that defines internal resistance R
of the electrode material.) With increasing discharge
current the specific capacitance of both pure titanium
disulfide and composites decreases. It is due, on the one
hand, to the irreversibility of redox reactions at high
discharge currents, and on the other hand, to the NCM, in
which the discharge current increases along with
equivalent series resistance that limited by diffusion in
micropores (they limit access to the inner surface of the
material.) It was found that the highest specific
capacitance (191 F/g) is possessed by the laser-irradiated
TiS,/C=50/50 composite, which is more than 4 times
higher than the specific capacitance of pure titanium
disulfide.

Thus, the composite where content of TiS,; and NCM
is the same, has the best combination of high carbon
conductivity and the possibility of undergoing Faradaic
reactions, which are inherent in TiS,. And laser irradiation
stabilizes the developed surface of the composite by
neutralizing free chemical bonds, significantly reducing
the intensity of irreversible Faradaic reactions and
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minimizing changes in the working electrode surface
structure  during the charge/discharge  process.
Accordingly, this electrode is able to withstand a greater
number of cycles without reducing the Coulomb
efficiency. Fig. 3 (a) and (b), respectively, do represent the
Coulomb efficiency and cyclic stability of this composite
for 275 cycles at 2.5 mA current.

In order to determine the intensity of electrochemical
reactions, potentiodynamic studies of these materials were
carried out at room temperature in the voltage range of —
1.0 — 0 V with different scan rates. As can be seen from
Fig. 4, voltammogram of pure titanium disulfide has two
anodic peaks and one cathodic peak, responsible for the
Faradaic reactions occurrence. With increasing scan rate,
the anodic peaks shift towards increasing potential, and
the cathodic peaks — towards decreasing potential, while
their intensity decreases. As is known, the CVA form
depends on the scan rate s. Namely, there is a transition
from complete reversibility of fast Faradaic processes at
s <sp to partial reversibility at s=syp and to complete
irreversibility at s > 5o (so is the critical scan rate below
which the processes are reversible). This value is equal to
the difference between the charge and discharge peaks and
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Fig. 3. Dependence of the Coulomb efficiency (a) and specific capacitance (b) on the number of charge/discharge
cycles of an electrochemical cell based on laser-irradiated TiS»/S=50/50 at 2.5 mA discharge current.

should not exceed the value of the equilibrium potential of
reversibility, which is determined by the formula:

_ In2RT
F

U

and equals 0.056 V at the room temperature.

As can be seen from Fig. 4: at 1 mV/s scan rate where
the difference between the anodic (—0.513 V) and cathodic
peaks (—0.558 V) is 0.045 V, the Faradaic processes are
reversible. As the scan rate increases, the number of
electrolyte ions that are intercalated/deintercalated in the
titanium disulfide structure decreases so the processes
become partially or completely irreversible.

0,04 5
3
0,02 4 2
q—
- 1
0,00
//'_\; 1-0.001 V/s
) 2-0.025 V/s
0,024 [——— 3-0.1V/s
11,0 -OI,B -01,6 OI.d- -0[_.2 01.0
u.v

Fig. 4. Potentiodynamic curves for pure TiS.

The values of the specific capacitance of the
nanocomposite electrodes, estimated from the CVA
curves, are given in Table 2.

The dependence of the change in discharge capacity
and Coulomb efficiency of the studied materials on the
scanning speed is presented in Fig. 5 (a) and (b),
respectively.

Nyquist plots (Fig. 6) have semicircular area in the
mid-to-high frequency region for all materials, reflecting
charge/discharge processes at the electrode-electrolyte
interface.

Thus, it can be assumed that for pure TiS, and its
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composite the capacitive and Faradaic mechanisms of
charge accumulation make almost the same contribution,
while laser irradiation stimulates the fast reversible
Faradaic  reactions and the contribution of
pseudocapacitance can be 65—70% of the total capacitance
in this case, according to calculations.

High values of the discharge current and good
reversibility of the charge/discharge process are possible
due to the -current-generating reaction of lithium
intercalation into the interlayer space of titanium disulfide

[1]:
xLi* + xe- + TiS, © Li,TiS,

However, such important characteristics as capacity
and cycling duration are quite low, since most of the
intercalated lithium ions after the first cycles remain
localized in the crystal structure between the S—Ti—S
layers, and due to the formation of Li»S and reduction of
Ti, the discharge capacity during cycling decreases
sharply [2].

To ensure high specific energy of lithium power
sources (LPS), mixed cointercalation technologies were
used, the essence of which is the preliminary introduction
of fluorine into the cathode-active material (TiS:) by
thermal exposure, and the current-generating reaction was
provided by its electrochemical intercalation with lithium.
The exposure duration was 30 and 60 min. at temperatures
of 298 and 573 K, respectively.

It is established that the fluorination regimes
significantly affect the thermodynamics of subsequent
intercalation by lithium cations. It is seen from Fig. 7 that
an increase in the amount of introduced fluorine increases
the degree of lithium guest loading during discharge to
1.5V, while simultaneously changing the functional
dependence of the change in Gibbs energy G(x) on the
lithium loading. Considering the concentration behavior
of the entropy of dissolution (AS) of Li in LiTiS,Fy
(Fig. 8), the maximum of the differential capacitance in
the vicinity of x =0.75 can be associated with a second-
order phase transition in the guest subsystem induced by
fluorine.

The nature of the Nyquist diagrams for LiTiS:Fy
cointercalation compounds as a function of x is alternately
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Table 2.
The value of the charge and discharge capacitances of nanocomposite electrodes based on TiS; and TiS,/C
Scan . . . Laser . - Laser
speed, TiS; TiS,/C=20/80 TiS,/C=20/80 TiS,/C=50/50 TiS2/C=50/50
V/s C,Flg | Cq,F/lg | C,Flg | Cq,F/g | C,Flg | C4,Flg | C,Flg | Cq,Flg | C.,Flg | Cq, Flg
0.001 74 71 118 106 142 0.001 74 71 118 106
0.005 108 93 124 0.005 108 93
0.025 35 32 36 30 40 0.025 35 32 36 30
0.075 23 16 24 0.075 23 16
0.1 7 5 17 13 21 0.1 7 5 17 13
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Fig. 5. Dependence of the change in discharge capacity (a) and Coulomb efficiency (b) of the studied samples on the
scanning speed: 1 — TiS,, 2 — TiS,/C=20/80, 3 — laser-irradiated composite TiS»/C=20/80, 4 — TiS,/C=50/50,
5 — laser-irradiated composite TiS,/C=50/50).
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Fig. 6. Nyquist diagrams for electrochemical systems
based on TiS, (1), TiS,/C (2) and laser-irradiated
TiS,/C composite (3); dots — experiment, line —
simulation result.

modeled by the Randles—Erschler scheme (for x = 0.25 in
particular) and its modified version (x = 0.17; x = 0.66)
(Fig. 9) in accordance with diffusion processes that obey
the classical and non-ideal Fick laws.

In addition to achieving a high specific energy, there
remains the problem of high power increase. To solve it,
we have proposed an approach based on modifying the
cathode material’s band spectrum by laser irradiation with
modes that provide an increase in the density of states of
delocalized current carriers. It was found that after laser
irradiation studied materials reduce their R resistance of
the charge transfer stage during lithium intercalation in
TiS;Fy by more than 1.5 times. An energy density
doubling of laser irradiation for intercalation compounds
with strong oxidizing agents (LixTiS;Fy) leads to a further
(almost threefold) decrease in the charge transfer stage

Fig. 7. EMF (1.2) and dx/d(EMF) (3.4) as a function
of the amount of Li introduced into TiS, after its
fluorination at 298 K, 30 minutes (1.4) and 573 K,
60 minutes (2.3).

resistance R and a change in the kinetic mechanisms:
from linear semi-infinite diffusion to the particles motion
in the host material (in accordance with the non-ideal Fick
law).

As can be seen from Fig. 10, two plateaus are
observed in the discharge curves at 1.8 V and 0.7 V
potentials that most likely reflect Li* ions intercalation
into the octahedral positions of titanium disulfide with
LixTiS; formation and Ti*" to Ti’*" transition and the
intercalant’s subsequent entry into LiTiS, tetrahedral
positions with Ti** to Ti** reduction. The direction of the
discharge curves for the composites in the potential range
of 1.8-0.7 V and below 0.7 V indicates the presence of a
capacity associated with the EDL polarization, which is
due first of all to the structure and morphological features
of the obtained material.
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Fig. 8. — Entropy of Li dissolution in LixTiS;Fy as a
function of x after fluorination of TiS, at 298 K, 30
minutes (1) and 573 K, 60 minutes (2).
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Fig. 10. Discharge curves during the first cycle at a
discharge current of 0.3C for LPS with cathode
materials:

1 - TiS,, 2 — TiS»/C=20/80, 3 — TiS,/C=80/20,

4 — TiS,/C=50/50, 5 — laser-irradiated TiS,/C=50/50,
6 — TiS,/C=50/50 obtained by ultrasonic dispersion.

Composites exposed to laser irradiation and
ultrasound (Fig. 10, curves 5, 6) are characterized by
specific capacitance’s increase, that is probably due to the
growing quantity of transport channels in the NCM
initiated by laser irradiation and ultrasound.

From the obtained data, it was established that the
laser-irradiated  TiS,/C=50/50 composite and the
composite obtained by ultrasonic dispersion in acetonitrile
(Table 3) form LPS with highest specific characteristics.
Their specific capacity is almost four times greater than
the specific capacity of LPS formed on the basis of pure
TiS,.

As can be seen from Fig. 11, the specific capacitance
for laser-irradiated TiS,/C=50/50, having reached the
maximum value (587 A-h/kg) during the first cycle,
gradually decreases and stabilizes after the fifth cycle at
~ 460 A-h/kg, and for the TiS,/C composite obtained by
ultrasonic dispersion, the stable value of the specific
capacitance is 525 A-h/kg.

Accordingly, the specific energy during the first cycle
is 1057 and 1073 W-h/kg, which is almost 5 times higher
than the same value for pure titanium disulfide. Such high
specific capacitive and energy characteristics derive from
the optimal content of components (that form an
electrically connected nanostructure) and successfully
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Fig. 11. Dependence of specific capacitance on
cycling at a current density of 0.3C for:

1 — TiS,, 2 — TiS»/C=20/80, 3 — TiS,/C=80/20,

4 — TiS,/C=50/50, 5 — laser-irradiated TiS,/C=50/50,
6 — TiS,/C=50/50 exposed to ultrasound.

selected modes of their modification. In addition, NCM
presence in the composite dramatically increases the
electrical conductivity. Thus, the synergistic effect of
structural ordering after mechanochemical mixing of
components and the action of laser irradiation or
ultrasound plays an important role in increasing the
specific capacitive and energy characteristics of the
composite. [3]

Table 3.
Discharge characteristics of LPS based on TiS,/C
composite
Specific Specific
# Material capacitance C, | energy E,
A-h/kg W-h/kg
1 TiS, 155 233
2 | TiS,/C=20/80 215 387
3 | TiS,/C=80/20 245 441
4 | TiSy/C=50/50 490 882
Laser irradiated
> | TiS/C=50/50 >87 1057
TiS,/C=50/50,
6 ultrasound in 596 1073
acetone
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In order to study the electrochemical characteristics of
energy storage devices, hybrid cells were formed, with
positive electrodes formed with TiS,/C = 50/50
composites obtained by ultrasonic dispersion in water and
acetonitrile and by the mechanochemical method after
exposure to laser irradiation, and the negative electrodes
were NCM placed in a 33% KOH solution. The mass of
the mixture for the positive and negative electrodes was
75 mg and 150 mg, respectively.

On the discharge curves of the studied systems (Fig.
12), taken at currents of 10, 20, and 50 mA, plateaus are
observed that are responsible for the passage of fast
reversible redox processes, and for composites obtained
by ultrasonic dispersion, such processes occur at two
potentials (~ 0.85 and 0.4 V), while for the composite
obtained by the mechanochemical method, only one
plateau is observed at ~ 0.87 V, and the shape of their
discharge curves becomes more similar to a straight line,

1.0
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0 00 400 600 800 1000
1.5

a

o LoD 200 300

inherent in the capacitive nature of charge accumulation.

As can be seen from Table 4, high values of specific
capacitance at 0.01 A discharge current are characterized
by HCs (hybrid capacitors), the electrode materials of
which are TiS,/C=50/50 composites, subjected to laser
radiation and ultrasonic treatment in acetonitrile (271 and
276 F/g, respectively, at 0.01 A discharge current), while
the value of specific energy is 24 and 25 W-h/kg. With
0.05 A increase in the discharge current, the value of the
discharge specific capacitance decreases by ~ 1.4 times,
while the power increases by 5 times.

Thus, ultrasonic dispersion and laser irradiation, as
methods of obtaining and modifying composites, leading
to an improvement in the specific characteristics of HCs
created on their basis, are promising methods for their
further practical application.
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Fig. 12. Discharge curves of a hybrid capacitor with a positive electrode: a — TiS,/C = 50/50 composite obtained by
ultrasonic dispersion in acetonitrile, b — TiS,/C = 50/50 composite obtained by ultrasonic dispersion in water,
¢ — laser-irradiated TiS,/C = 50/50 composite obtained by the mechanochemical method.

Table 4.
Specific characteristics of HC based on TiS,/C composite
Specific capacitance Specific energy E, Specific power
Material C,F/g W-h/kg P, Wikg
Ia, A 0.01 0.02 0.05 0.01 | 0.02 | 0.05 | 0.01 | 0.02 | 0.05

TiS,/C=50/50,

laser irradiated

. 276 229 191 25 20 17 84 169 | 428
acetonitrile
TiS,/C=50/50, water 214 185 147 19 16 13 95 189 | 466
TiS,/C=50/50,
mechanochemical mix, 271 229 189 24 20 17 91 182 | 453
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Conclusions

1. It is shown that the same content of TiS; and NCM
in the storage device -electrodes combines high
conductivity and the possibility of rapid reversible
Faradaic reactions. At the same time, laser irradiation
stabilizes the developed surface of the composite by
neutralizing free chemical bonds.

2. By using mixed cointercalation technologies
(basically the preliminary introduction of fluorine into the
electrode material by thermal exposure method), the
degree of lithium guest loading was increased during the
device discharge to 1.5V, simultaneously changing the
functional dependence of the Gibbs energy G(x) on the

degree of lithium loading. In this case, the concentration
dependence of the entropy AS of lithium dissolution in
Li TiS;F, indicates that the differential capacitance’s
maximum is reached around x = 0.75.
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Enexrpoximiuni Baacrusocti TiS: Ta komnosury TiS:/C, moaugikoBanux
JIA3ePHUM ONPOMIHEHHSAM i YJIbTPa3BYKOBHMM JUCIEPIyBAHHAM
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JocnimkeHa enekTpoxiMidHa MoBeAiHKa Iucyibdigy Turany, iioro kommnosury TiS2/C 3 50% i 80% BmicTy
HAHOTIOPKCTOTO BYIJIELIEBOTO MaTepialy y BOJHOMY €JNEKTPOIITI MiCis JIa3epHOro onmpoMiHeHHs. [loka3aHo, 1o
st TiSz 1 komnosuty TiSo/C emuicHui 1 apaielBCbKHI MeXaHi3MU HaKOIUYEHHS 3apsiay BHOCATh NPAKTUYHO
OIHAKOBHIT BKJIAJ B EMHICTB BiAMOBIIHUX HAKOMNYYBAIBHIX PUCTPOIB, TOI SIK JIa3epHE OMPOMiHEHHS CTUMYITIOE
MPOXO/UKEHHST IIBHAKAX OOOPOTHHUX (hapaieiBChbKUX peaki(iid, [0 MPU3BOJUTH [0 30iMbLICHHS BKIaLy

nceBJoeMHOCTI 10 70% B 3arajbHy €MHICTb.

BusiBiieHo, 1110 TOTNEpeHE BBeIeHHs GTOpy B €JIEKTPOJHUI MaTepiai TepMidHO-CKCIIO3ULIHHUM CIOCOO0M
ICTOTHO MiJBUILY€E EMHICTh Ta KyJIOHIBCbKY €()eKTHBHICTh HAKONMYYBAIBHHUX IPHCTPOIB, 30KpeMa iXHs MUTOMa
eHepris Maibke B 5 pa3iB epeBUILy€ TaHe 3HAUECHHS JJIsl BUX1THOTO eJIEKTPOJHOTO MaTepiaiy.

KonrodoBi cioBa: nucynedin TUTaHy, KOMIIO3HT, JJa3epHE ONPOMIHEHHS, yIbTPa3BYKOBE AUCIICPTYBAHHS,

HBM.

911


https://doi.org/10.1039/C0NR00440E
https://doi.org/10.1007/s11051-013-1950-5.
https://doi.org/10.1080/1536383X.2025.2464194
mailto:ivan.budzuliak@сnu.edu.ua

