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Energy Level Alignment at Cobalt Phosphate/Electrolyte Interface:
Intrinsic Stability vs. Interfacial Chemical Reactions in 5 V Lithium lon Batteries
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ABSTRACT: The intrinsic stability of the 5V LiCoPQ, - LiCo,P301, thin film (carbon free) cathode material coated with MoO; thin layer
is studied by comprehensive synchrotron electron spectroscopy in-situ approach combined with first principle calculations. The atomic-
molecular level study demonstrates fully reversible electronic properties of the cathode after the 1t electrochemical cycle. The
polyanionic oxide is not involved into chemical reactions with the fluoroethylene containing liquid electrolyte even when being charged
to 5.1 V vs. Li*/Li. The high stability of the cathode is explained on the base of the developed energy level model. In contrast, chemical
composition of the cathode-electrolyte interface evolves continuously by involving MoOjs in the decomposition reaction with consequent
leaching of oxide from the surface. The proposed mechanisms of chemical reactions are attributed to an external electrolyte oxidation
via charge transfer from the relevant electron level to the MoOs valence band state, as well as to an internal electrolyte oxidation via
proton transfer to the solvents. This study gives deeper inside into the development of both a doping strategy to enhance electronic
conductivity of high voltage cathode materials, and an efficient surface coating against unfavorable interfacial chemical reactions.

Keywords: LiCoPO, 5V cathode material for Li-ion batteries, LiCo,P30;,, MoO3, electronic structure, SPES and XANES, DFT calculations
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cathode-electrolyte interface (CEl) play a dominating role in the
battery performance. The electrolyte decomposition is often
accompanied by the involvement of cathode material in interfacial
chemical reactions,® which lead to reduction of transition metals
at the CEI.Y” The surface coating can protect the cathodes against
unwanted reactions with electrolyte. However, such functionality
might be contradicting for protective layers with high electronic
conduction. The challenge to develop an effective coating stable
above 4.8 V is probably the reason that only a few studies on
LiMPO,4 (M= Co, Ni) coated with metal oxides (or vice versa) do
exist.1821 MoOj; coating of high voltage cathodes has attracted the
attention because the former reduces electrolyte decomposition
and impedes dissolution of transition metals in LiNiysMn; 504 and
LiNig.5C09.2Mng 304.2223 In addition, Mo doping leads to an increase
of intrinsic electronic conductivity of various electrode materials
and widens the one-dimensional diffusion channels for Li
ions.>10.24 Unfortunately, the relevant researches were limited to
4.6 V charged state, whereas the detailed mechanisms explaining
interfacial stability via Mo- coating/doping were not proposed. An
improved understanding of interfacial conditions at the atomic-
molecular level would give deeper insight into the stability (or
instability) of artificial buffer layers at high voltage and therefore,
allows to develop routes for material synthesis with optimal
chemical composition and/or thickness of the protective layers.
Recently, we have shown that LiCoPO, (LCP) olivine type thin
film cathode material tailored with LiCo,P304y (LCPO) exhibits a
very high electronic conductivity and high Li* ion diffusion rate
without usage of conductive carbon.?> Here, we apply a
comprehensive in-situ depth resolved electron spectroscopy
approach to demonstrate both the high intrinsic stability of
LCP—LCPO cathode electrochemically cycled to the deepest stage
of delithiation (5.1 V vs. Li*/Li) and high catalytic activity of the
MoOQg coating layer towards fluorinated liquid electrolyte. The fully
reversible electronic properties of LCP-LCPO, such as the oxidation
states of Co, the Co 3d—0 2p hybridization, the density of occupied
and unoccupied states near the Fermi level (E;), the work function,
ionization potential, etc., as well as the evolution of the interfacial
chemical composition upon charging/discharging of the cathode,
are evidenced by X-ray photoemission spectroscopy (PES) and X-
ray absorption near edge spectroscopy (XANES). First principle
calculations of the LCP-LCPO electronic structure were performed
to model electrochemical behavior of the cathode, in particularly

to evaluate the average voltage of the LCP- and LCPO- phases.

Scanning electron microscopy (SEM) and energy- dispersive X-ray
spectroscopy (EDS) are applied to study surface morphology and

lateral distribution of elements.

EXPERIMENTAL SECTION

Thin film growth of 5 V cathode material and the
surface chemical analysis. The polycrystalline LiCoPOj, thin film
cathode materials with an average thickness of 700 nm were
grown on Pt substrates by using radio-frequency (RF) sputtering of
a LiCoPO, target material. The base pressure in the ultrahigh
vacuum (UHV) chamber before film deposition was ~5x10-° mbar.
The films were preliminarily deposited at room temperature in
argon (Ar) atmosphere (par ~1x102% mbar) followed by post-
deposition annealing at 700° C in air. The power applied to the
magnetrons was varied in the range of 1.3-2.5 Wcm2. The
annealing was carried out by using a laser heating setup, with a
heating rate of 5 — 10° C/min and 30 min duration. Synthetic air
(ALPHAGAZ™ 1 LUFT of 99.999 mol % purity, Air Liquide) was
supplied to the UHV chamber during the film annealing. Stainless
steel sample holders were used to hold the Pt substrates. The
coating with MoO3 was achieved upon the sample annealing in air
(1 bar). Molybdenum contained in a stainless-steel alloy interacts
with air forming highly volatile molybdenum oxides.?® The
adsorbed Mo atoms can also diffuse to the bulk of material,
thereby playing a role as a dopant.?? The chemical composition and
electronic structure/ properties of the as prepared LiCoPQ, films
were firstly analyzed in-situ by photoelectron spectroscopy (XPS
and UPS) in the Darmstadt Integrated System for Battery Research
(DAISY-BAT). The analysis chamber (base pressure <5 x 10-° mbar)
is equipped with a PHI 5000 VersaProbe spectrometer (Physical
Electronics), monochromatic Al Ko (hv=1486.7 eV), He | (21.2 eV)
and He Il (40.8 eV) ultra-violet sources. The binding energies of the
spectra have been referenced to the Fermi level of a clean Ag-
polycrystalline foil. A Mo content less than 3% on the LiCoPO,
surface was determined by XPS.

Electrochemical Experiments. As prepared (pristine)
LiCoPO, olivine-based cathode materials were transported to a
glove-box (MBraun, Germany) for the battery cell assembling
under argon atmosphere. A home-made transferable vacuum
chamber was used for this purpose to avoid the sample contact
with  air.  LiCoPO,; olivine-based battery cells were

charged/discharged to a selected potential in the 3.0 V- 5.1V range
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with a 0.1 mV/s scan rate in the cyclic voltammetry (CV) mode by
using a potentiostat (VMP2 Princeton Applied Research, USA). A
Swagelok-type two electrode cell was used. 1M LiPFg in 4:1 wt/wt
Dimethyl Carbonate (DMC): Fluorinated Ethylene Carbonate (FEC)
+0.2%wt Trimethylboroxine (TMB) (Solvionic, France) was used as
electrolyte. A metallic lithium foil was used as anode and
Celgard®2500 as separator. The 3.0 V potential was chosen as
reverse value of the discharged state for the electrochemical
cycling range to ensure that no reduction of the electrolyte
components occurs, taking into account the reduction potentials
of the LiPFg salt, the DMC- and FEC- solvents, which are below 3 V
vs. Li*/Li.> 27 The LiCoPO, thin film cathodes at the charged states
of 4.9V, 5.1V and at the discharged states of 4.9V, 4.75V, 4.6 V,
3.0V vs. Li*/Li were rinsed in DMC, dried upon Ar-atmosphere and
afterwards loaded to the home-made UHV transferable chamber
(DAISY-MOVE) equipped with a nonevaporable getter (NEG)
pump, which maintains a pressure of ~10° mbar. Finally, the
samples were transported to Elettra (Trieste, Italy) for synchrotron
radiation photoemission experiments. The electrochemical
experiments were performed on several battery cells for a high
reproducibility.

SPES and XAS experiments at Elettra Synchrotron. The
DAISY-MOVE chamber delivered to the Elettra synchrotron facility
was connected to the BACH beamline end-station, allowing the
sample transfer under UHV conditions to the load-lock and
afterwards to the measurement chamber. The quasi in-situ soft
SPES, O K-, Co L3,-, Co M3 ,-, Li K- and P L ,- XANES spectra were
measured with synchrotron radiation linearly polarised in the
horizontal plane. The BACH beamline endstation is equipped with
a VG-Scienta R3000 hemispherical analyser at an angle of 60° with
respect to the incident beam direction. The photoemission spectra
were acquired at normal emission geometry with a total energy
resolution of 300 meV. The binding energies were referenced to
the Fermi level of a clean Au polycrystalline foil in electric contact
with the analyzed samples. The photoemission experiments were
carried out by selecting suitable photon energies in order to collect
photoelectrons with defined kinetic energies (Ei,) to provide the
same probing depth for all core level- and valence band- electrons.
The inelastic mean free path (IMFP) of electrons (A) vs. the kinetic
energy (Eq,) was estimated from the Tanuma, Powell, and Penn
(TPP - 2M) formula.?® A maximal surface and bulk sensitivity were
achieved with A~6 A and A~27 A, respectively, which gives probing

depth, dyps =3\, of ~20 A and ~80 A for the surface sensitive and
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bulk related experiments, respectively. Thickness of MoOs layer on

the LCP-LCPO surface is around 3 nm estimated according to the

1(Mo3d)N(LCP - LCPO
(Mo3d)N( ) 1]

equation: d= KXCOS(O)XIH[W + Here,

I(Mo3d) and /(P2p) are the photoelectron intensities expressed as
Jexp

= i Er) where [*** is area of the Mo3d and P2p
photoelectron spectra, respectively; o(hv) is the cross section of

photoionization [Ref.?°]; T(Eyy) is the transmission function of the

pXNA
spectrometer; N ==, where N, is the Avogadro constant, p is

density, M is molar weight. The equation is valid for close kinetic
energies of photoelectrons and when IMFPs from the substrate
and a top layer are similar.

The energies of O K-, Co Ls»-, P L3 ,- and Co M ,- XANES were
calibrated with respect to the energies of incident photons by
measuring the binding energies of the Au4f core-level or the E;
level of a clean gold foil. XANES spectra were recorded in total
electron yield (TEY) mode by using a picommeter (Keithley 428
Current Amplifier) to measure the drain current on the sample.
The Li K and Co M3, XANES were acquired in total fluorescence
yield (TFY). Such selection of the photon energies allows us to
analyse the electronic properties over a large depth scale, as well
as to distinguish the difference in the electronic properties at the
very surface/interface and deeper into the bulk. The work function
of LCP—LCPO was determined from the secondary electron cut-off
measured at normal emission geometry, with sample BIAS voltage
—9.2 V and using photon energy hv=47 eV and hv=1486.7 eV. The
background of the SPES spectra was subtracted using a Shirley-
type function; the photoelectron peak positions and areas were
obtained by a weighted least-squares fitting of model curves (70%
Gaussian, 30% Lorentzian) to the experimental data. The fitting of
the P2p photoelectron spectra was performed taking into account
the spin-orbit splitting of A(P2p3/,- P2p;;) = 0.84 eV.

DFT calculations. DFT calculations were performed using the
plane-wave- pseudopotential implementation of DFT contained in
the Quantum-ESPRESSO suite of codes.3® The exchange-
correlation functional was constructed within a generalised-
gradient approximation (according to  the pbesol
parameterisation.3! Pseudopotentials were chosen of the ultrasoft
type and required plane-wave energy cut-offs of 80 and 800 Ry for
the wave functions and charge-density respectively. The BZ was
sampled with 2x4x4 and 4x2x2 k-point grids for LCP and LCPO,

respectively. In order to overcome the well-known problem of the
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residual self-interaction afflicting approximate xc functionals and
causing an over-delocalisation of d electrons we used a Hubbard
correction to the standard DFT KS Hamiltonian (see, Refs.32 for a
non-exhaustive literature sample), according to the popular DFT+U
approach. The effective on-site electronic interaction parameters
were computed self-consistently employing a recently developed
density-functional perturbation theory - based implementation of
linear-response theory.33

The ab initio modelling of the LCP-LCPO system was focused
on assessing the electronic structure of these materials and some
aspects of their electrochemical behaviour. Calculations were
aimed, in particular, at studying the shift of the electronic energy
spectrum (valence and conduction bands) and of the density of
states in dependence of Li content, for a comparison with the
results of the experiments and at evaluating the average voltage
of the two main phases (to verify the higher potential of LCPO).
Table 1 compares the occupation of Co d states of LCP in three
compositions at x = 0, x = 0.5 and x =1 and reports the average
voltage of the system (across the whole range of Li content) as
obtained with DFT and DFT+U. While DFT predicts an average
voltage of about 3.47 V for this system, the Hubbard corrected
DFT+U result, 4.82 V, is in excellent agreement with experimental
measurements (~4.8 V). In addition, DFT+U predicts for LigsCoPO4
a mixed-valence ground state with half of the Co ions in a 2+ state
and half in a 3+ state, as expected from chemical intuition. DFT, on

the contrary, predicts LigsCoPO, to feature an average oxidation

state with valence electrons almost equally distributed among the
Co ions. These results are qualitatively similar to those obtained
for the Mn and Fe olivine phosphates, analogue to LCP.3*
Analogous information is collected for LCPO (Table 1). Only the x =
1 and x = 0.75 compositions are considered in this case (Figure 1).
As for LCP, approximate DFT functionals fail to predict the
oxidation of one Co to the 3+ state upon Li removal and achieve,
instead, a “fake” metallic ground state where all the Co atoms are
partially (although differently) ionized. When the Hubbard
correction is used, instead, only one of the Co atoms switches to a
3+ oxidation state while all the others remain 2+. Note that the

DFT+U re-establishes a strict numerical consistency between the

occupations of the d states of Co atoms in the same

a)  Lij gCo,P304g

b) Lig75C0,P304
R,
o
‘ |

Figure 1a, b) The simulation cell of LiCo,P3019 and Lig.75C0,P3049
with three PO} ~ polyanions building an oxy-anion group P3035: o,

Li, P and Co are red, green, grey and blue, respectively.

Table 1. The total occupation of Co 3d states in Li,CoPO,4 and Li,Co,P304,. Average voltage V computed with DFT and DFT+U as

compared to the experiment.

LiCoPO, Lig5CoPO,4 CoPO, Voltage (V)
Valence state Co?* Co? Co3t Co3t
DFT 7.35 7.17 7.16 7.06 3.47
DFT+U 7.18 7.17 6.82 6.81 4.82
Exp. 4.8
LiCo,P5049 Lig.75C0,P3019 Voltage (V)
Valence state Co* Co* Co®
DFT 7.30 7.21;7.25;7.26 2.64
DFT+U 7.17 7.17 6.78 5.07
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Figure 2 a) The VB spectrum (red dots) and the secondary electron cut-off (red line) of the pristine LCP —LCPO measured at hv=1486.7

eV and hv=47 eV, respectively. “Kin. E” is kinetic energy of photoelectrons. The relevant electron level energy diagrams of LCP-LCPO and

metallic lithium are shown. Eygp, §c.5, de 5, Evac =0 are the valence band maximum, the electron work function of the cathode and lithium,

the vacuum level, respectively. gt =EA; and pe.“= ES are the Fermi levels of the anode (lithium) and the cathode, respectively. The

average voltage (U) of the battery cell is defined as: AIP = IP¢ — . 5= 4.81 £ 0.3 eV. IPCis the ionization potential of LCP—LCPO. For metals,

the ionization potential equals to the work function: pe.Y = IPY. b) The cyclic voltammogram of the LCP—LCPO cathode material cycled in

the 1 M LiPFg in 4:1 wt/wt DMC:FEC with TMB (0.2% wt) electrolyte. AV is polarization potential. The colour balls show the potentials

upon which the electronic properties and chemical composition were studied.

oxidation states, independently from the material of choice
(phosphate or orthophosphate) and Li content. This is not true for
approximate DFT functionals. Concerning the energetics, while
DFT+U predicts the delithiation of the orthophosphate to be
energetically more demanding than the phosphate (5.1 Vvs 4.8 V),
thus confirming the latter as the only electrochemically active
phase in the system, the opposite is true for approximate DFT.
Calculation Details on XANES. The Co L3,- and Co Ms -
edges of pristine LCP—LCPO are calculated by using CTM4XAS 5.5
program.3> The Co?* with high spin (HS) in Oy coordination
geometry to np®3d® ground and np®3d’ final states. Here, the
principal quantum number n equals to n=2 and n=3 for the Co2p-
Co3d transition and the Co3p-Co3d transition, respectively. The
crystal field strength is 10Dg =1.05 eV for Co?* (HS),3® whereas
10Dg = 0.5 eV is used for Co3* with HS state.3” The influence of the
charge transfer effects on Co L;,- and Co Mj,- XANES was
considering by wusing: a) the multiplet-averaged Coulomb
interaction U,y =6.8 eV, b) the charge transfer energy A=1.0 eV
from ligand p to transition metal d, and (c) the p-d transfer integral

pdc =-2.0eV.3®

RESULTS AND DISCUSSION

Evolution of occupied electronic states upon

charging/discharging potential. The average voltage U of the
cathode material vs. lithium is evaluated as the binding energy (per
unit charge) of Li atoms in the bulk of fully delithiated (x; = 0)
material to form the fully lithiated (x,=1) compound:

E(LixaMX) - ELixaMX) - (x2 - x1)E(Libuid)

(x2-x1)e

(U)xl,xz =-

where e indicates the electronic charge; M= Co, X=PO,4 and M=Co,,
X=P304 for LCP and LCPO, respectively. The average voltage is

often described as the difference in electrochemical potentials of

the anode (pe- ) and the cathode (S - ) (Figure S1,b) by considering
the dominating electronic contribution to chemical potential of
lithium.3%41 By using density functional theory (DFT) within the
Hubbard-corrected (DFT+U) functional (see the Experimental
Section for details), the estimated average voltage of the olivine
LCPis 4.82 V (Table 1). This value agrees excellently with the redox
potential determined from photoemission experiments (Figure 2a)
and electrochemical measurements (Figure 2b), thereby
supporting the dominating role of the electronic factor to the
battery voltage. The electronic structure of fully lithiated both LCP

and LCPO is composed of Co?* (3,3 t%\ €%;T") ions. For lithium
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Figure 3 Evolution of the electronic states via electrochemical charging/discharging of LCP-LCPO. a) VB structure (charged- and

discharged- states are shown in red and blue, respectively). b) The density of occupied and unoccupied electronic states of LiCoPO, (top)

and CoPO, (bottom) near E; calculated by using the DFT + U approximation. c) An illustration of the electrochemical potential shift of the

cathode (E; gray) with lithium content x (adapted from Ref.*8). E;, VB, CB, E,,. are the Fermi level, conductive band, vacuum level,

respectively. A highest battery voltage is achieved for fully delithiated cathode. d) Li 1s- and Co 3p- core levels spectra: (i) pristine (after

delithiation (lithiation) is illustrated by the yellow dashed lines. e) The Li 1s and Co 3p photoemissions normalized to the Co 3p maximum

intensity. A denotes the difference in the intensity ratio before and after the 15t electrochemical cycle. Probing depth of the photoelectron

spectra is 70-80 A.

content x=0.5 (LigsCoPQ,), the DFT+U approximation predicts a
mixed- valence ground state with half of the Co ions in a 2+ state
and half in a 3+ state (Table 1). Our calculations show that the
LCPO phase has a higher redox potential of 5.1 V (Table 1), which
means that delithiation of the orthophosphate is energetically
more demanding as compared to the olivine structure. Thus, LCPO
is not involved in the electrochemical process at the given
experimental conditions. The conclusion is also supported by the
CV curves (Figure 2b) whose behavior is inherent to olivine-LCP.
The evolution of the valence band (VB) structure of LCP—LCPO

experimentally measured at different charging/ discharging states

is shown in Figure 3a. The four spectral features (A,, B,, C,, D,) are
inherent for phosphates.*? The A, is associated with the t,; and eg
states of Co; the B, is ascribed to the Co 3d hybridized with O 2p
bonding and antibonding states, whereas the C, and D, are related
to the oxygen and phosphor strongly bound states.?>*3 Upon
charging the battery cell, Li* ion leaves the cathode accompanied
by a valence electron to maintain the charge neutrality of the host.
In turn, it leads to a shift of all the photoelectron spectra towards
lower binding energies, Eyi,, Which is equivalent to the E; shifting
towards the occupied electronic states of the cathode (Figure 3a,ii-

iii). Upon delithiation, the E pins first a nearest Co 3d state, which
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1
2 Table 2 Evolution of the work function (¢.cp), valence band maximum (E: - Eygym) measured with different photon energies corresponding
i to different probing depths, and the changes in the ionization potential (IP) and interfacial dipole (Adqj,) under electrochemical
5 charging/discharging of the LCP-LCPO cathode
6
7 (e LCP VBM 2b) VBM b) VBM b) Ipd) Adgip ©
8 +0.1[eV] +0.1[eV] +0.1[eV] +0.1[eV] +0.2 [eV] +0.2 [eV]
9 hv=47 eV hv=1486.7 eV hv=984 eV hv=812 eV hv=984eV
10
11 Pristine 5.20 2.1 3.25 3.25 8.45 (8.45) -
12
13 4.9V 5.65 - 0.85 0.95 6.5 (6.60) 1.95
14 charge
15
16 51V 5.75 - 0.70 0.60 6.45 (6.35) 2.00
17 charge
18 49V 5.85 - 0.75 0.75 6.6 (6.6) 1.85
19 disch.
20
21 4.75V 5.60 - 1.00 0.95 6.6 (6.65) 1.85
22 disch.
23
24 4.6V 5.45 - 1.15 1.25 6.6 (6.7) 1.85
25 disch.
26

3.0V 5.35 - 3.15 2.80 8.5 (8.15) 0.05
27 .

disch.
28
29 a) average value obtained on several samples.
30 b) VBM = [E; - Eygy] is determined by the linear extrapolation of the onset of the valence band emission to the baseline. The
31
32 downward band bending (i.e. away from E; at the surface) of the pristine LCP-LCPO impacts Eygy and core levels energy position
33 probed with different photon energies.
gg c) The existence of an interfacial dipole at the vacuum/pristine LCP-LCPO interface was not experimentally established.
36 d) Estimated as the sum of ¢..'® and VBM (hv=984 eV); and VBM (hv=812 eV) (in brackets).
37 e)  Adgp=|Adel [— [AvBM].
38
39
40 results in Co?* — Co3* oxidation in accordance with the previous  cathode material resulting in a reduction of Co3* to Co?* (see the
2; results on different LCP polymorphs.#445 At 5.1 V charging state,  next section for details). The Ef - Eygv approaches its initial
43 the E¢ relative shift equals 2.7 = 0.2 eV corresponding to the  (pristine) energy position at a discharging state of 3.0 V vs. Li*/Li
44 valence band maximum (E; - Eygy) of 0.6 £ 0.1 eV (Figure 3a,iii).  (Figure 3a,vii). Table 2 shows that the work function, ¢e.'"
45 . e e
46 The density of occupied and unoccupied states near the Fermi  increases (decreases) gradually upon delithiation (lithiation) of the
47 level (Ef) of LiCoPO, and CoPO, are illustrated in Figure 3b. As  cathode, which evidences the continuous change of the E; with
48 evident, the change of the Co?* to Co3* oxidation state upon respect to the Eygy. An important issue of the
49
50 delithiation lowers the energy of the empty d states (minority spin)  electrode/electrolyte interface is the electrical double layer
51 reducing the gap in the Kohn-Sham energy spectrum of the  formation, which might impact the battery performance.
gg material from 4 to 1 eV. Thus, the experimental results fully agree ~ Generally, the presence of the interfacial dipole, 34, induced by
54 with the DFT+U calculations, which evidence a significant shift of ~ the electrolyte contact and/or electrochemical reactions, can be
55 Er to the occupied electronic states for fully delithiated LCP (Figure  estimated from the relative change of the ¢.' and the E¢-
56
57 3b). The opposite energy shift of the occupied states is observed  Eygy.*®*” The valence band maximum is significantly more shifted
58 with lithium insertion to the cathode (Figure 3a,iv-vii). In this case,  than the ¢..'°® upon charging LCP-LCPO, thereby evidencing the
Zg valence electrons are transferred to empty electronic states of the dipole formation at the cathode/electrolyte interface (Table 2). In

7
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Figure 4 Evolution of a) Co Ls -, b) Li K- (A peak at 57.5 eV) and Co M3, ¢) O K-, d) P L- XANES via electrochemical charging/discharging of the LCP-LCPO cathode: (i) pristine (after storing in a glove-
box); charged states and discharged states are shown in red and blue, respectively. The high energy shoulder of the Co M3, - edge is denoted by the pointing-up arrow (ii). Theoretical calculations of

the Co L3, - (a) and Co M3, - (b) edges are shown at the bottom. The evolution of the ground state electronic configuration at the Co-site upon oxidation and reduction of Co-ions is shown between
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fact, the opposite direction of the interfacial dipole with respect to
the E; shift reduces the ¢..'°" value. The maximal magnitude of
Ad4ip=2.0 eV is achieved at 5.1 V charging potential and it gradually
decreases again upon discharging the battery cell, fully
disappearing at the 3.0 V (Table 2). In spite of a certain degree of
uncertainty about the IP value (due to the dipole layer contribution
to the experimentally determined ¢..'"),%! there is a clear trend in
the decrease (increase) of the ionization potential upon
delithiation (lithiation) of the cathode. The observed E: shift is
caused by purely electronic effects, which is different from
chemical shift promoted by interfacial chemical reactions. An
illustration of the electrochemical potential shift upon
de/lithiation of a cathode material, assuming the validity of a rigid
band model, is shown in Figure 3c.

Due to the electronic nature, all core-levels have to be
shifted upon charging/discharging of the cathode in a similar
manner to the VB structure. The evolution of the Li 1s and Co 3p
photoemission spectra during 1%t electrochemical cycle is shown in
Figure 3d. The decrease (increase) of the lithium content upon
charging (discharging) of the cathode material is well visible as a
change of the Li 1s photoelectron intensity and the Li 1s to Co 3p
ratio intensity (Figure 3d and 3e, respectively). Intensity of the
spectral feature A associated with the lattice lithium is decreased
upon charging of LCP-LCPO, whereas the second feature B
becomes well resolved (Figure 3d). Note also that the A spectral
component does not completely disappear at 5.1 V charging state.
Upon lithiation of the cathode the B intensity is hidden again by
superposition with the A peak, coming from the increase of Li
content in the host. The component B can be ascribed to both, due
to side reactions at the CEl and Li* ions hosted in the LCPO phase.
The first suggestion is supported by the A and B energy difference
of ~2 eV characteristic for the LiPFg salt and its decomposition
product LisPO,F,.%° On other hand, our DFT calculations show that
Co?* of LCPO has a slightly higher oxidation potential compared to
LCP (see Table 1), which also means that a part of the lithium ions
could remain in the LCPO lattice upon the current experimental
conditions. An incomplete electrochemical delithiation in
conventional olivine LiCoPO, being charged to 5.3 V vs. Li*/Li was
earlier reported.*® The effect was assigned to severe electrolyte
oxidation above 4.8 V leading to a redox gradient between the
surface and bulk of the cathode. The electrolyte degradation
usually comes with the involvement of the lattice lithium into
chemical reactions at the CEl, which would lead to irreversible Li*

loss. In our case, only a slight drop (A) of the Li 1s intensity is
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observed after the 15t cycle (Figure 3e), mostly assigned to loss of
lithium contributing to the CEI formation. Thus, the lattice lithium
content does not change significantly, evidencing that the
cathode/electrolyte interface remains Li ion conducting.
Evolution of unoccupied electronic states upon
charging/discharging potential. Li* release upon charging
potential, accompanied by the removal of a valence electron,
would lead to an electronic hole formation, which can be probed
by XANES measurements (Figure 4a—d). The Co L3»- and Co Mj -
edges are dominated by the electron transition to the unoccupied
Co 3d, 4s states from the Co 2p- and Co 3p- core levels,
respectively.3® The Co L; ,- edge of the LCP—LCPO pristine cathode
material exhibits spectral features consistent with Co?*
(t32 M2y, €2,1) ions in the high spin (HS) state and in octahedral
(On) coordination with oxygen. The energy positions of the Co L; »-
and Co M- edges at ~779 eV (Co L;) and 62 eV, respectively,
agree well with atomic multiplet calculations (Figure 4a,b) and the
experimental research.*5! In the case of the Co M ,- edge (Figure
4b), the empty Co 3d and Co 4s states are strongly overlapped with
empty Li 2p orbital due to the energy vicinity of the Li 1s and Co 3p
core levels. The Co?* to Co3* oxidation upon charging of LCP-LCPO
is evidenced as a rise in intensity of the high energy shoulders of
the Co L- edge (D feature at ~780 eV) and Co M- edge (an up arrow
at ~63 eV) (Figure 4a and 4b,ii). Upon discharging the cathode, the
spectral features (D and B in Figure 4a,v,vi and 4b,iii, respectively)
decrease in intensity becoming similar to that of the pristine
LCP-LCPO, thereby evidencing the Co3* — Co?* reduction. We
have also observed that the intensity of the high energy shoulder
D (Figure 4a) varies for different areas of LCP—LCPO (Figure S2),
indicating that only a part of Co?* ions are oxidized to Co3*. As it
was already mentioned, the reason can be assigned to the
presence of Co?*ions in LCPO, which is not electrochemically active
at the current experimental conditions. On the other hand,
inhomogeneous distribution of the LCP and LCPO phases across
the sample, as well as leaching of MoOs; from the surface (see
discussion below) could lead to insulated areas resulting in a loss
of electronic conductivity between some parts of active material.
In principle, such a phenomenon as self-discharge of the cathode
would lead to the Co3* — Co?* reduction via electron transfer to
the Co 3d site. However, this electron transfer would also lead to
a shift of all occupied states away from E;, whereas our results
show a clear shift of the occupied states to the Er upon charging

(i.e. upon delithiation) of the LCP-LCPO cathode (Figs. 3a, 3d, S3,
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S4). Therefore, we suggest that self-discharge is not the main
reason of the presence of Co?* ions in delithated cathode.

Whilst the Co L3,- and Co Ms,- edges evidence the
involvement of cobalt in the redox reaction, the O K- and P L;,-
XANES give insight into the stability of PO, polyanion at high
voltage. The evolution of the O K- and P L;, - edges of LCP-LCPO
vs. charging/discharging is shown in Figure 4c,d. The O K- edge of
the pristine LCP—LCPO (Figure 4c) is typical for orthophosphate
(PO4) compounds.”>* The main feature Ag at 537.3 eV is due to
the electron transition from the O 1s core level to the empty O 2p
orbital. In 3d transition metal (M) oxides, like LiMO,, the O2p state
is hybridized with the 3d- state and the 4sp- state of the metals.
These states are observed at a lower energy and a higher energy,
respectively, from the main feature.> The O K- edge of phosphates

is commonly broader due to the presence of phosphorous states

(in addition to the metal states, see Figures 4e, S5, Ref.>¢), which
form a strong covalent oxygen-phosphor bonding in the PO, unit.
Upon charging the cathode, a new spectral feature (Bo ~530 eV)
appears in the O K- edge (Figure 4c). We do not assign the Bg
feature with the involvement of oxygen in charge compensation
(i.e. with the 0> — O oxidation), because the O 2p band is
energetically situated far away from the E; (Figures 2a, 3a). By
other words, the O 2p band is not pinned by the E; even at 5.1 V
charging potential. Upon discharging LCP—LCPO, the feature Bg
vanishes (Figure 4c,iv-vii) and the O K- edge recovers for the
spectral features of the pristine cathode material (Figure 4c). Thus,
the reversible changes in the Bg intensity of the O K- edge are
assigned to an increasing number of unoccupied Co 3d-O 2p
hybridized states upon delithiation, as well as changes in the Co

3d-0 2p hybridization, similar to that observed for LiFeP0,.57:%8

a) C1s b) F1s &) Mo3d
vii)3.0V  O-C-OIC-F . LiPOF
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Figure 5 Evolution of a) the C 1s- (hv=1041 eV), b) F 1s- (hv=1457 eV) and c) Mo 3d- (hv=984 eV) photoemission spectra upon

charging/discharging of LCP—LCPO. Probing depth d~70 A. As prepared cathode (a, c) was measured at hv=1487.7 eV. Pristine (after

storing in a glove-box) (b, i). Charged states and discharged states are shown in red and blue, respectively. c) The Mo®* oxidation state is

denoted as A (c). The occurrence of spectral feature (B) is manifested as a rise of the shoulder between the Mo 3ds/, and Mo 3d3/;

photoemissions (c, iii-vi). The reduced Mo>* state is denoted as C. All spectra are normalized to their maximum intensity.
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The P L;,- edge exhibits Ap (136.7 eV) and By (137.8 eV)
spectral features associated with the electron transition from P
2ps/; and P 2py, core-levels to the first empty 3s antibonding state.
The C» component at 138.9 eV is related to the transition to the
empty 3p orbital. Although the 2p — 3p transition is dipole
forbidden, it can be favourable due to the mixing of P 3p orbital
with oxygen and metal states.>%%° The next peak D, at the energy
of ~146 eV is generally assigned to a 2p—3d transition (so called
“shape resonance”).®° Figure 4d demonstrates that the initially
well-resolved Ap and By features are smoothed upon delithiation,
but become well resolved again after lithiation of LCP—LCPO, which
evidences the reversible electronic configuration at the
phosphorous site. In phosphates, a Li ion forms a fully hybridized
band with the polyanion, where the P-0 bond is strongly covalent.
Therefore, the removal of Li* would lead to the redistribution of
the electronic density between phosphorus and oxygen, resulting
in a change of the polarization in the Li-O—P bonding.2%1 Any
variations in the electronic density around the oxygen site would
also involve the empty 3p and 3s phosphorus states, as it is
observed in P L, edge (Figure 4d). Thus, the correlated evolution
of Ap and B, features of the P L3 ,- edge (Figure 4d) and of By pre-
edge peak of the O K- edge (Figure 4c) evidences an altering of the
polarization between

lithium and the polyanion, which is

reversible upon de/lithiation of LCP—LCPO.

Evolution of chemical composition of the CEl upon

electrochemical cycling. An advantage of electrolytes
composed of fluorinated components is their capability to support
a high voltage (> 5.0 V) via the formation of a stable CEI.%2 The
fluorinated ethylene carbonate (FEC) suppresses the
decomposition of LiPFs% facilitates the charge transfer and
decreases the resistance at the interface.®* Therefore, the
evolution of the Fls- and Cls- photoemission spectra vs. a
charging/discharging state can give insight into the interfacial
chemical composition and, accordingly, the interface stability at
high voltage potential.

The C 1s photoemission spectra measured from > 4.9 V
(charging state) to the 3.0 V (discharging state) are shown in Figure
5a. The most intense peak with Ep;, = 284.1 + 0.2 eV (Figure 5a,iii-
vii) is inherent to the C-C bond of graphite-like structures,®® having
predominately sp? type bonding. The spectral feature at Ey;, =285
+ 0.3 eV is ascribed to sp? bond and hydrocarbons (C—H bond).%°
Note that polyvinylidenfluoride (PVDF), as an indispensable

component of composite cathode materials, contributes to the C

11
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1s photoelectron spectra in a similar energy range.®® In our case,
neither conductive carbon nor PVDF are used in LCP—LCPO. Thus,
only the organic (solvent) components of the electrolyte and its
degradation products are involved in the CEl formation. The
spectral features at higher binding energies (Figure 5a) are
ascribed to C-O (286.3 £ 0.3 eV),%?”67 C-F/ O-C-O/ C=0 and/or polar
carbonate (R-CO;) (288.0 + 0.3 eV),546870 |j,CO;3 (~290 eV).27.6470
The weak feature at 291.3 eV can be ascribed to CH,-CF,,”* —CHF-
0CO0,,%° or poly(CO3),7° as the result of the FEC decomposition. No
significant changes in the shape of the C 1s photoemission spectra
until 4.75 V discharging state (Figure 5a,iii-vi) evidence a high
stability of the CEl at high potential. Below 4.75 V discharging
state, the spectral features associated mostly with carbon-fluorine
and carbon-oxygen bonds rise in intensity as compared to the C-C
and C-H related species (Figure 5a,vii). For the electrochemically
cycled LCP-LCPO, the spectral feature associated with the sp?
bond vanishes in the C 1s photoemission (Figure 5a, viii); the latter
becomes very similar to that after storing the pristine sample in a
glove-box (Figure 5a, viii, Figure S6,a).

The fluorine-related species contributing to the CEl
formation at high charging/discharging potential are mostly
Li\P,F,, LikPO,F,, LiF and C—F due to decomposition reactions of
both the inorganic Li salt and organic FEC. The F 1s photoemission
at 687.1 £ 0.3 eV is assigned to LixPF, (Figure 5b,ii-vi), whereas LiF
is situated at lower energy (E,i,=684.4 + 0.3 eV) in agreement with
the 3.0£0.5 eV difference between these two chemical species.58
72 Note that the interpretation of the Fls components in the
energy range between the Li-F and Li-P-F species is still debated
(see for example Refs.587%73), In both the composite cathode- and
anode- materials, the F1s photoemission in the range of 685.8 eV
+ 0.6 eV is often ascribed to C-F bond,®85%7 or to Li-P-O-F species
of LiyPO,F,.7%7374 In the second case, the C-F bond is displaced at
higher energies from Li,PO,F, and Li,PF,. We attribute the F1s peak
at 686.0 = 0.3 eV to Li-P-O-F, since the P2p photoemission shows
a similar trend in the change of the LixPF, to Li,PO,F, intensity ratio
vs. charging/discharging potential (Figure S3). Accordingly, the
spectral feature at 688.7 = 0.4 eV is ascribed to the C-F species
whose amount is markedly increased after the 15t electrochemical
cycle (Figure 5b).

The F 1s- and C 1s- photoemission intensities demonstrate
the competitive trend upon de/lithiation of the LCP—LCPO cathode
(Figure S7a,b), which gives us the suggestion that the CEI becomes
more organic and more inorganic upon delithiation and lithiation,

respectively. A dynamic behaviour in composition and thickness of
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solid-electrolyte interface, via the formation of an organic-like
layer with lithiation and becoming more inorganic with
delithiation, was earlier reported for a silicon anode.”® Besides the
pointed organic/inorganic composition switching, our depth-
resolved experiments revealed a gradient concentration of
inorganic components with their depletion at the core CEl and a
higher content close to the CEl surface (Figure S8).

The Mo3d photoemission spectra vs. charging/discharging
potential are shown in Figure 5c. As prepared, molybdenum
exhibits Mo®* oxidation state at Ey;, [Mo 3ds/;] =234. 3 eV, which
evidences the MoO; formation on the LCP—LCPO surface (Figure
5¢,i). It worth to note that in X-ray diffraction no crystalline phase
of MoOs is observed (Figure S9) despite the rather high annealing
temperature (see the experimental section). As MoOs is clearly
found by the surface sensitive SPES/XPS techniques, the
assumption of a thin nanocrystalline layer of MoOs is consistent
with the experimental findings. Upon charging (discharging) the
cathode, the whole Mo 3d photoemission is shifted to lower
(higher) binding energies (Figure 5c), which is attributed to the
electrochemical potential shift observed for all photoemission
spectra of LCP—LCPO (see also Figures S3, S4). In contrast to
LCP—LCPO, the MoOs layer undergoes irreversible changes in
chemical composition manifested as the occurrence of additional
states (B, C) at higher- and lower- binding energies from the Mo 3d
photoemission (Figure 5c). These changes become more
pronounced with time of electrochemical cycling (Figure 5c,iii-vi).
The chemical state denoted as B can be assigned to the surface
reconstruction induced by chemical reaction of MoO; and the
electrolyte. Although Mo (VI) is the highest oxidation state of
molybdenum, the binding energy of Mo®* can vary in a large
energy range. For example, h-MoO3 nanostructure of pyramidal
phase exhibits Mo 3ds/, =235.4 eV, which is more than a half eV
higher as compared to hexagonal nanoplates.”® Fluorination of
transition metal oxides would also lead to higher Ey;, due to the
more electronegative F ion.”” The spectral feature C (Figure
5c,v,vi) is ascribed to reduction of Mo (VI) to Mo (V) according to
~1.6 eV energy difference between the two chemical states.’®
Note that the possible impact of X-ray radiation on reduction of
Mo0;,”? is found to be negligible, whereas the trend in reduction
of Mo (VI) to Mo (V) with exposure time of the cathode to
electrolyte is obvious (see Figure S10). Synergisms of the Mo 3d-
and F 1s-, and C 1s- photoelectron spectra (Figure 5) suggests that
MoO;3 and the FEC molecule (Figure S11) are linked to chemical

reactions at the cathode/electrolyte interface. A significant

12

depletion of the coating after the 1t electrochemical cycle,
evidenced as a decrease of the Mo3d intensity (Figure S7,c), is
ascribed to molybdenum dissolution from the surface. The
observed changes of the Mo 3d photoemission spectra can be
assigned to the involvement of MoOj; into catalytic reactions with
the decomposition products of the electrolyte. This oxide is well
known to be a catalyst for selective oxidation of a wide range of
organic compounds, such as cycloalkanes (C,H,,),%° methane
(CH4),®* methanol,® etc.,, where the reactions are often
accompanied with reduction of Mo (see for example Ref.23), and
the formation of volatile molybdenum compounds during catalysis
in liquid phases.®* Oxidation of hydrocarbons at the
MoO,/LCP—LCPO surface could explain their significant decrease at
the CEl layer of the electrochemically cycled cathode (Figure
5a,vii). Note, although the abovementioned catalytic conversion of
organic compounds is favourable at elevated temperatures or/and
higher pressure, the thermodynamic limit for the reactions might
be shifted to lower temperatures taking into account a small and
enclosed space for the reactions in the battery cell. As an example,
in recent experiments the internal pressure increase in a LiCoO,
(LCO) cell was attributed to the evolution of gaseous
decomposition products whose amount increases proportionally
to the cell voltage and the time for the battery charge.8> Regarding
electrolyte oxidation, various oxidation pathways of organic
solvents and the LiPFg salt were proposed in the past (see Refs.16:8>
88), The oxidation at high voltage can be triggered by highly
reactive single oxygen (10,),®8 presence of H,0, and protons. It is
noteworthy that the formation of 10, is coupled to a release of
oxygen from the transition metal oxide lattice,'®8 which is
obviously not the case for LCP—LCPO since irreversible changes in
the electronic structure are not observed after the electrochemical
cycle. However, a correlation between the electrolyte oxidation
and the reduction of Mo (VI) (Figure 5a-c) can be a sign of
electronic hole transfer from the Mo 4d valence state to the

electrolyte. Another possible reaction pathway for the reduction

Mo® — Mo>* is hydrogen intercalation into MoOs; according to the

H
chemical reaction: MoO; — H,MoO; — MoO, + 1/2 H,0.8°

Hydrogen atoms could be formed by dissociation of H, on the
MoOs surface taking into account the catalytic properties of the
oxide,® or via reduction of H* to H, on the negative electrode
followed by migration of the reaction products across the
separator, as pointed out in Ref.%> It is well known that proton or
water, as trace moisture in the electrolyte, dissociate the PFg

anion to HF and highly reactive PFs; this reaction takes place
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Figure 6 The electronic levels of a LCP—LCPO cathode: a) pristine and b) charged to 5.1 V vs. Li*/Li. Eygm (hv=984 eV, probing depth ~80

A), 1P, E, e., Saip are the valence band maximum, ionization potential, the Fermi level, work function, interfacial dipole, respectively. Ap..

is the electrochemical potential difference between the pristine and charged LCP-LCPO. c) The oxidation potential of the 1 M LiPFg salt in

FEC:DMC (1:4 wt%) on glassy carbon (Ref.3); EL is the electrochemical potential of metallic lithium. d) The electronic levels of MoO;

(adapted from Ref.?1) and the electrolyte are shown for comparison. All levels are plotted with respect to the vacuum level, E,

already at room temperature.® At high voltage potential, highly
acidic species (H* or HF) promote further electrolyte oxidation.

Thus, the significant changes in chemical composition of the
CEl — while the intrinsic electronic properties of LCP—LCPO are
mostly reversible after the 1t electrochemical cycle — gives us a
strong argument regarding a proton transfer reaction to the
organic solvents,87:88% or/and electronic hole transfer from the
valence state of MoOg to the electrolyte. The reasons of stability
of LCP—LCPO against chemical reactions with the FEC containing
electrolyte and instability of MoO; become also clear from the
analysis of the experimentally obtained energy level diagrams
(Figure 6). The electron ionization potential for the pristine
LCP—LCPO at the surface is IP= 8.4 + 0.2 eV (Figure 6a) is higher as
compared to the IP measured deeper to the bulk (see Figure 2a
and Table 2). This difference is due to a downward band bending
with a depth, resulting in a shift of the electronic levels away from
Er at the surface for the pristine LCP—LCPO. Delithiation of the
cathode lowers E;. However even at 5.1 V vs. Li*/Li (Figure 6b), E;
is still higher of the oxidation potential of the 1 M LiPFg salt in
FEC/DMC (6.2 V vs. lithium),? Figure 5c. It makes unfavorable
electronic charge transfer between the electrolyte and LCP-LCPO.
On the contrary, the energy diagram of MoOs/electrolyte interface
evidences the high probability for electron transfer from the
electrolyte oxidation level to the valence state of MoO; (Figure
6d). Accordingly, such charge transfer will lead to the reduction of

the oxide and the oxidation of the electrolyte.

13

CONCLUSIONS

This work represents a comprehensive study of the intrinsic
stability of the LiCoPOQ, -LiCo,P3044 (LCP—LCPO) cathode material
for 5V Liion batteries under electrochemical cycling of the battery
cell to 5.1 V (vs. lithium). The model thin film cathode material
does not contain conductive carbon, whereas electron transfer
kinetics for redox process is very high in contrast to conventional
LiCoPO, olivine structure. Whilst LCP and LCPO are insulators,
tailoring the olivine structure with the orthophosphate coupled to
a MoO; coating is the reason of improved electronic conductivity
due to the strongly correlated nature of the system. The electronic
properties and structure of LCP-LCPO are fully reversible after the
15t electrochemical cycle. The involvement of the lattice oxygen in
oxidation is not observed even at 5.1 V. Instead, XANES
experiments demonstrate reversible occupation of the Co 3d-0 2p
hybridized empty states and change of their hybridization, as well
as the variation of the polarization in the Li-O-P bond upon
delithiation and lithiation. For the first time, an average voltage of
~5.1 V is confirmed for LiCo,P30;y by using the DFT+U
approximation.

The high stability of the LCP-LCPO cathode at high voltage
potential is due to a sufficiently large energy gap between the
electrochemical potential of the cathode and the oxidation level of
1M LiPFg FEC/DMC, which makes electron transfer from the
electrolyte to the cathode unfavorable. In contrast, MoOs; layer on

the top of LCP-LCPO undergoes chemical reactions with the
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electrolyte at charging the cathode to 5.1 V. It leads to a surface
reconstruction of coating, the reduction of Mo(VI) and a gradual
leaching of the oxide layer during electrochemical cycle. The
possible pathways for the electrolyte oxidation contributing to the
cathode-electrolyte interface formation are mostly assigned to: a)
H* transfer reaction to organic solvents (DMC and FEC) and, b)
electron transfer from the electrolyte to the valence states of
MoOs, as supported by the experimentally obtained energy
diagrams. In addition, hydrogen intercalation into MoOs could be
another reason of the oxide reduction. Taking into account that
MoO;3 is catalytically active towards selective oxidation of
hydrocarbons, as well as considering the volatility of reacted
molybdenum compounds, this oxide is probably not the best
protective layer against liquid electrolytes with carbon functional
groups, at least for a long time electrochemical cycling. On the
other hand, in order to enhance electronic conductivity of high
voltage cathode materials, Mo-doping or MOj3 coating could be an

advantage in case of solid electrolytes.
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Figure S2. Co L- edge XANES of the LCP—LCPO cathode material discharged to 4.9 V vs. Li*/Li. The blue (i) and red (ii)
are the spectra measured at different areas of the thin film. A higher intensity of the high energy shoulder in the
upper spectrum (ii) evidences that more Co?* ions are oxidized to the Co3* state, as compared to (i). The spectra were

collected in total electron yield (TEY) mode.
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Figure S3. a) F 1s (hv=1457 eV)- and b) P 2p (hv=875 eV) photoemission core- level spectra measured of the
LCP—LCPO cathode material: pristine (after storing in a glove-box) (i); charging states of 4.9 V (ii) and 5.1 V (iii);

discharging states of 4.9V (iv), 4.75 V (v); 4.6 V (vi) and 3.0 V (cycled) (vii). The probing depth, d=3A(Ekin), is ~70 A.



hv=1270ev . O1S

d=70 A '_:"’A "y

Vii) disch. 3.0¢ i kY
(cycledL// kY

-

A

Vi) disch. 4.6V :”/ "«,

'"'~..
V) disch. 4.75Y, g / j \\.'—"

IV disch. 4.9V
iii)ch. 5.1v / /’

i} ch.4.9v

Intensity [arb. un.]

A —
AL

i) pristine after J

gloVebOX e’ \___ .
538 534 530 526
Binding energy [eV]

Figure S4. Evolution of the O 1s (hv=1270 eV)- core-level spectra vs. charging/discharging the LCP—LCPO thin film
cathode material: pristine (i), charged to 4.9V (ii) and 5.1V (iii) vs. Li*/Li; discharged to 4.9V (iv), 4.75V (v), 4.65V (vi)
and 3.0 V (cycled, (vii)) vs. Li*/Li. The probing depth is ~70 A. a) The A spectral feature is associated with the lattice
oxygen, The shoulder B at higher binding energy is "non-stoichiometric” oxygen, mostly associated with POyF, due

to the electrolyte decomposition upon electrochemical cycle.
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Figure S5. O K- edge XANES of the LiCoO; layered- (a) and LCP —LCPO (b) structure materials. The sharp feature A"
corresponds to the electron transition from occupied O 1s core level to empty O 2p — Co 3d hybrid states. The oxygen
2p states are highly hybridized with Co 3d (e"s) states, thereby leading mostly to 3d character of these empty bands.

The broad structure above 5 eV is attributed to transitions into O 2p states hybridized with Co 4s and Co 4p states.
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Figure S6. a) C 1s (hv=1020 eV)- and b) F 1s (hv=870 eV)- photoemission core- level spectra of the LCP—LCPO stored

firstinag

respectivel
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love-box and then in UHV conditions for several days. The probing depth is ~70 A (a) and 25 A (b),
y. The C 1s photoelectron line is fitted by four components assigned to C-OH/C-0 (286.5 eV), C—O—C/C—F
0O—C=0 (288.5 eV) and Li.COs (290.6 eV). The F 1s photoelectron spectrum is fitted by two spectral

components: F—C (689.2 eV) and LixPFy (688.1 eV). The LixPF, binding energy is in a good agreement with the value

reported for the LiCoPOs composite material (Ref.1%)
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Figure S7. The evolution of F 1s (a), C 1s (b) and Mo 3d (c) photoemission intensities vs. electrochemical

charging/discharging of the LCP-LCPO cathode. Charged- and discharged- states are shown in red- and blue- solid

circles, respectively. The lower x- axis is the time to reach a specific charging- and discharging potential, respectively.

The upper x-axis is the voltage potential applied to the LCP—LCPO battery cell.
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Figure S8. F 1s photoemission core-level spectra of the LCP-LCPO/ electrolyte interface yielded at two different
probing depths: a) ~70 A (hv=1440 eV, the electron’s IMFP A~ 22.5 A) and b) ~21 A (hv= 810 eV, A~7 &) and vs. a
charging state of 4.92V, 5.1 V.
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Figure S9. a LCP-LCPO thin film cathode material coated with MoO:s (pristine sample): a) X-ray photoelectron survey
spectrum (hv=1486.7 eV); b) the XRD pattern indexed to a olivine LiCoPO4 of Pnma space group symmetry (the ICSD
No. 01-078-5576). LiCo2P3010 of P21/m(11) space group symmetry (the ICSD No. 04-011-4098) is shown by cross (X).
No patterns related to the MoOs crystallographic phase are detected. The inset shows the 20 region with the
expected most intense (100) peak at 20=27.33 from MoOs (the ICSD No. 00-005-0508), denoted by the blue vertical

line and star (*); c) after several electrochemical cycles by using cyclic voltammetry.
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Figure $10. The Mo>*/ Mo®* ratio vs time of X-ray beam exposure during the synchrotron measurements. It evidences

that the reduction of Mo(VI) to Mo(V) during charging/discharging LCP—LCPO is mostly determined by the intrinsic
interface properties, but not due to X-ray beam damage. The peak areas were estimated from the fitted Mo3d
spectra (Figure 4c) normalized to the maximum intensity. (1) LCP—LCPO pristine (after storing in a glove box); (2)
charged to 4.9 V; (3) discharged to 4.9 V; (4) discharged to 4.75 V; (5) discharged to 4.6 V; (6) discharged to 3.0 V

(after 1°t electrochemical cycle).
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Figure S12. SEM image (a) and EDS maps (b-d) of a LCP—LCPO with a thin MoOs layer on the top. The sample is

homogeneous in crystals size, shape and distribution.
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