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Abstract: The optimization of the electrolyte composition for a canonical cathode such as LiCoPO4

olivine. The implemented succinic anhydride within a liquid electrolyte LiPF6 and dissolved in
carbonate/diethyl considerably improves the discharge capacity of the electrode are shown. The
introduction of succinic anhydride into the solid/electrolyte interphase (SEI) layer is responsible for
the improved electrochemical performance of the electrode. We used LiCoPO4@C-ZrO2 as a cathode
to prove the concept. The observed results could be applied for a wide range of cathodes. Moreover,
the proposed additive to the electrolyte could help evaluate the performance of the materials without
the side effects of the electrolyte.

Keywords: LiPF6; succinic anhydride; energy storage and conversion; nanocomposite; XRD

1. Introduction

One of the most promising olivine structures is LiCoPO4 (LCP) as a cathode material
due to its high redox potential of around 4.8 V, its high energy density, and its theoretical
capacity of ~167 mAhg−1 [1–3]. Nevertheless, it undergoes a low electrochemical perfor-
mance for many reasons, such as its low lithium-ion and electronic conductivity and its
high voltage effect on the lifetime of the electrolyte (stability) [4,5]. Several works have
used LiPF6 as a standard electrolyte. However, it suffers from a low thermostability and
a fast capacity fading because of the oxidation of the organic carbonate solvents at high
voltages, and the decomposition of LiPF6 [6,7]. Regrettably, this degradation affects the
electrochemical performance. In particular, once the working potential exceeds 4.4 V, it
initiates a continuous reduction of the electrolyte due to an oxidative carbonate decom-
position. Furthermore, the LiPF6 converts to PF5 and LiF under high voltage; thus, the
cobalt is dissolved from and causes the structural collapse of the LCP, which is the result of
undergoing from HF attack. Here, we report the protective effect of various amounts of
succinic anhydride additive on LiPF6 electrolyte properties.

2. Experimental Work
UiO-66 Preparation

To synthesize UiO-66, we used the same technique from Ref. [4]. The ZrCl4 was
dispersed in a DMF, then deionized water and benzoic acid (BA) were added and totally
dissolved. The terephthalic acid (H2BDC) linker was poured into a solution with a molar
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ratio Zr:BDC:BA:H2O:DMF that was 1:1:10:3:300. The net solution was placed into a
capped vessel in the oven for 24 h at 120 ◦C. When the temperature was cooled to room
temperature, the white precipitate was washed with DMF once as well as methanol, and
washed overnight at 100 ◦C. The size of the particle was ~100 nm and the area of the
surface was 1500 m2 g−1. The XRD confirmed that UiO-66 has a single phase, as shown in
Figure S1.

3. LiCoPO4/C Coated by UiO-66 MOF Composite Preparation

The active material was prepared by a one-time facile method in three hours, as
published elsewhere [4]. We used two solutions, A and B; since solution A consists of
LiOH.H2O (0.0735 g), it was dispersed in 333 µL of deionized (DI) water plus ethylene
glycol (6.67 mL). In solution B, we mixed LiOH.H2O (0.0420 g) with 1 mL DI water, H3PO4
(68.3 µL), 132 mL DI water, 0.2910 g of Co(NO3)2·6H2O, 1026 × 10−4 g of C6H12O6, and
145 × 10−3 g of the UiO-66, then it was mixed by a magnetic stirrer. In the end, we mixed
solutions A and B into a Teflon vessel at 220 ◦C in a microwave (MARS) for three hours
under 800 W. The final precipitate (blue color) was separated via centrifuging and washed
once with water and three times with ethanol. The final product was activated under air
for seven hours at 650 ◦C.

3.1. X-ray Characterization

The as-prepared sample was examined by the X-ray diffractometer D2 Phaser (Bruker,
Germany) using Cu Kα1 radiation (λ = 1.540598 Å). The element analysis of the as-
prepared samples was carried out by utilizing the Bruker M4-Tornado X-ray fluorescence
spectrometer.

3.2. TEM Photos

The microstructures of the as-prepared samples were examined by the FEI Tecnai G2
Spirit TWIN transmission electron microscope, operated at an accelerating voltage of 80 kV.

3.3. Electrochemical Characterization

The electrochemical performance of LiCoPO4@UiO-66 was examined by galvanostatic
lithiation/delithiation utilizing a P-20X potentiostat/galvanostat device (Elins, Russia).
The active material (7.5 mg cm−2 load of active material) was mixed with carbon black
80% and 20%, respectively. The mixture was located in the cell as a half-cell of the cathode
materials and the anode was lithium foil. The used separator was a glass microfiber filter
and 1 M LiPF6 in EC/DMC = 50/50 (v/v) (Sigma-Aldrich) as an electrolyte, with different
ratios of succinic anhydride as an additive (0 wt.%, 2 wt.%, 3 wt.%). The cell was collected
under Ar in a glove bag purchased from Sigma-Aldrich, and the cycling was performed in
3–5.1 V with current C/10.

3.4. Result and Discussion

The sample was identified by X-ray diffraction. Figure 1 demonstrates the PXRD of
LiCoPO4/c@UiO-66 nanoparticles, which were synthesized by the microwave-assisted
solvothermal route. It exhibits that all peaks of (2 0 0), (1 0 0), (2 1 0), (2 0 1), (0 2 0),
(3 0 1), (1 2 1), (4 0 1), and (2 3 1) planes were matched with Cod: 2300246. This result
proved that the LCP/C@UiO-66 has a single orthorhombic phase with a Pnma space group
without any additional peaks corresponding to other phases, and lattice parameters as
follows: a = 10.2 Å, b = 5.9 Å, and c = 4.7 Å, as shown in Figure 1. A small amount of
UiO-66 coated the LiCoPO4, thus the UiO-66 formed on the surface and did not appear
in the XRD. The TEM photos confirmed the presence of some tiny crystals of ZrO2 on the
surface of LiCoPO4, since the average size of LiCoPO4 is 100 nm, but the ZrO2 is around
9 nm, as exhibited in Figure 2a,b. To identify the type of the small particles, we used X-ray
fluorescence spectroscopy, which confirmed a small concentration of Zr at around 3.7% and
67% of cobalt.
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Figure 2. (a) TEM photo of LiCoPO4@UiO-66. (b) The histogram of the small nano ZrO2 particle
distribution.

The cell was assembled under Ar by using the conventional liquid electrolyte LiPF6.
The charge/discharge process of the LCP was carried out at C/10 in the voltage range
2.75–5.1 V. The result displayed that the initial discharge capacity of LCP without additives
is around ~105 mAh.g−1. An increase in the concentration of additives enhances the
electrochemical performance, as shown in Figure 3a. Since the discharge capacity with
2% of succinic anhydrate is around 120 mAh/g, a synergistic 3% of succinic anhydrate
improved the first discharge capacity up to 147 mAh/g. Furthermore, from the first to
the fourth cycles, a good enhancement in the electrochemical performance appears, as
demonstrated in Figure 3b. Meanwhile, inserting a concentration of succinic anhydride of
more than 3% stopped the electrochemical performance of the cell; therefore, we preferred
the 3%, as seen in Figure S2.
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of additives (succinic). (b) Comparison of the ten cycles of LiCoPO4/C@UiO-66 with varying
concentrations of additives.

Figure 4a–c show the comparisons of the electrochemical performance of LiCoPO4/
C@UiO-66 with different concentrations of additives (succinic, 0%, 2%, and 3%). The
enhancement in the electrochemical performance is apparent, and the discharge capacity of
the sample without any additives was 105 mAh/g for the first cycle, as shown in Figure 4a.
However, inserting 2% of the succinic led to an enhancement of the discharge capacity
to 121 mAh/g, and 3% improved the discharge capacity to 147 mAh/g. Meanwhile, the
concentration was limited to 3% because inserting more than 3% (such as 4% and 7%)
stopped the discharge and the cycle was not completed; thus, the best concentration of
succinic is 3%. The second cycle of LiCoPO4/C@UiO-66 with different concentrations of
additives (succinic, 0%, 2%, and 3%) was improved from 60 to 119 mAh/g, as demonstrated
in Figure 4a–c. We note that the fade in the discharge capacity of all the samples was
improved, according to Figure 4a–c. An introduction of a small amount (3 wt.%) of succinic
anhydrate into the liquid electrolyte could improve the electrochemical performance of
the LiCoPO4@UiO-66 electrode during cycling without sacrificing the charge–discharge
potential. This enhancement in the electrochemical performance of a LiCoPO4@UiO-66
electrode is found to be due to the modification of the SEI layer on the LCP surface with
the introduction of the succinic anhydrate additive. The presence of succinic anhydrate can
prevent the decomposition of the LiPF6 salt on the LCP surface.

To better understand what occurred for the active materials during the charge and
discharge process, we measured the ex situ XAS for the LiCoPO4 coated by the UiO-66. The
Co(II) is almost transformed to Co(III), thus nearly all of the lithium ions were extracted
completely, as shown in Figure 5. We observed a two-step system in the first charge process,
which implies the development of the intermediate Li0.7CoPO4 phase, as observed by
Bramnik et al. [8].
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4. Conclusions

The LiCoPO4 coated by UiO-66 was prepared by a microwave-assisted solvothermal
route. The XRD proved that the LiCoPO4 coated by UiO-66 is a single-phase without any
crystal impurities. The TEM images ensure that there are some nanoparticles of ZrO2
on the surface of LiCoPO4. The electrochemical performance of LiCoPO4 is low due to
the performance of the LiPF6; thus, the incorporated succinic as an additive in the LiPF6
electrolyte led to the enhancement of the electrochemical performance of LiCoPO4/C coated
by UiO-66 and a discharge capacity from 105 to 147 mAh/g. The best concentration of the
succinic anhydrate additive was 3% in the LiPF6 electrolyte. Meanwhile, concentrations of
more than 3% had side effects on the electrochemical performance. We observed a two-step
system in the first charge process, which implies the development of the intermediate
Li0.7CoPO4 phase.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su14010323/s1, Figure S1: 1(a) Experimental (red) and calculated
(black) profiles of the synthesized sample UiO-66. Vertical lines indicate calculated pick positions.
A difference plot (blue) isprovided at the bottom. Figure S2: the electrochemical performance of
LiCoPO4@UiO-66 with 4% addative.
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