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Abstract

Thisresearch studies the effect of pre-oxidation on physical and electrochemical
properties of electrospun polyvinylpyrrolidone (PVP)-derived carbon
composites of cobalt phosphides by comparing carbonized non-pre-oxidized
(NPO) and pre-oxidized (PO) samples used as anode materials for lithium-ion
batteries. The X-Ray diffraction (XRD) patterns revealed the formation of CoP
and Co,P in both samples while presence of amorphous cobalt metaphosphate
for NPO and cobalt phosphate for PO was determined by X-ray photoelectron
spectroscopy (XPS). The electrochemical performance of nanofibers was
evaluated by cyclic voltammetry and galvanostatic charge-discharge at
different current densities. The results showed improved stability at high
current densities (344.1 mAh g' at 5000 mA g!), more significant charge
capacity (599.6 mAh g! at 500 mA g!) and higher initial Coulombic efficiency

Phosphides, Pre-oxidation.

(CE%, 61.1%) for PO samples than NPO.

1. Introduction

After the discovery of the reversible electro-
chemical intercalation of lithium ions into graphite
by Yazami in 1980, lithium-ion batteries (LIBs)
making use of graphite-anode materials are be-
ing widely used [1, 2]. However, considering the
growing energy demand and limited capacity of
graphite anode (372 mAh g'), alternatives have
been extensively studied [3].

Cobalt phosphides (Co,P), being conver-
sion-type anode materials, are considered as prom-
ising anode materials owing to their high theo-
retical capacity (894 mAh g! for CoP), higher
conductivity, considerably low charge/discharge
potential and good thermal stability in comparison
to insertion-based and alloying-based anode ma-
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terials [4-6]. Apart from these, Co,P are of cur-
rent interest in many research studies recently as
other P-based materials provide very low cycling
stability [4], while metal nanoparticles formed
during the conversion of cobalt phosphides show
increased electrochemical activity for the reverse
reaction to occur [7]. The main limitation of Co,P
is high first-cycle capacity loss and lower rate per-
formance, originating from high volume expansion
and insufficient ionic conductivity. According to
Puthusseri et al. the minimum capacity losses can
be achieved by compositing with carbon of appro-
priate content and buffering the volume expansion
[5], while reducing the size of materials to the na-
noscale level can ensure an increase in the electro-
lyte contact area and shorten the Li-ion pathways
[3, 8]. Designing carbon composite nanofibers by
electrospinning with heat treatment allows com-
bining these approaches [9, 10]. Apart from that,
the introduction of polyvinylpyrrolidone (PVP) as
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a carbon source results in the high utilization of the
anode active materials with cycling [7].

The physical characteristics of electrospun
nanofibers after heat treatment, including mechan-
ical properties, chemical stability, crystal structure
and composition, are determined to be dependent
on the factors such as relative humidity (RH),
pre-oxidation and annealing temperature [9, 11,
12]. Thus, electrospun PVP-derived carbon com-
posite nanofibers of Co,P with different composi-
tions were successfully synthesized varying the heat
treatment conditions, and applied as interlayers for
lithium-sulfur batteries [13]. This work is focused
on the effect of the pre-oxidation step in the syn-
thesis of PVP-derived carbon composite nanofibers
of Co,P, which were electrospun at controlled low
RH, on their electrochemical performance as anode
materials for LIBs for the first time.

2. Experimental section
2.1 Synthesis of materials

Carbon composite nanofiber mats with cobalt
phosphides were synthesized following the earlier
report with some modifications [13], general pro-
cess flow description is given in Fig. la. For that,
two independent solutions were prepared before
mixing. First, 0.43 g of PVP (Sigma-Aldrich, M,, =
1,300,000 g mol, dried at 60 °C in a vacuum oven
for 24 h) as electrospinning template and carbon
source was dissolved in 6 mL of an absolute eth-
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anol (VLSI, 99.5% purity) and put on a magnetic
stirrer. Second, 75 pL of phosphoric acid (H;PO,)
was added onto the 0.32 g of cobalt nitrate hexa-
hydrate (ACS, Co(NO,),*6H,0) solute in 2 mL
of distilled water. The second cobalt phosphides
precursor solution was added onto the carbon pre-
cursor solution after it had been totally dissolved.
The mixture was magnetically stirred at 600 rpm
at standard temperature and pressure (STP) for 15
h. The solution was electrospun with an electro-
spinning machine (Inovenso) under the following
parameters: voltage of 18 kV, tip-to-collector dis-
tance of 10 cm, flow rate of 1 mL h!, making use
of a drum-type collector (Fig. 1b). The relative hu-
midity (RH) was adjusted to 25% using a dehumid-
ifier attached chamber. The electrospun nanofibers
were dried at 150 °C for 15 h in air after which part
of the sample was pre-oxidized at 280 °C for 1 h
with a heating rate of 5 °C min™ in air in a muffle
furnace (Nabertherm LT 9/13), and the second part
was left non-pre-oxidized. Next, both pre-oxidized
and non-pre-oxidized samples were heat treated at
700 °C in Ar + H, (4%) atmosphere for 1 h with a
heating rate of 5 °C min! in a tube furnace (Across
International), and denoted as PO and NPO, re-
spectively. The yield and digital images are shown
in Fig. lc.

2.2 Physical characterizations

Thermogravimetric analysis (TGA) was con-
ducted using Simultaneous Thermal Analyzer

Carbonization
700 °C, Ar + H, (4%), 1 h, 5 °C min™

= —{PO |

Carbonization

Fig. 1. (a) Synthesis scheme of PVP-derived carbon composite nanofibers of cobalt phosphides, (b) schematic
illustration of the electrospinning process, (c) digital images of the fiber mats corresponding to each step in Fig. (a).
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(STA) 6000. Molecular structure of nanofibers was
obtained from Fourier Transform Infrared (FTIR)
Analysis using Nicolet iS10 FT-IR Spectrometer.
X-ray Diffraction (XRD) analysis was performed
using Miniflex (Rigaku). Raman spectra (532 nm
excitation wavelength, 1% of the initial power (15
mW) and 10 s of accumulation time) were record-
ed using Raman Spectroscopy & AFM Combined
System — LabRAM (Horiba). X-ray photoelectron
spectra (XPS) were studied using X-ray Photoelec-
tron Spectrometer — NEXSA (Thermo Scientific).
The surface of samples was etched for 30 s prior to
XPS measurement to reduce the surface oxidation
layer. The carbon content of samples was analyzed
by CHNS — MicroCube, Elementar. The morphol-
ogy observations of nanofibers were carried out
by Scanning Electron Microscope Crossbeam 540
(SEM, Zeiss).

2.3 Electrochemical characterizations

The electrochemical performance was checked
using CR 2032 coin-type cells assembled in a
glove box filled with Ar gas of 99.9995% purity.
The cells contained Co,P/C composite nanofibers
as free-standing anodes, polypropylene separa-
tors, ~50 uL of electrolyte solution consisting of
1 M LiPFy in the mixture of ethylene carbonate,
diethyl carbonate, ethyl methyl carbonate (EC:-
DEC:EMC) solvents in 1:1:1 vol. ratio, and Li
chips as reference electrodes. To check the elec-
trochemical properties of coin-type cells where
Co,P/C nanofibers with a mass-loading of about
0.8-1.2 mg cm™? were used, they were tested
through Neware BTS4000 multi-channel battery
tester in a potential range of 0.01-3.0 V vs. Li/
Li* at a current density of 100 mA g'. The cur-
rent densities were calculated based on the mass
of composite, while capacities were calculated
based on the mass of pure Co,P. Cyclic voltam-
metry (CV) was conducted in the same potential
range at a scan rate of 0.1 mV s on a Biologic
potentiostat/galvanostat.

3. Results and discussion

3.1 Physical properties of electrospun polyvin-
ylpyrrolidone-derived carbon composites of co-
balt phosphide

First, TGA results checking decomposition
behavior of nanofibers after drying and pre-ox-

idation are shown in Fig. 2a. According to that,
slight weight loss (2-3 wt%) is observed at around
100 °C corresponding to adsorbed water [14, 15].
Next, weight loss of approximately 7-8 wt% in
the case of a dried sample happens at 180-350
°C which probably corresponds to elimination of
crystal water (from Co;(PO,),*xH,O formed af-
ter electrospinning) and desorption of hydroxyl
group of PVP [16]. At the same time, no change
is seen up to 300 °C for pre-oxidized samples due
to structural stabilization by prior heat treatment.
The major weight loss for dried and pre-oxidized
samples up to 450 °C is considered to be thermal
decomposition and carbonization of PVP [16—-18],
further weight loss is caused by the carbothermal
reduction of cobalt phosphate. The change in the
thermal decomposition behavior of samples after
the pre-oxidation step indicates possible differ-
ences in the composition and carbon content after
the high-temperature annealing. Figure 2b shows
FTIR transmittance spectra identifying possible
molecular structure of dried, pre-oxidized, NPO
and PO samples. The main peaks at 1660, 1440,
1270, 1060, and 660 cm™ corresponding to func-
tional groups of PVP in the dried sample slightly
change after the pre-oxidation and disappear after
high-temperature annealing [16, 19]. Additional
peaks of —C=C— double bond of aromatic carbon
groups appear at 1600—1475 cm™ on the spectra
of both NPO and PO samples [9], while peaks at
~1000—1200 cm™ may correspond to different Co-
and P-based groups.

The crystal structure of the obtained NPO and
PO samples was checked by XRD and shown in
Fig. 2c. Both samples contain low-crystalline co-
balt phosphides in forms of CoP and Co,P in the
orthorhombic Pnma(62) space group. The NPO
sample contains more CoP while the PO sample
contains more Co,P which is consistent with the
reported works [13, 20]. The Raman spectra are
shown in Fig. 2d, D and G bands of graphitic car-
bon are indicated accordingly. The G band around
1585 cm! has clearer intensity than the D band
approximately at 1345 cm™'. The former indicates
that in both samples of NPO and PO the primary
mode of graphene exists with a planar configura-
tion of sp* bonded carbon [14]. The D band being
a defect band, its low intensity means insignificant
number of defects present in the material [21]. The
I/1, ratios for NPO and PO are 1.037 and 1.035
respectively.
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Fig. 2. (a) TGA curves, (b) FTIR transmittance spectra, (¢) XRD patterns, and (d) Raman spectra of NPO and PO

samples.

The structure of the obtained composites was
further studied by XPS and depicted in Fig. 3. In-
terestingly, despite the absence of the pre-oxida-
tion step, the NPO sample contains more oxygen
atoms (Fig. 3a). There is no significant difference
in the carbon structure (Fig. 3b) as has been also
confirmed from Raman results. On the other hand,
Co 2p and P 2p spectra of two samples are clearly
different (Fig. 3c and d): peaks located at around
793.5, 778.4, and 129.7 eV indicate formation of
Co-P bond of Co,P in both samples, while oth-
er peaks indicate presence of cobalt phosphate
(Cos(PO,), at 797.3, 780.8, 133 eV in PO sam-
ple) and cobalt metaphosphate (Co,(PO;), at 798,
782, and 134.5 eV in NPO sample) [22, 23]. Note,
that PO sample contains more oxygen-free Co,P,
which may positively affect its electrochemical
performance. Comparing this to previous XRD
results, we can confirm the formation of the fol-
lowing composites: Co,P/Co,(PO;),/C for NPO
and Co,P/Co;(PO,),/C for PO sample.

The content of carbon, determined by CHNS
analysis, is equal to 48.5 and 56.9 wt% for NPO

and PO samples, respectively (Table). The differ-
ence in the composition from the former work [13]
can probably be ascribed to the controlled low RH
and annealing atmosphere of Ar + H, (4%) instead
of N, + H, (3%).

The morphology of NPO and PO samples was
observed by SEM analysis and shown in Fig. 4a and
b, respectively. Both samples have a nanofibrous
structure with similar fiber diameter of around
75-90 nm and clued beads/particles on nanofibers.
On the other hand, NPO has curved nanofibers
with more particles on the fiber surface, while PO
has straight ones with more smooth surface. This
difference can potentially affect the electrochemi-
cal performance of samples.

Table
Elemental composition of samples determined

by CHNS analysis

Sample C, wt% H, wt% N, wt%
NPO 48.50 0.50 3.50
PO 56.90 0.85 3.46
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Fig. 3. (a) XPS survey, (b) C 1s, (c) Co 2p, (d) P 2p XPS spectra of the NPO and PO samples.

Fig. 4. SEM images of (a) NPO and (b) PO samples.

3.2 Electrochemical properties of electrospun
polyvinylpyrrolidone-derived carbon composites
of cobalt phosphide

Figure 5a and b show CV curves for NPO and
PO samples respectively. In overview, there is a
clear difference in their curves due to solid electro-
lyte interphase (SEI) formation and electrochemi-
cal activation in combination with the variations in
compositions as it has been revealed by XPS [24].
During the first discharge scan, there are three re-
duction peaks for NPO (at 1.4, 1.2 and 0.7 V) and
a broad peak for PO (at 1.2 V). Peaks at higher
potential regions can be ascribed to the lithiation of
phosphate components with the formation of Co,
LiPO; (for NPO), Li;PO, (for PO), and SEI layer.
Lithiation of phosphide components takes place at
lower potential regions with the formation of Co
and Li;P [25-27]. The oxidation peaks observed
at 1.3 and 2.6 V for both samples correspond to
the Li;P decomposition and transformation to
Co,P/CoP [25]. As the following cycles repeat the
same path, high reversibility of NPO and PO sam-
ples can be confirmed. Figure 5c and d illustrate
charge-discharge curves at 100 mA g! for NPO

Eurasian Chemico-Technological Journal 25 (2023) 81-87
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and PO respectively. Both samples show an in-
credibly high initial discharge capacities of 1617.5
mAh g (NPO) and 1856.2 mAh g' (PO) while the
first charge capacities were 1042.9 mAh g! and
1150.1 mAh g for NPO and PO samples respec-
tively. The PO shows a better cyclic stability with
higher capacity retention between the 10" (828.3
mAh g') and 50" (798.6 mAh g') cycles (96.4%
vs. 83.1% for NPO).

According to the rate-capability test results in
Fig. Se, both samples had more than 310 mAh g!
charge capacity even at a high current density of
5000 mA g'. However, PO regained more capac-

ity when the current density was returned back to
100 mA g'. Figure 5f shows a cyclability graph
with charge capacities at a current density of 500
mA g for both NPO and PO including their Cou-
lombic efficiencies (CE%). The initial Coulombic
efficiencies were 56.5% and 61.1% for NPO and
PO samples respectively. These results are prob-
ably linked to irreversible electrolyte decompo-
sition and incomplete backward conversions [5].
Both samples had a similar stability starting from
the 15" cycle with CE% of almost 100%. Howev-
er, PO samples show capacities higher for approxi-
mately 50-100 mAh g!' than that of NPO.
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Fig. 5. CV of (a) NPO and (b) PO samples, charge-discharge curves at a current density of 100 mA g (¢c) NPO and (d)
PO samples, (e) rate-capability, and (f) cyclability of NPO and PO samples at a current density of 500 mA g
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4. Conclusions

In the present work, we investigated the effect
of pre-oxidation step on electrospun PVP-derived
carbon composites of cobalt phosphide by check-
ing their physical properties and electrochemical
performances using them as anode materials in
LIBs. According to the provided investigation, the
formation of CoP and Co,P for both NPO and PO
samples were proven via XRD analysis while pres-
ence of amorphous cobalt metaphosphate for NPO
and cobalt phosphate for PO was determined by
XPS. Moreover, PO samples showed higher Co,P
and carbon contents and less particles on the sur-
face of PO samples. As a result, the PO samples
showed better stability at high current densities
(683.1 mAh g' vs 639.4 mAh g at 5000 mA g),
more significant charge capacity (599.6 mAh g
vs. 494.4 mAh g' at 500 mA g of current density)
and higher initial Coulombic efficiency (61.1% vs.
56.5%) even if they both showed CE% of almost
100% for the following cycles.
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