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1 State of the art

Table S1 State of the art in the (a) hydrothermal (HT), (b) solvothermal (ST), (c) supercritical fluid (SCF), (d) microwave-assisted hydrothermal (MWHT), and (e) microwave-assisted
solvothermal (MWST) synthesis of LiCoPO,2

Ref. Material Reactants Solvent Morphology Remarks on Cell type Electrode Electrolyte Crate Discharge
T (particle size) synthesis composition (remarks) capacity,
t 1% cycle
a) Hydrothermal (HT) synthesis
1 LCP LiOH - H.0 H.0 agglomerates - =< 50:45:5 wt% 1 M LiPFe 0.1C 15 mAh/g
Co(CH3COO0), 220°C (10-45 pm) (LCP:—:—¢ in EC/DMC
-4 H,0 5h of prisms =1:1(v/v)
(NHa)2HPO4 (1pmx1pum
X 2 um)
1 LCP LiOH - H.0 H.0 rods PVP = 50:45:5 wt% 1 M LiPFs 0.1C 65 mAh/g
Co(CH3COO0)2 300 °C (300-700 nm dispersant (LCP:=%=9) in EC/DMC
-4 H,0 5h x5 um) =1:1(v/v)
(NH4):HPO.,
2 LCP/C LisPO4 H20 agglomerates C-coating CR2032 75:15:10 wt% 1 M LiPFs 0.1C 45 mAh/g
CoS04-7H,0  200°C (<20 um) of (CMC) coin cell (LcpP/C: in EC/DEC (ccev)
3h irregular post-annealing Ketjan black: =1:1(v/v)
particles (700°C, 1 h, PVDF)
(200-500 nm) 3% Ha/Ar)
3 LCP/C LiOH - H.0 H.0 prismatic rods C-coating CR2016 70:20:10 wt% 1 M LiPFe 0.1C 90 mAh/g
CoSO,-7H,0  200°C (0.5 % 3 um) (glucose) coin cell (LCP/C: in EC/DMC
(NHa)3PO4 8h post-annealing carbon black:  =1:1(v/v)
-3 H20 (750 °C, 2 h, PVDF)
Ar)
4 LCP/C LisPO4 H20 agglomerates C-coating CR2032 75:15:10 wt% 1 M LiPFs 0.1C 99 mAh/g
CoS04-7H,0 200 °C (<20 pm) (CMC) coin cell (LCP/C: in EC/EMC (ccev)
3h of irregular post-annealing Ketjan black: =3:7 (v/v)
particles (700°C, 1 h, PVDF)
(200-500 nm) 3% Ha/Ar)
4 LCP/C LizsPO4 H20 agglomerates C-coating CR2032 75:15:10 wt% 1 M LiPFe 0.1C 32 mAh/g
CoCl, 200 °C (<20 um) (CMC) coin cell (LcpP/C: in EC/EMC (ccev)
3h of square-like post-annealing Ketjan black: =3:7 (v/v)
particles (700 °C, 1 h, PVDF)
(0.5-2 um) 3% H./Ar)
b) Solvothermal (ST) synthesis
3 LCP/C LiOH - H,0 BA/H.O =  microspheres C-coating CR2016 70:20:10 wt% 1 M LiPFe 0.1C 133 mAh/g
CoS04-7H.0  1:1(v/v) (2-3 um) of (glucose) coin cell (Lcp/cC: in EC/DMC
(NHa)3PO4 200 °C nanorods (35—  post-annealing carbon black:  =1:1(v/v)
-3 H,0 8h 50nm x1pum) (750°C, 2 h, PVDF)
Ar)
5 LCP/C LiCl EG agglomerates C-coating CR2032 80:10:10 wt% 1 M LiPFs 0.2C 108 mAh/g
Co(NO3)2 - 200 °C (2-3 um) of (glucose) coin cell (LCP/C: in EC/DMC
6 H.0 10h irregular par- acetylene =1:1 (v/v)
H3POs4 ticles (200 nm) black:
PVDF)
6,7 LCP LiOH - H.0 EG/H.0=  hexagonal/ - Swagelok  80:10:10 wt% 1 M LiPFs 0.1C 95 mAh/g
LiH2PO4 2:1 (v/v) octagonal cell (LCP: in EC/DMC
CoSO4-7H0  220°C platelets Super P: =1:1 (w/w)
15h (50-100 nm % PVDF)
1 pum)
8 LCP/C LisPOs EG/H20 =  spindle- C-coating CR2025 75:15:10 wt% 1 M LiPFe 0.1C 123 mAh/g
CoSO4 - 7 H,0 4:1 (v/v)  shaped (sucrose) coin cell (LCpP/C: in
180 °C particles post-annealing Super P: FEC/DMC
24 h (500 nm) (650°C, 5 h, PVDF) =1:4 (v/v)
Ar)
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Ref. Material Reactants Solvent Morphology Remarks on Cell type Electrode Electrolyte Crate Discharge
T (particle size) synthesis composition (remarks)  capacity,
t 1% cycle
c) Supercritical fluid (SCF) synthesis
9 LCP/C lithium acetyl  ethanol platelets Oleylamine beaker- 83:10:7 wt% 1 M LiPFe 0.2C 130 mAh/g
acetonate 400 °C (5-15 nm x surfactant type 3 (LCP/C: in EC/DEC
CoClz - 6 H20 4 min 50-250 nm x C-coating electrode  acetylene =1:1(v/v)
H3PO4 100-200 nm) (PEDOT, glass cell black:PTFE)
MWCNT, wet
ball milling)
post-annealing
(300°C, 2 h,
Ha/Ar)
10 LCP/C LiCH3COO ethanol nanosheets PVP additive coin cell 80:10:10 wt% 1 M LiPFs 0.2C 153 mAh/g
- H.0 400 °C (2 nm x liquid-phase (LCP/C: in EC/DEC d
NHaCoPO4 2h 500 nm) exfoliation/ MW(CNT: =1:1 (w/w)
- H20 solvothermal PVDF)
(from HPHT
(NHa)3PO4 lithiation
-3 H,0)
11 LCP/C lithium acetyl  ethanol nanorods HMD additive CR2032 80:10:10 wt% 1 M LiPFs 0.1C 130 mAh/g
acetonate 400 °C (50 nm x C-coating coin cell (LCP/C: in EC/DMC
Co(CH3CO00), 6 min 0.5-1 um) (sucrose) acetylene =1:1(v/v)
+4 H0 post-annealing black:
H3POa4 (650°C, 1 h, PTFE)
Ar)
12 LCP LiCHsCOO EG irregular post-annealing  Swagelok  80:20 wt% 1 M LiPFe 0.05C 14 mAh/g
Co(CHsCOO0), 400 °C particles (650 °C, 4 h, cell (LCP: Super P)  in EC/DMC
-4 H,0 10 min (0.7 um) Ar) =1:1 (w/w)
HsPO4
d) Microwave-assisted hydrothermal (MWHT) synthesis
13 LCP/C LiOH - H.0 H.0 cubes C-coating CR2032 75:12.5:12.5 1 M LiPFs 0.1cC 52 mAh/g
CoSO4-7H0  230°C (1-5 pum) (glucose) coin cell wt% in EC/DEC
H3PO4 15 min post-annealing (LCP/C:—: =1:1(v/v)
600 W (700°C, 4 h, TAB)
Ar)
e) Microwave-assisted solvothermal (MWST) synthesis
14 LCP LiOH - H.0 TEG nano- - CR2032 75:12.5:12.5 1 M LiPFe 0.1C 115 mAh/g
Co(CHsCOO0): 300 °C thumblike coin cell wt% in EC/DEC
-4 H,0 15 min particles (LCP:—<: TAB) =1:1(v/v)
H3PO4 0-600 W (80 nm
x 200 nm)
14 LCP/C LiOH - H.0 TEG nano- MWCNT nano- CR2032 75:12.5:12.5 1 M LiPFe 0.1C 120 mAh/g
Co(CH3C00), 300 °C thumblike composite coin cell wt% in EC/DEC
+4 H,0 15 min particles (LCP/C:—=: =1:1(v/v)
H3PO4 0-600 W (80 nm x TAB)
200 nm)
15 LCP LiOH - H,0 TEG irregular - CR2032 80:10:10 wt% 1 M LiPFe 0.1C 128 mAh/g
Co(CHsCO0),  -© particles coin cell (LCP: in EC/EMC (ccev)
+4 H0 15 min (0.2-1 pm) Super C65: =1:2 (v/v)
HsPO4 2000 W PVDF)
16 LCP LiOH - H,0 TEG nanorods - CR2032 70:20:10 wt% 1 M LiPFe 0.1C 67 mAh/g
Co(CHsCOO0) 260 °C (200 nm x coin cell (LCP: in EC/DMC
-4 H,0 30 min 1 pum) graphite: =1:1(v/v)
H3POa4 800 W PTFE)

2 All reports, including procedures using additional post heat treatments and conductive carbon coatings to improve the performance, are presented. In case several
materials were covered in a report, the best performing sample is listed. Differences regarding the cell design (cell type, electrolyte) and charging protocol (C rate,
potential window, CV step, etc.) are highlighted as they affect the electrochemical performance.
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b abbreviations: BA, benzyl alcohol; CCCV, constant-current, constant-voltage charging; CMC, carboxy methyl cellulose; DEC, dimethyl carbonate; DMC, dimethyl
carbonate, EC, ethylene carbonate; EG, ethylene glycol; EMC, ethyl methyl carbonate; FEC, fluoroethylene carbonate; HMD, hexamethylenediamine; HPHT, high-
pressure high-temperature; HT, hydrothermal; LCP, lithium cobalt phosphate, LiCoPOs; MWCNT, multi-walled carbon nanotubes; MWST, microwave-assisted
solvothermal; PEDOT, poly(3,4-ethylenedioxythiophene); PTFE, poly(tetrafluoroethylene); PVDF, polyvinylidene difluoride; PVP, Poly(N-vinylpyrrolidone); SCF,
supercritical fluid; ST, solvothermal; TAB, teflonized acetylene black; TEG, tetraethylene glycol.

¢not specified

4The specific capacity values were on the basis of pure LCP rather than of LCP/C (carbon content 4.4 wt%).
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2 X-ray powder diffraction data, Rietveld refinements
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Fig. S1 X-ray diffraction pattern (transmission geometry, Mo K,; radiation, measurement time: 12 h) showing the background profile of an empty borosilicate glass capillary
(Hilgenberg, glass type no. 50, length: 80 mm, diameter: 0.5 mm, wall thickness: 0.01 mm). As the maximum intensity of the empty capillary is about 1/10 of the intensity
measured when filled with sample, it can be derived that the capillary significantly contributes to the background profile that is observed when the capillary is filled with sample.

a) Li,SO, - H,0O (obtained
from the reaction solution)

b) Li,SO, - H,0
(P2,, theor.)

Intensity (arb. unit)

5 10 15 20 25 30 35 40 45 50
20/°

Fig. S2 X-ray powder diffraction pattern (transmission geometry, Mo K,; radiation, measurement time: 20 min) of the white powder obtained from evaporating the reaction
solution after the microwave-assisted solvothermal synthesis. The theoretical pattern of Li,SO, - H,O (ICSD database entry no. 62124) is displayed mirrored in (b). The data confirm
that Li,SO, - H,0 was formed as a by-product of the reaction. The powder exhibits comparably low crystallinity, which is also in good agreement with reports that the crystallization
of the compound is challenging due to its inverse solubility (i.e., its increasing solubility with decreasing temperature).'”
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Fig. S3 Rietveld fit of the X-ray powder diffraction data (transmission geometry, Mo K,; radiation, measurement time: 12 h) of LCP-MW-w obtained from microwave-assisted
solvothermal synthesis and after intensive, additional washing with ice water. The diffraction pattern is similar to LCP-MW (Fig. 2 in the main article) and comparable cell
parameters can be derived (Table S2b).
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Fig. S4 Rietveld fit of the X-ray powder diffraction data (transmission geometry, Mo Ky, radiation, measurement time: 12 h) of the sample LCP-MW-T obtained after the TGA/DSC
measurement under Argon up to 750 °C (see Fig. S5): (a) full pattern, and (b) zoomed view at small 26 where the peaks of the j-Li,SO, (space group P2,/a) impurity, which
crystallizes upon heating, are observed.
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Table S2 Refined crystallographic data of LiCoPO, samples obtained from microwave-assisted solvothermal synthesis: (a) as prepared (LCP-MW), (b) after intensive washing (LCP-
MW-w), and (c) after TGA/DSC measurement (LCP-MW-T)?

Empirical formula

a) LCP-MW

b) LCP-MW-w

c) LCP-MW-T

M: (g-mol™?)
Crystal system
Space group

V4

a(h)

b (A)

c(A)

v (A%

F(000)

p (caled.) (g-cm™)
T (K)

A(R)

Ro

Rwp

Rexp

Rr

Rs

;{Z
Data/restraints/parameter
Crystalline phase
composition

160.8
orthorhombic
Pnma (no. 62)
4

10.1930(7)
5.9188(4)
4.6959(3)
283.31(3)

308

3.7710(6)

298

0.70930
0.0564
0.0744
0.0550
0.0409
0.0646

1.35
4469/0/61
100 wt% LiCoPOa

160.8
orthorhombic
Pnma (no. 62)
4

10.1931(8)
5.9195(5)
4.6961(4)
283.35(4)
308
3.7704(7)

298

0.70930
0.0633
0.0856
0.0557
0.0331
0.0572

1.54
4463/0/61
100 wt% LiCoPO4

160.8
orthorhombic
Pnma (no. 62)
4

10.1852(9)
5.9114(5)
4.6913(4)
282.46(4)

308

3.7823(8)

298

0.70930
0.0752
0.0996
0.0549
0.0344
0.0575

1.81
4469/0/62
97.9(5) wt%
LiCoPOq4
2.1(3) wt% Li>SOa

2 The estimated standard deviations (e.s.d’s) were calculated by the Berar’s procedure und are indicated in parentheses.

Table S3 Fractional atomic coordinates and isotropic thermal displacement parameters refined from X-ray powder diffraction data of LiCoPO, (Pnma, Z=4, T =298 K) samples
obtained from microwave-assisted solvothermal synthesis: (a) as prepared (LCP-MW), (b) after intensive washing (LCP-MW-w), and (c) after TGA/DSC measurement (LCP-MW-T)?

Sample Atom Wyckoff Occupancy x/a y/b z/c Usso (R?)
position

a) LCP-MW Li1 4a 1 0 0 0 0.0139°
Col 4c 1 0.2212(2) % 0.5210(7) 0.0120(10)
P1 4c 1 0.4046(6) Y% 0.0823(12) 0.0073(16)
o1 4c 1 0.4054(15) Y% 0.766(2) 0.004(2)
02 4c 1 0.0442(14) Y% 0.292(2) 0.002(2)
03 8d 1 0.3361(10) 0.0475(14) 0.2160(15) 0.003(2)

b) LCP-MW-w Li1 4a 1 0 0 0 0.0139°
Col 4c 1 0.2214(3) % 0.5224(8) 0.0087(12)
P1 4c 1 0.4044(6) % 0.0833(13) 0.0036(18)
o1 4c 1 0.4048(17) Y% 0.770(3) 0.003(2)
02 4c 1 0.0444(16) Y% 0.294(3) 0.003(2)
03 8d 1 0.3365(11) 0.0485(16) 0.2160(17) 0.003(2)

¢) LCP-MW-T Li1 4a 1 0 0 0 0.0139°
Col 4c 1 0.2212(3) Y% 0.5202(9) 0.0085(12)
P1 4c 1 0.4047(7) Y% 0.0827(14) 0.007(2)
o1 4c 1 0.4052(18) Y% 0.758(3) 0.006(2)
02 4c 1 0.0436(16) Y% 0.295(3) 0.002(2)
03 8d 1 0.3341(12) 0.0465(17) 0.2147(18) 0.004(2)

aThe estimated standard deviations (e.s.d’s) were calculated by means of the Berar’s procedure und are indicated in parentheses.

bThe Li displacement factor has been fixed in all cases because it cannot be deduced properly by means of X-ray diffraction due to the low atomic scattering factor.
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Table S4 Selected interatomic distances refined from X-ray powder diffraction data of LiCoPO, (Pnma, Z =4, T =298 K) samples obtained from microwave-assisted solvothermal
synthesis: (a) as prepared (LCP-MW), (b) after intensive washing (LCP-MW-w), and (c) after TGA/DSC measurement (LCP-MW-T)?

Atom pair d(AR)
a) LCP-MW b) LCP-MW-w  ¢) LCP-MW-T
Lil 01 x2 2.162(9) 2.178(11) 2.141(12)
02 x2 2.068(8) 2.073(9) 2.074(9)
03 x2 2.157(9) 2.154(10) 2.173(11)
Col o1 x1 2.201(14) 2.202(16) 2.181(18)
02 x1 2.100(13) 2.099(15) 2.093(16)
03 x2 2.069(9) 2.073(10) 2.055(10)
03 x2 2.205(9) 2.206(10) 2.196(11)
P1 01 x1 1.488(13) 1.470(15) 1.523(16)
02 x1 1.540(15) 1.540(17) 1.527(18)
03 x2 1.523(9) 1.514(11) 1.532(11)

2The estimated standard deviations (e.s.d’s) were calculated by applying the Berar’s correction und are indicated in parentheses.
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3 Thermal stability of LCP-MW

Experimental details

The thermal stability of the single-phase material LCP-MW up to 750 °C was assessed by thermal analysis on a simultaneous
TGA/DSC 1 STAR system (Mettler Toledo). Experiments were run at a heating rate of 10 °C/min in an argon stream (10 mL/min,
specimen weight: 5 mg). Monitoring of the cooling cycle was not possible due to the setup. The sample that was treated
thermally is denoted LCP-MW-T in the following.

In addition to the TGA/DSC experiments, the thermal stability was further examined by temperature-controlled in situ PXRD
studies using a PANalytical X'Pert Pro diffractometer with monochromatized Cu K, radiation and an XCelerator detector. The
instrument was equipped with an Anton Paar HTK-1200 hot stage, a TCU 1000N temperature controller, and a corundum flat
plate sample holder. The scans were collected between 20° and 26° 28 in Bragg-Brentano geometry (step size: 0.022°, time/step:
1000 s, total measurement time: 76 h). The samples were heated in air at a rate of 5 °C/min, and the patterns collected in a
temperature range of 30-900 °C with an increment step of 100 °C, each temperature being held for 5 min before starting the
data collection.

Results and discussion

The thermal behavior of the sample LCP-MW was assessed by TGA/DSC and complementary temperature-dependent in situ
PXRD hot-stage measurements. The TGA/DSC data of the heating cycle are presented in Fig. S5a, the corresponding PXRD data of
the sample after the TGA/DSC measurement are presented in Fig. S4. The material is found to be thermally stable up to 750 °C
and shows an overall mass loss of only 0.7 wt%, which in agreement with literature.'® 18 The zoomed view (Fig. S5b) shows an
endothermic event at 590 °C that can only be attributed to the reconstructive phase transformation from monoclinic f-Li,SO4
(space group P2i/a) to cubic a-Li,SO4 (space group Fm3m)'923 and is accompanied by a mass loss of ~0.35 wt%. Moreover, a
mass loss of ~0.1 wt% at a temperature of 70-250 °C, and of ~0.2 wt% from 390 °C to 460 °C is observed; both events are not
correlated with DSC signals. The observed mass loss might be attributed to the removal of entrained residual water remaining
from the synthesis, and the dehydration of traces of the Li,SO4 - H,O impurity.?* 25 Although these signals show only a low
intensity, they are most likely originating from the Li,SO,4 - H,O/Li,SO4 phase.

The PXRD data of the sample LCP-MW-T after TGA/DSC (Fig. S4a) support this observation. Here, traces of crystalline Li,SO4 are
observed. The refinement of the diffraction pattern delivers a phase fraction of 2.1(3) wt% for the low-temperature phase f-
Li,SO4 (space group P21/a).? The zoomed view (Fig. S4b) clearly shows the main diffraction peaks of the phase at 10.1° and 12.8°
26, respectively. The refined fraction of Li,SO4 (2.1(3) wt%, cf. Table S2c) is smaller than the one estimated by elemental analysis
(5(1) wt%, cf. Table 1), which is due to the limitations of the Rietveld method (fractions are not accurately determined if phases
show different particle sizes and crystallinities) and the fact that the intensity of the main peaks is comparably small. However, it
can be inferred that >94(2) wt% of the sample are the pure LCP phase.

The results as well as the reduction of the amorphous peak at small angles in the PXRD pattern indicate that the lithium sulfate
impurity is obtained in amorphous form from the MWST synthesis and can be crystallized upon heating. This is in good
agreement with reports that the crystallization of the compound is challenging due to its inverse solubility.!” Besides that, the
LCP phase also seems to increase in crystallinity upon thermal treatment, as it can be derived by the significantly smaller cell
volume of about 282.46(4) A3 (Table S2c). Further details on the refined data of the sample LCP-MW-T can be found in Tables S2,
S3, and S4.

In addition to the TGA/DSC experiments, temperature-controlled PXRD studies were carried out to systematically investigate the
behavior of LCP-MW upon heating in situ. The powder diffraction patterns in a temperature range of 30-900 °C (step size:
100 °C) are displayed in Fig.S6. The focus was set on the 28 range of 20-26°, the region in which reflections of the
LiSO4 - H,0/Li,SO4 side phase are expected. In agreement with the TGA/DSC data, no phase changes are observed between
30 °C and 600 °C. Here, the main peaks of the olivine phase (101), (210), (011), and (111) as well as a small reflection that is
deriving from the corundum flat plate sample holder at ~24.7° are observed. Signals originating from the lithium sulfate hydrate
impurity and its dehydrated form are not detected. This is in agreement with a report?® that upon dehydration of Li,SO4 - H,0, an
amorphous unstable anhydride phase is formed. Due to thermal expansion, the LiCoPO, peaks are continually broadening and
shifted to lower angles, indicating bigger lattice dimensions. At 700 °C, a peak around 21.8° is emerging, which can be attributed
to the (111) reflection of high-temperature a-Li,SO. (space group Fm3m)?® The fact that the phase transition occurs at slightly
higher temperatures compared to the DSC might be due to the different atmospheres used for the measurements (air vs. argon),
the different heating rates (10 °C/min vs. 5 °C/min), and thermal losses. At a nominal temperature of 900 °C, which is above the
melting point of Li,S04,%’ it is possible that the real temperature reached in this experiment was below the melting point due to
thermal losses. Therefore, the (111) peak of a-Li,SO; is still visible. Besides, an additional reflection at ~22.1° 26 is observed. In
agreement with current investigations in our group, the peak corresponds to the characteristic (210) reflection of the
metastable Pna2:-polymorph of LiCoP04,28 which, in contrast to any previous reports about the thermal behavior of olivine-type
LCP,16 18 js formed at high temperature.
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The cooled sample (25 °C) has significantly broader peaks than the initial sample (30 °C) and the reflections are shifted to higher
206 values due to thermal contraction. According to the reversible phase transformation from S-Li;SO4 to a-Li,S04,'° peaks of low-
temperature f-Li,SO4 are indicated, which is also consistent with our ex situ PXRD study (Fig. S4). Moreover, reflections of
Li»SO4 - H,0 arise at 21.6°, 23.0° (shoulder of (210) reflection of LCP), and 25.1° 26. The hydrate is formed from the reaction of
the hygroscopic Li,SO4 with air moisture?® during the cooling process. The results of the temperature-dependent PXRD study
demonstrate and confirm our assumption that the Li,SO4 - H,O/Li,SO,4 secondary phase in the as-obtained LCP-MW product is
amorphous and can be crystallized upon heating.
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Fig. S5 (a) DSC and TGA plots for the as-prepared material LCP-MW, (b) zoomed view to clarify the weak signals. DSC data are drawn in black, and TGA data in blue.
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Fig. S6 Temperature-controlled in situ X-ray powder diffraction patterns (Bragg-Brentano geometry, Cu K,; radiation) of the sample LCP-MW in comparison to the main Bragg
reflections of the phases LiCoPO, (Pnma, dark green), LiCoPO, (Pna2,, light green), a-Li,SO, (Fm3m, red), 5-Li,SO, (P21/a, red), and Li,SO, - H,0 (P2,, blue) from 20° to 26° 26.

Signals arising from the corundum flat plate sample holder are marked with *.
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4 Infrared and Raman spectroscopy
Experimental details

ATR-FTIR spectra were recorded on a Perkin Elmer FTIR spectrometer (diamond ATR, Spectrum Two; located inside an argon-
filled glovebox) in a range of 400—4000 cm™2.

Raman spectra were measured by using a Labram HR 800 spectrometer. The instrument was equipped with a 800 mm focal
length spectrograph and a cooled (=70 °C), back-thinned CCD detector (pixel size 26 x 26 um). The samples were excited by an
air-cooled doubled Nd:YAG laser (532 nm), and several input laser powers of 0.056, 0.56, and 5.6 mW were applied. No sample

decomposition was observed at any excitation power.

Results and discussion

The FTIR and Raman spectra of LCP-MW are presented in Fig. S7 and the observed vibrations are summed up in Table S5. The IR
spectrum is displayed in the full region from 400 cm™ to 4000 cm™? (Fig. S7a) and also in the region of 400—1600 cm™ (Fig. S7b)
for clarity. The spectrum does not show any absorption bands of water or other impurities and is in good agreement with
reported values.® 3933 |n general, it is dominated by the four fundamental intramolecular vibrations of the [PO4] groups. The
bands at 1145 cm™, 1098 cm™, and 1044 cm™ are associated with the asymmetric stretching vibrations of P-O (vs), which is split
up in a triplet due to interactions with the Co—O bonds. The strong singlet at 975 cm™! corresponds to the symmetric stretching
vibration of the P—O bond (v;). All the observed bonds are broadened, which is a result of the asymmetric bonding situation in
the [PO4] units in the olivine crystal structure. The asymmetry is well confirmed by the refined bond lengths (Table S4a). The
triplet observed at 549—640 cm™is related to antisymmetric bending vibrations of O—P—0 (v4). The signal at 576 cm™is related to
asymmetric vibrations of the octahedral [CoOs] units3' and therefore confirms the olivine structure. The absorption at 471 cm™
can be explained by the symmetric bending vibration of O—P—0 (v;) or a contribution of Li ion “cage modes”, which represent
translational vibrations of the Li ions inside a potential caused by the neighbor oxygen atoms, as discussed in the literature.3*
Due to splitting effects, these bands are overlapping with the phosphate bending vibrations, and an unambiguous assignment
cannot therefore be made.

In the IR spectrum, no bands are observed that could be assigned to the lithium sulfate impurity. As it can be derived from the IR
spectrum of a mixture of Li,SO4 and Li»SO4 - H,O (Fig. S8c,d), the main absorption of the impurity overlaps with one of the vs
modes of the P—O vibrations in LiCoPO4. Moreover, it is notable that the IR spectrum remains unaltered for the intensively
washed sample LCP-MW-w (Fig. S8a,b).

In the Raman spectrum (Fig. S7c,d), four stretching bands are observed at 1132 cm™, 1063 cm™, 977 cm™, and 938 cm™%, which
are in excellent agreement with data reported previously.3*3¢ The latter very sharp band is attributed to the intramolecular
symmetric stretching vibrations (v1) of the [PO4]3>~ anion, whereas the two weaker ones are correlated with the asymmetric
stretching modes (vs3). The bending modes of the phosphate group are observed at lower energy. The bands observed at
655 cm™, 622 cm™, and 578 cm™ arise from symmetric bending modes (v4) while the one at 437 cm™ is from the asymmetric v,
mode.3*> 3¢ Other minor bands have been assigned by the use of density functional theory simulations.3” The absence of any
carbon D or G bands confirms the results of the CHNS analysis that did not detect any carbon in the sample. Moreover, signals
that could be attributed to the lithium sulfate secondary phase (i.e. modes of the [SO4]?>~ anion) are not detected as expected,
because Raman spectroscopy generally provides a lower sensitivity compared to IR.
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Fig. S7 (a) Full FTIR, (b) zoomed FTIR, (c) Raman, and (d) zoomed Raman spectra of LCP-MW. The sample does not contain any detectable amounts of water or carbon.
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Table S5 Assignments of the most important (a) IR and (b) Raman bands of LCP-MW as observed in the IR and Raman spectra.30-32 3437

Vibrational mode a) FTIR b) Raman
Asymmetric stretching V3 1145 cm™ 1132 cm™
vibrations of P-0 1098 cm™ 1063 cm™
1044 cm™? 977 cm™?
Symmetric stretching V1 975 cm™ 938 cm?
vibrations of P-O
Asymmetric bending Va 640 cm™? 655cm™?
vibrations of 0-P-0 576 cm™? 622 cm™
549 cm™? 578 cm™?
Symmetric bending V2 471cm™ 437 cm™

vibration of 0-P-0
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Fig. S8 Full and zoomed FTIR spectra of (a,b) LCP-MW-w (after intensive washing) and (c,d) a mixture of Li,SO4and Li,SO, - H,0.
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5 Additional scanning electron microscopy images

Fig. $9 SEM image of the sample LCP-MW (cf. Fig. 3b) showing small pores (diameter: 10-20 nm) on the surface of the particles (indicated by red circles). The pores, which might
form an interconnected system, destabilize the particles, with some particles showing damage probably due to mechanical stress during the synthesis produced by stirring and the
washing step.

A
1 2]

Fig. $10 SEM images of the sample LCP-MW-w (after intensive washing) at two different magnifications (a,b). It can be inferred that increased washing results in a higher portion of
damaged particles.
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6 Additional electrochemical measurements

Capacity (mAh/g)

Coulombic efficiency (%)

1404a)0.1C: 02C: 05C: 1C : 2C
1 i : : :

130 ? : : :

=) 11y o

110- ; ; z

100 - I

0w 4(1)wi% Li,SO, : I

804 ® 5(1)wt% Li,SO, ;
{ = 8(1)wt% Li,SO, _ '

70 — 71 1 1 r 1 r 1 °r T Tt T 7
0 2 4 6 8 10 12 14 16

Cycle number

100 : : T A A: A& &
1b : - :
iR .8 &3 s e

95 Aiﬁ . : LA
1 ok

90 - I

85 ] .

80_5 a & 4(1) wt% Li,SO,
] & 5(1) wt% Li,SO,

75_3 A : : a  8(1) wt% Li,SO,
i 04Ci02C:05C: 1C : 2C

70 — T T T T T T T T T T T T 7
0 2 4 6 8 10 12 14

Cycle number

Fig. S11 (a) Specific capacities vs. C rate and (b) coulombic efficiencies (standard deviations omitted for clarity) obtained in each cycle for LCP-MW samples with different quantities
of the lithium sulfate impurity. It can be inferred that the Li,SO, content does not affect the electrochemical performance within standard deviations.
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Fig. S12 Comparison of the electrochemical stabilities of LCP-MW MW samples with different quantities of the lithium sulfate impurity at 0.5 C after the first 15 cycles of C rate
testing. It can be inferred that the Li,SO, content does not affect the electrochemical stability within standard deviations.

$16 | RSC Adv., 2016



140

-
N
o
|
] u
L] ]
L]
[]
L]
]
[ ]
]

N
o
o

|
u
| ]
L]
[ ]
L]
[ ]
L]
-
]

©
o
|

[e2]
o
|

AN
o
|

= 4-5mg/cm’
l » 12 mg/cm®

Specific capacity (mAh/g)
S
|

o

T
0 10 20 30 40 50

Cycle number

Fig. S13 Comparison of the electrochemical stabilities of LCP-MW electrodes with different loadings of 4-5 mg/cm? and 12 mg/cm2. Testing was performed in Swagelok cells using
electrodes with an 80:10:10 wt% composition ratio at 0.5 C after two initial cycles at C/15. It can be inferred that electrodes with high loadings still present reasonable capacities.
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