Dear Editor,

Thank you for considering our manuscript for possible publication in Dalton Transactions. We have
carefully gone through the comments of the referees, and tried to address them. We would also like
to thank the referees for their input. We believe their comments have been very valuable and helped
in further improving the manuscript. Below, we have listed our response to the comments, while the
changes in the manuscript have been highlighted in red.

Reviewer’s comments:

Reviewer #1:

The manuscript focuses on the preparation of Nickel and Cobalt Phosphate by Plasma Enhanced
Atomic Layer Deposition, especially for Nickel Phosphate, and their electrochemical performances as
lithium ion batteries cathode. This work is significant, whereas the structural characterization is
weak. Thus, | think this manuscript can be published in Dalton Transactions after major revisions.

(1) Please provide the SEM, AFM and TEM characterizations of the Ni3(PO4)2 and Ni2P thin films

Response: Thank you for the suggestions. Unfortunately, we do not have a TEM available at our lab,
so we were not able to perform such measurements. We did include a SEM and AFM analysis of the
as deposited and annealed films, showing that the material agglomerates during the crystallisation
into both Ni3(PO4)2 and Ni;P. The increase in roughness showed to be the highest for the nickel
phosphide layers (i.e. the anneal in a hydrogen atmosphere).

(2) Please provide the detailed preparation process of Ni3(PO4)2 and Ni2P thin film electrode

Response: The crystalline nickel phosphate and phosphide were obtained by annealing the as
deposited layer in a helium and hydrogen atmosphere respectively. The annealing rate was however
not mentioned in the text so far, so this has been added. An additional safety concern related to the
formation of phosphine gas during the anneal in hydrogen has also been added.

For the nickel phosphate battery electrode, the as-deposited material resulting from the saturated
ALD process (so not the crystalline Ni3(PO4), or Ni,P) was deposited on top of a current collector. This
information has also been added to the manuscript.

(3) Some related references about ALD and Batteries should be cited, such as: Controllable atomic
layer deposition coatings to boost the performance of LiMnxCoyNil-x-yO2 in lithium-ion batteries: A
review. J. Mater. Res., 2020, 35(7): 762-774 (DOI: 10.1557/jmr.2019.393); Chemical Heterointerface
Engineering on Hybrid Electrode Materials for Electrochemical Energy Storage. Small Methods, 5(8):
2021, 202100444 (DOI: 10.1002/smtd.202100444).

Response: Thank you for the suggestions. These articles, amongst others, have been added to the
introduction.

We would like to thank the reviewer for the valuable input. We believe that the suggestions served a
great deal in further improving the manuscript.



Reviewer #2:

In this paper, the authors used ALD to deposit metal phosphates for lithium-ion batteries. The
procedures and properties of deposited materials are thoroughly discussed. The performance in
lithium-ion batteries is promising. However, the following aspects need to be clarified before

acceptance.

(1) The authors report about several crucial parameters for the ALD process. As it is an engineering
procedure, the error bar for each parameter is important to warrant the reproducibility.

Response: Two important properties of the ALD process/final layer are the growth rate and the final
composition. For the latter material property, the error on the ERD values are presented in the
experimental section. For the growth per cycle, we have to split the question in two parts. On the
one hand, there is the error on the ellipsometry measurement (i.e. the datapoints in the saturation
curve). Each data point in these curves is the average growth per cycle over the course of 10 cycles,
within one deposition. The error on these datapoints shows relatively small, and we have included a
figure here to illustrate this. This shows that the error on the ellipsometry data is relatively small.
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On the other hand, there also is the variation of the growth per cycle over the course of different
depositions. Thanks to this comment, we have added an average optimised growth per cycle in the
manuscript (with saturated exposure times for TMP* and NiCp,, and 15s of O,*) with the error over

the course of 4 different depositions.

(2) The excessive charge (5.7 vs. 4.8) is observed for the first cycle. How about the following
charge/discharge cycles? Do they obey the theoretical calculation?

Response: In the supporting information, the capacity of the anodic scan following the activation is
discussed. The possible reaction mechanisms are explained, as well as how close the capacity is to
the theoretical values for those reactions. The capacity of the following discharge was not yet
discussed. However, as can be seen from our latest cycle life measurement, we achieve a coulombic
efficiency of approximately 98% in the example of nickel phosphate. The charge and discharge
capacity are thus very similar, indicating reversible reactions after the activation step.



(3) The unit of y-axis of Figure 7b implies ultralow capacity, less than 10<sup>-5</sup>
pAh/cm<sup>2</sup>. However, the capacity reported in the main text show several
pAh/cm<sup>2</sup>.

Response: Thank you for noticing. We have made a mistake with the y-axis label in figure 7b, and this
was overlooked until now. The dimensions on the y-axis are supposed to be in Ah/cm? instead of
HAh/cm?. This has been addressed in the manuscript.

(4) Rate performance is demonstrated. The cycling performance, an important parameter to evaluate
the material performance, is missing.

Response: This is indeed an important parameter to evaluate when thinking of their use as an LIB
electrode. For iron phosphate, the cycle life has already been measured in an earlier publication
(DOI: 10.1021/acs.chemmater.6b00853) and was thus not measured here. For nickel and cobalt
phosphate, however, this was not yet measured. We have added this analysis in the manuscript,
showing that the nature of the redox reaction probably leads to a non-ideal cycle life, although it is
still decent.

Thank you for the comments and suggestions. The additional measurements and corrections that
were proposed have had, in our opinion, a very positive impact on the quality of the manuscript.
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Abstract

A plasma-enhanced ALD process has been developed to deposit nickel phosphate. The process
combines a trimethylphosphate (TMP) plasma with an oxygen plasma and nickelocene at a substrate
temperature of 300°C. Saturation at a growth per cycle of approximately 0.2 nm/cycle is observed for
both the TMP plasma and nickelocene, while a continuous decrease in the growth per cycle is found
for the oxygen plasma. From ERD, a stoichiometry of Ni3(PpgO31)2 is measured, but by adding
an additional oxygen plasma after the nickelocene, the composition of Nig(Pg.90O3.7)2 becomes even
closer to stoichiometric Nig(POy)s. The as deposited layer resulting from the process without the
additional oxygen plasma is amorphous, but can be crystallised into NigP or crystalline Nig(POy)s

by annealing in hydrogen or helium atmosphere respectively. The layer deposited with the additional
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oxygen plasma shows two X-ray diffraction peaks indicating the formation of crystalline Nig(POy)s
already during the deposition. The resulting PE-ALD deposited nickel phosphate layers were then
electrochemically studied and compared to PE-ALD cobalt and iron phosphate. All phosphates
need electrochemical activation at low potential first, after which reversible redox reactions are
observed at a potential of approximately 2.5 V vs. Li* /Li. A relatively high capacity and good rate
behaviour are observed for both nickel and cobalt phosphate, which are thought to originate from

either a conversion type reaction or an alloying reaction.

Introduction

Since the introduction of iron phosphate as a Li-ion battery (LIB) electrode by Sony in 1991,
transition metal phosphates have played an important role in various research fields™, A
major advantage for the use of phosphates in LIB’s in particular, is the strong covalency
in the metal-oxygen-phosphorus bonds allowing for a high structural and thermal stability.”
Next to this, the strong interaction between the metal atom and the phosphate anion allow
for these materials to operate at a higher potential than their oxide counterparts.“® However,
the energy density of the most known metal phosphate, i.e. iron phosphate, is still limited.
For that reason, other phosphates are being actively investigated for both current (lithium
ion?) and future generation (sodium ion®¥) batteries. In this view, the use of nickel and
cobalt phosphate as electrode materials (operating at a much higher potential) are currently
gaining a lot of interest. Theoretical studies predict the operating voltage of the Ni** /Ni3*
redox couple in olivine nickel phosphate to be at approximately 5.1 V vs Lit/Li and the
Co?* /Co*" redox couple in olivine cobalt phosphate at approximately 4.6 V vs Lit/Li.°
However, although some functional nickel- and/or cobalt phosphate electrodes have been
reported, these are still scarce as both materials suffer from various issues such as instability
(of both the electrode and its interface with the electrolyte) at these high potentials and

poor electronic conductivity. Various possible solutions have been proposed in the form of
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surface coatings”, doping®™ or enhanced synthesis methods"", but more research is needed

in order to commercialise these electrode materials.

Another interesting use for both materials would be towards surface engineering of other
cathode materials, such as lithium nickel manganese cobalt oxide (NMC), that operate at
slightly lower potential. When using a surface coating, often inert materials such as alu-
minium oxide are used as a physical barrier layer to prevent unwanted side reactions to take
place.™Y However, these coatings typically have a poor ionic conductivity, imposing serious
limits on the rate capability of the underlying electrode.™® For that reason, it would be
interesting to work with a coating that has a higher ionic conductivity, which might even
locally take up a functional role transporting lithium ions along the surface of the active
material (enhancing the reachability of more isolated particles). As the delithiation of nickel
and cobalt phosphate would take place at a potential above the operating potential of the
underlying electrode, the coating will remain permanently lithiated. This could boost the

ionic conductivity, rendering these materials very interesting to further investigate.

An interesting way to study and optimise both materials towards their use for LIB ap-
plications can be through atomic layer deposition (ALD).** ALD is a deposition technique
based on the sequential pulsing of gaseous precursors, similar to chemical vapour deposi-
tion (CVD). The key difference with a typical CVD process is however that the reactions
taking place at the surface of the substrate during an ALD process are self-limiting. This
self-limiting nature of the reactions during deposition not only allows for a high control on
thickness, uniformity and conformality of the coating, but also its composition. One way
this deposition technique could be of interest for LIB’s is through the deposition of a thin

film electrodet#H

onto a complex 3D structured current collector, allowing for an electrode
providing a high overall capacity with an excellent power density. Next to this, the technique

can be used to conformally coat e.g. powder-based electrode materials with a protective thin



film™ 7 In this regard, various metal phosphates have for example already been proven very

promising towards improving the final electrode’s performance®*

. However, the study of
thin films in general also offers a unique way to create model systems to gain a fundamental
insight towards a broad range of applications. In that way, the study of nickel phosphate

through ALD can be of interest towards various research fields.

However, so far no ALD process exists for nickel phosphate. In this work, an initial at-
tempt towards researching ALD of nickel phosphate will be made based on earlier work by
Dobbelaere et al.?!. In this work, aluminium phosphate was deposited through a plasma
enhanced ALD process (PE-ALD), combining a trimethylphosphate plasma (TMP*, with
the star denoting the plasma state) with an oxygen plasma and trimethylaluminum (TMA).

However, it was quickly found that by changing the metal precursor, other metal phosphates
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such as titanium”?, vanadium®??, zinc?*, iron“® and cobalt phosphate®® could be deposited
as well. For the deposition of nickel phosphate in this work, the metalorganic precursor of
choice became nickelocene, inspired by our earlier work on PE-ALD of cobalt phosphate and
as this precursor has already proven successful towards PE-ALD of nickel oxide.2’

Next to studying the deposition of this nickel phosphate, its electrochemical activity will be
investigated together with PE-ALD deposited cobalt phosphate (resulting from the already
reported PE-ALD process®) and compared to the already reported PE-ALD deposited iron
phosphate for reference. In this work, only the electrochemical activity of both layers will

be studied (i.e. not yet their potential use as an LIB cathode coating), as a first step for the

use of these ALD deposited layers in LIB applications.

Experimental section

Deposition system. A home-built high-vacuum ALD system with a base pressure of approxi-

mately 5 * 1076 mbar was used to deposit the films, for which the reactor design is very similar to



the system used in the work by Dobbelaere et al.2% To reach this base pressure, the reactor walls
were heated up to 120 °C and the chamber was pumped with a turbomolecular pump. The TMP
(Sigma-Aldrich, 97%) and CoCps (Alfa Aesar) precursor bottles were heated up to 45 °C and 105
°C, while a manually adjustable needle valve was installed to control the pressure of the oxygen gas
at a value of approximately 5% 1073 mbar. NiCpo (Strem chemicals, 99%) was heated up to 75 °C,
and its vapour was introduced in the reactor using argon at a pressure of 5* 1072 mbar as carrier
gas. The plasma power was selected to be 200 W for TMP and 300 W for the oxygen plasma.
The plasma was delivered to the sample surface using a remote ICP-RF plasma located above the
sample surface.

Material characterization. In situ spectroscopic ellipsometry was performed using a J.A. Wool-
lam M-2000 ellipsometer, while fitting was done using the CompleteEASE software. Film thickness
was measured on p-type Si(100) using X-Ray Reflectivity (XRR). Both XRR and X-Ray Diffraction
(XRD, in a Bragg-Brentano 6:0 geometry) were carried out using a Bruker D8 diffractometer Cu
Ka radiation. X-Ray Photoelectron spectroscopy (XPS) was performed using a Thermo Scientific
Theta Probe XPS and Al Ka radiation. Calibration of the XPS spectra was performed using the
C 1s position at 284.6 eV. The spectra that are shown in the manuscript were measured at the
surface of the as deposited thin film. Elastic Recoil Detection® (ERD) was carried out using a 8.0
MeV 35CI** beam, with a sample tilt of 15° and a scatter angle of 40.5°. The uncertainty on the
atomic concentration measured with ERD is 2 at.% for majority constituents (> 15 at.%), 1 at.%
for concentrations between 7 at.% and 15 at.%, 0.7 at.% for concentrations below 7 at.% and 0.3
at.% for concentrations below 3 at.%. For hydrogen, there is an additional uncertainty yielding 2
at.% for concentrations higher than 10 at.%, 1 at.% when the concentration is between 10 at.% and
5 at.%, and 0.5 at.% for concentrations lower than 5 at.%.

Electrochemical testing. Electrochemical tests were performed in an argon filled glovebox in
which the water and oxygen levels are kept below 1 ppm. A PTFE body is filled with electrolyte
(I M LiClOy4 in propylene carbonate (99.7%, Sigma-Aldrich)) and clamped against the working

electrode. The base of the working electrode is a planar piece of a Si - 15 nm Ti - 150 nm PVD



TiN electrode stack that acts as a current collector and is cut to size. This current collector is then
coated with the material of interest (e.g. a 29 nm as-deposited layer resulting from a 15 s TMP* - 15
s O™ - 15 s NiCps process), after which the electrode stack is clamped to the PTFE body with the
with coated side pointing towards the electrolyte. The total surface area of the working electrode
that is exposed to the liquid electrolyte is 1.05 cm?. Li-strips (99.9%, Sigma-Aldrich) were used as
+29

both counter and reference electrodes. Measurements were carried out using either a home-buil

or a commercial (Metrohm Autolab PGSTAT702) potentiostat/galvanostat.

Results and discussion

PE-ALD growth of nickel phosphate

For the growth of a nickel phosphate, the process developed by Dobbelaere et al.?! for iron
phosphate was altered. The process of Dobbelaere et al. relies on the plasma polymerisation
behaviour of trimethyl phosphate (TMP), generating highly reactive plasma species at the
substrate surface. At a substrate temperature below approximately 300°C, these phosphate
esters showed to polymerise at the substrate surface leading to continuous growth of a phos-
phorus rich film. Only at sufficiently high substrate temperatures (300°C and higher), the
polymerisation reactions become self-limited and saturated growth can take place. In these
processes, the TMP* (with the star denoting a plasma) pulse is then typically followed by
an oxygen plasma, which is used to combust the carbonaceous groups that are still attached
to the chemisorbed TMP* species, and replace them with hydroxyl groups. Next, a met-
alorganic precursor is pulsed to incorporate the metal into the phosphate network. For the
deposition of nickel phosphate in this work, nickelocene (NiCps) was chosen. Metalocenes
have already proven to be suitable ALD precursors in the past, increasing the chances of
nickelocene being a successful self-limiting precursor for the deposition of nickel phosphate.
When pulsing multiple cycles of a 15 s TMP* - 10 s O - 10 s NiCpy process at a substrate

temperature of 300°C, substrate enhanced growth is then observed using in-situ ellipsometry
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Figure 1: Increase in thickness with increasing cycle number in the TMP* - Oy* - NiCp,
process, studied using in-situ ellipsometry.

(figure [1)). This means that in the first cycles a growth rate of 0.24 nm/cycle is found, which
then decreases to a stable 0.17 nm/cycle in the subsequent cycles. This type of growth has
been reported in literature already, and indicates that the substrate surface contains more
active sites for the precursor to react with than when it is fully covered by the deposited

layer®?,

To study the self-limiting nature of the deposition process at this temperature, additional
in-situ ellipsometry measurements were performed with varying precursor exposure times.
In these depositions, the exposure time of one precursor was varied, while the two other

precursor doses were kept constant. The constant exposure times were chosen to be 15 s
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Figure 2: Saturation of TMP*, Oy* and NiCp, at a substrate temperature of 300 °C.




for TMP*, 15 s for Oo* and 10 s for NiCp,. From the data in figure [2| it can be seen that
saturation is observed for TMP* and NiCp,, where a red dotted line is also shown indicating
a fit of the shape (1-e™"). For oxygen plasma, the growth per cycle (GPC) shows to increase
at low exposure (which is thought to be due to removal of methoxy groups at the surface
that remained after the TMP* pulse), and continuously decreases with further increasing
exposure times. In this case, the red dotted line merely acts as a guide to the eye. The
continuously decreasing GPC with increasing oxygen plasma exposure was also observed in
PE-ALD of titanium phosphate?, but the exact nature of the decrease is not yet clear. The
main function of this process step is however to remove carbon contamination, which can be
obtained after only a few seconds minimising the need for long and non-saturative pulses.
If avoiding carbon contamination is not critical for a specific application, this step can even
be left out completely. Nevertheless, an ALD like process is observed with self-limiting reac-
tions for TMP* and NiCp,, with an optimised growth rate of approximately (0.19 £+ 0.01)

nm/cycle.
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Figure 3: Temperature dependence of the growth rate when pulsing TMP*, O5* and NiCps,.

In measuring the temperature dependence of the growth per cycle (a 15 s TMP*, 15 s Og*,
15 s NiCpy process), an increase of the GPC can be found with decreasing substrate tem-

perature (figure . This is to be expected, as the polymerisation of TMP* has already



proven to result in continuous growth below a certain threshold temperature. Only when

the substrate temperature is above this value, self-limiting reactions are expected, as was

observed here near 300°C (figure [2).

Thin film characterisation

Thin film composition and chemical structure. To better understand the chemi-
cal composition and structure of the as-deposited layer, X-ray photoelectron spectroscopy
(XPS) and elastic recoil detection (ERD) are used. The XPS spectra measured at the sur-
face of an approximately 35 nm thick layer resulting from the TMP* - Oy* - NiCpy process
are shown in figure 4] Only the spectrum of the surface is presented, as studying the bulk
material through sputtering with Ar-ions was not possible due to damaging effects (shifting

the nickel peak). Calibration was done using a 284.6 eV peak position for C-C bonds. For
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Figure 4: XPS spectra of Ni 2p, O 1s and P 2p at the surface of a thin film resulting from
the TMP*-O5*-NiCpy (top) and TMP*-O5*-NiCpy-O2* (bottom) process. The peaks of one
element are plotted at the same scale for both processes.



the Ni 2p3/; peak, three components were observed. The largest contribution comes from a
component at 856.7 €V, and is thought to be related to a 2+ oxidation state of nickel3¥33,
with a satellite peak at 861.2 eV. A minor component is also observed at 852.1 eV, which is
thought to be metallic nickel.**3¥ The origin of this component is unclear, but could be the
result of precursor decomposition.®® However, the component only adds a small contribution
to the Ni 2p spectrum, and saturation of the nickel precursor was achieved suggesting that
this is only a minor component. In the O 1s peak, two components are observed. The low
binding energy component at 531.3 eV is characteristic for oxygen in a phosphate environ-
ment* 4550 while the component at 532.9 €V is characteristic for bridging oxygen (P-O-P)"¢
that is formed during the TMP* pulse. The P 2p peak is split in a 2p3/» component at
133.6 eV and a 2p;/, component at 134.4 eV, which is also consistent with a phosphate-like
environmentt82150,

As Ni** would be needed when aiming at high voltage Li-ion battery applications (if the
phosphate is fully delithiated), we also explored an alternative process where an additional
oxygen plasma was pulsed after the NiCpy step (i.e. TMP*-O5*-NiCpo-O5*). However, very
similar peak shapes and positions in XPS were observed with this altered process (figure
bottom). The only major difference is the disappearing of the Ni’ contamination, which
has been either completely removed or simply oxidised into Ni?*. This means that, if the
high voltage Ni** /Ni®** couple is really needed, alternative processes would be required. One
way to achieve this could for example be by depositing a (non lithiated) phosphate using
a different nickel precursors with nickel in the Ni** oxidation state. A different approach
could be to maintain nickel in a Ni** oxidation state, but also include a lithium precursor
to lithiate the nickel phosphate during deposition. In that way, the Ni3*/Ni?* redox couple
might still be observed by electrochemically delithiating the phosphate. These alternative
processes were not investigated in this work, but the electrochemical activity of the layers

deposited using the current ALD process will still be discussed later on in this manuscript.
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As the compositional analysis resulting from XPS can have a large error, the study on

Table 1: Atomic concentrations of nickel phosphate with and without an additional oxygen
plasma step, measured with ERD.
Deposition process |C (at.%) Ni (at.%) P (at.%) O (at.%) H (at.%)
TMP*-O5*-NiCp, 1.2 25 13.6 50.1 10.2
TMP*-O5*-NiCp,y-Oo* 0.3 22.0 13.7 54.2 8.9

the composition was done using ERD. From these measurements (table , a stoichiometry
of approximately Niz(PgOs.1)2 and Nig(PggOs.7)s is observed for layers deposited respec-
tively with and without the additional oxygen plasma step. Both are relatively close to
stoichiometric Niz(POy)s, with the latter process getting closest to it. Such an increase in
nickel to phosphate ratio with the incorporation of an additional oxygen plasma has been
observed in literature before, and is though to be due to the reaction with the adsorbed met-
alorganic molecules at the surface, optimising the reactivity towards the subsequent TMP
(plasma) pulse.”® Tt is also interesting to note that the phosphorus-to-metal ratio (P/M) of
approximately 0.5 is much lower than what is observed for most phosphates deposited using
a TMP*. Only the P/M ratio of vanadium phosphate (0.9) is lower than one, while most
other phosphates have a ratio around 1.5 or higher. There is so far no clear reason why
vanadium and nickel phosphate have a lower P/M ratio than most other phosphates, and
this would require a more in-depth analysis. However, as the goal of this work is primarily
to report the initial growth possibilities, such an analysis was not performed here.

From the compositional analysis it is also clear that the carbon level in the thin film is
relatively low for both processes, with the process with the additional oxygen plasma step
having the lowest amount of carbon. The decrease in carbon content with the addition of
an extra oxygen plasma step means that the oxygen plasma can very efficiently remove the
Cp-ligands of nickelocene, presumably through a combustion-like reaction.”” Hydrogen was

also detected, which could originate from un-reacted ligands from the nickel precursor, the
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combustion of these ligands during the deposition process and/or water that was absorbed

from the air.

Thin film crystallinity. From XRD measurements, the amorphous nature of the as-
deposited film resulting from the TMP*-O5*-NiCpy process was observed. However, after
annealing (at a rate of 5°C/min) the sample in various atmospheres, crystalline structures
could be obtained. When annealing the nickel phosphate in a Hy atmosphere to 950°C, crys-
talline NigP is clearly formed. It does have to be noted that phosphine gas (PH3) might be
formed during this anneal, which can become a safety concern. However, for the thin films
in this work (with a low amount of material undergoing the annealing process), the amount
of gas that is produced is expected to be rather low.“” For an anneal in He, peaks that can
be related to crystalline Nig(POy)2 appear in the spectrum. SEM and AFM analysis before
and after anneal into both crystalline phases is presented in the supporting information.
Interestingly, in the process where an additional oxygen plasma is pulsed after nickelocene
(i.e. TMP*-O5*-NiCpo-O2*), two peaks at approximately 26° and 32.5° are observed in the
spectrum of the as-deposited layer (figure S2). These peaks remain present after anneal in

helium atmosphere and might be linked to crystalline Niz(POy,)o.*" Apart from these two
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Figure 5: XRD spectrum of as deposited nickel phosphate (from the TMP* - Oo* - NiCpy
process) compared to the spectra after anneal in various atmospheres.
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peaks, additional peaks appear upon annealing in helium, resulting in a diffraction pattern
similar to the one in figure [5| This shows that the addition of an oxygen plasma after the
nickelocene step not only results in a composition closer to stoichiometric Niz(POy)s, but
seems to induce some crystallinity in the as deposited layer (which can be further improved

by annealing in a helium atmosphere).

PE-ALD phosphates as LIB electrodes

The nickel phosphate that is deposited by the novel process in this work (i.e. the as-deposited
layer resulting from a 15 s TMP* - 15 s Oo* - 15 s NiCp, process) will now be electrochem-
ically characterised and compared to cobalt and iron phosphate. For the deposition of iron
phosphate, a process similar to the one discussed above, but using tert-butylferrocene (TBF)
instead of nickelocene, has already been shown to result in electrochemically active iron phos-
phate deposited through PE-ALD.?% Similarly, a deposition process for cobalt phosphate has
also already developed earlier?®, but its potential use as an LIB electrode was not yet char-

acterised.

For iron phosphate it has been shown that an activation at low potential vs. Li*/Li is needed
for the material to become electrochemically active (figure @ This sharp peak was suggested
to originate from the formation of metallic iron and lithium phosphate, which could then
be re-oxidised into FePO, by delithiating the electrode. Upon subsequent cycles, a stable
Fe?" /Fe3* redox system was observed. In this work, cobalt and nickel phosphate (deposited
using the TMP*-Oy*-metalocene process) show similar activation behaviour in their cyclic
voltammogram, although with an activation at a different potential (figure @ Focussing on
nickel phosphate in particular, such activation at low potential has even been observed in
literature for an Niz(PQO,), LIB electrode.*4 For this material, the activation peak at low
potential was thought to be a conversion reaction (similar to iron phosphate), reducing Ni**

to metallic nickel. Such reaction is verified here by comparing the charge that is expected
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for the reaction (using Faraday’s law) with the capacity associated with the cathodic activa-
tion in this work.?” Theoretically, a capacity of 4.8 pAhcm=2 is expected from the exchange
of 2 electrons (i.e. reducing Ni** to metallic nickel). In this work, a total capacity of 5.7
pAhem ™2 (associated with the activation peak) is however observed, meaning approximately
2.4 electrons are exchanged per nickel atom (see supporting information). Based on these
findings, and the agreement with previous reports, the activation of PE-ALD grown nickel

phosphate is thus thought to be governed by the following reaction:

Ni3(POy)s + 6Lit + 6e~ — 3Ni+ 2LisPO, + SET (1)

The observed excess charge (i.e. a charge of 4.8 pAhcm ™2 was expected theoretically, while
a charge of approximately 5.7 yuAhcm™2 was observed) is then thought to originate from the
formation of a solid electrolyte interface (SEI) in the first cycle.®#® For cobalt phosphate,
no compositional analysis of the layer using ERD was available, meaning a direct validation
of the reaction mechanism was not possible. However, by assuming that the stoichiometry

of the deposited layer is identical to what was observed by Rongé et al. (CoP53047)4", an
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Figure 6: Initial cycle of a 33 nm iron (red), 28 nm cobalt (black) and 29 nm nickel (blue)
phosphate thin film, showing an activation at low potential during the first cathodic scan.
The scan rate is 1 mv/s.
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initial idea about the reaction mechanism was formed in the supporting information. Based
on these assumptions, a reaction similar to the nickel phosphate layer is expected, leaving

behind metallic Co in a lithium phosphate matrix.

After this activation step, electrochemical activity is observed for all phosphates in a po-
tential window between 1.3 - 4 V vs. Li*/Li. No activity was observed at higher potentials
for cobalt and nickel phosphate, which is thought to originate from the oxidation state of
the metal in both phosphates (as mentioned earlier). To obtain for example the high voltage
Ni?* /Ni** redox couple, a delithiated nickel phosphate with Ni** would be needed. As this
is not the case, the high voltage electrochemical reaction can thus not be observed. The
introduction of an additional oxygen plasma in the PE-ALD process also did not change
the cyclic voltammogram significantly (figure S3), further proving that the oxygen plasma
did not dramatically change the nature of the phosphate, as expected from the earlier thin
film characterisation. A similar explanation is expected for the absence of a high voltage
redox couple in cobalt phosphate, since the nature of both nickel and cobalt precursor (with
the metal already in the 2+ oxidation state®®) is very similar. A change in metal precursor
might thus be needed (with the metal built in with a 3+ oxidation state) to achieve the

redox couple at high potential.

Nevertheless, both phosphates do show reversible electrochemical activity after the activa-
tion at low potential (figure , meaning they can still be characterised (and compared to
iron phosphate) as an LIB electrode. Both nickel and cobalt phosphate show to operate at a
lower potential than iron phosphate, but with a higher specific capacity. The nature of the
reversible redox couple appearing after initial activation is however not fully clear. In the
first few cycles after activation of the nickel phosphate, the cathodic activation peak shifts
to higher potential and decreases in magnitude. It consists of 2 overlapping peaks, with

the peak at higher voltage slowly disappearing in the subsequent cycles (figure S4). The
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anodic peak however remains at the same position and maintains the same peak shape. In
the work of Aziam et al., the anodic peak following activation is thought to be related to
re-oxidising the nickel to Ni**, completing the reversible conversion reaction. Such electron
(or lithium) transfer would be in line with the observed charge of 4.1 uAh/cm? related to this
peak, as the transfer of two electrons (or lithium ions) should result in an expected charge
of approximately 4.8 pAh/cm? (supporting information). A different reaction mechanism

is proposed by Li et al.*? where the redox couple is though to originate from an alloying

—— Nickel phosphate ...
10l — Iron phosphate " S JRITUEE LSRR &, @i, PR °
—— Cobalt phospate e | e PR *o g *
10-6 - .- : @, YT & e Y
| . .- P
5 ) R S .
= E ‘... )
2 o < °
o < 1077+ B
[ >
S s g
o ©
=
-10 o
1073 4
--@- Cobalt phosphate L
=15 @ Iron phosphate 5
(a) --@-  Nickel phosphate (b) H
15 20 25 30 35 40 10° 10! 102
Potential (V Vs. Li*/Li) Crrate
4.0
sssssbbbtbBMSBRIIEIISI AL |
3.5 %%eeq,
~ 3.0 ® ts0 &
LE z
I 2.51 E
p 60 ©
220 k7
b A h A rARAAAA YTy =
T oqoc | AAAAAAAMAAAALAAAAAAAMAAAAAAAARAAAAAL AAAAAAAALA re]
g 15 40 =
2 o
U 1.0 3
20 ©
0.5 a4 cobalt phosphate
@@ Nickel phosphate (C)
0.0~ T T T T — 0
0 10 20 30 40 50

Cycle number

Figure 7: (a) Cyclic voltammogram of iron, cobalt and nickel phosphate after initial elec-
trochemical activation, measured with a scan rate of 1 mv/s. (b) Rate capabilities during
charging various phosphates highlighting the good rate behavior of both cobalt and nickel
phosphate. (c) Capacity (black) and coulombic efficiency (red) of nickel and cobalt phos-
phate during 50 cycles. For the cycle life of iron phosphate we refer to the work of Dobbelaere
et al. %
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reaction between lithium and nickel. This is close to what has also been observed for other

1943 and is based on the fact that the metallic nickel is dispersed in the

metal phosphates
lithium phosphate matrix, making it a relatively stable structure over the course over mul-
tiple cycles of alloying. Although the exact reaction mechanism was not further studied in
this work, it is clear that the high capacity that is obtained with respect to iron phosphate
(approximately 1172 mAh/cm? for nickel phosphate when the layer thickness is taken into
account, with respect to 228 mAh/cm? for iron phosphate in this work) does agree with
one of such reaction paths as these typically allow for higher capacities than intercalation
reactions (such as the reaction mechanism in iron phosphate). For cobalt phosphate, a sim-
ilar reaction mechanism is again expected (see supporting), with the reversible redox couple
again being either the continuation of the conversion reaction present during activation, or

a complex alloying process, leading to a fairly high specific capacity of approximately 571

mAh/cm? with respect to the capacity of iron phosphate.

Apart from a higher overall capacity, nickel and cobalt phosphate also show better rate
capability over iron phosphate (figure [7b)), showing that both materials do have some in-
teresting properties for LIB applications. The cycle life and coulombic efficiency of both
nickel and cobalt phosphate are also presented in figure (C) Both materials exhibit a good
coulombic efficiency with a decent, but not ideal, cycle life (where approximately 89% of the
capacity is retained after 50 cycles for both phosphates). The capacity retention is slightly
worse compared to other metal phosphates deposited through a similar ALD process“#23
which is thought to originate from the nature of the electrochemical reactions. While the
previously reported metal phosphates relied on intercalation-type reactions, the conversion

or alloying reactions that might take place in the nickel and cobalt phosphate could lead to

a slightly less stable cycle life.

Although both phosphates do have some interesting properties for LIB applications, they
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would ideally operate at a higher potential. The low operating potential for example means
that the energy will be rather low when using the materials as a LIB cathode, or that the
material would stay permanently delithiated when using it as a coating on e.g. an lithium
nickel manganese cobalt oxide (NMC) electrode. Although it is interesting to understand
the working of the current layers, it would thus also be of interest to further look into the

synthesis of these layers in an attempt to e.g. enhance the operating voltage.

Conclusion

Nickel phosphate was deposited by subsequently pulsing a TMP plasma, an oxygen plasma
and nickelocene at a substrate temperature of 300°C. Saturation was observed for both
TMP* and NiCpy at a GPC of approximately 0.2 nm/cycle (with an oxygen plasma pulse
of 15 s), using in-situ ellipsometry. A decreasing GPC with increasing oxygen plasma pulse
time was observed, but the pulse time can be kept relatively short as the main function of
this process step is to remove carbon contamination. The composition of the as-deposited
layer as measured by ERD indicates a stoichiometry of approximately Niz(PygO3.1)2 which
is close to stoichiometric Niz(POy)s. If an additional oxygen plasma is pulsed after the
nickelocene step, the composition is observed to resemble this material even closer, with a
stoichiometry of Niz(Pg9O37)2. Using XPS, nickel was observed to be mainly in the Ni*™
oxidation state, with and without the additional oxygen plasma. The as-deposited layer
resulting from the process without the additional oxygen plasma showed to be amorphous,
but could be crystallised to either Niz(POy4), or NigP through an anneal in respectively a
helium and hydrogen atmosphere. The layer resulting from the process with the additional
oxygen plasma already showed small peaks indicating crystalline Niz(PO,), before anneal,
but could be further crystallised through annealing in helium. PE-ALD deposited cobalt
and nickel phosphate were then electrochemically characterised for the first time, revealing

the need for electrochemical activation at low potential, similar to previously reported iron
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phosphate. After this activation, reversible electrochemical behaviour is observed for both

phosphates around approximately 2.5 V vs Li* /Li. No peak was observed at higher potential,

indicating that the Ni** /Ni?* or Co®t/Co®" redox couples could not be obtained with the

proposed ALD processes. Nevertheless, a high capacity with excellent rate behaviour was

observed for both phosphates (resulting from either a conversion or alloying reaction).
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Deposition of nickel phosphate

To complete the thin film characterisation, the surface morphology before and after an an-
neal into a crystalline phase was studied using SEM (figure [S1j(a,b,c)). The as-deposited,
amorphous, layer showed to be a closed and relatively smooth film. The crystallisation into
Ni3(POy)s clearly increased the roughness of the layer, with the material agglomerating into
irregularly shapes islands. This is also observed after crystallisation into NiyP, although the
agglomerates are more spherical, smaller and more densely packed. The same conclusion
can be drawn from AFM measurements, as can be seen in figure (d,e,f). The roughness
clearly increased after annealing, going from a root mean square of 1.6 nm to 4.6 nm with

the crystallisation into Niz(POy)s and 7.2 nm after crystallisation into NiyP.

Figure S1: SEM and AFM images of the (a,d) as-deposited nickel phosphate, (b,e) after
crystallisation into Niz(POy), and (c,f) after crystallisation into NipP. The root mean square
of each AFM measurement is also presented, and the same color scale has been used for the
three different samples.



The XRD diffraction pattern of nickel phosphate resulting from a TMP* - Oy* - NiCp, -
Oo* process before and after anneal was also measured and is shown in figure Two
peaks (highlighted by the black arrows) are observed in the as deposited diffraction pattern,
indicating that (to some degree) crystalline Niz(PO,)s might have been formed during de-
position. Only an anneal in helium and oxygen atmosphere was attempted, as the main
goal was to see if the nickel could be further oxidised during the anneal. However, no clear
changes were observed during the anneal in oxygen atmosphere while additional Niz(POy),

peaks are present after anneal in helium.
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Figure S2: XRD diffraction pattern of as deposited nickel phosphate from the TMP* - Oy* -
NiCps - Oo* process, compared to the diffraction pattern after anneal in helium and oxygen.

The black arrows denote peaks that can indicate a degree of crystallisation during the PE-
ALD process.

PE-ALD phosphates as LIB electrodes

Reaction mechanism. To study the nature of the electrochemical activation of nickel
phosphate, the observed charge of the activation peak can be compared to the expected

charge for a particular reaction (similar to what was done for PE-ALD iron phosphate in



the work of Dobbelaere et al.). The latter can be calculated using Faraday’s law:

Q ~ ndepNa

A M
with % the charge per surface area, e the elementary charge, N, is Avogadro’s constant,
n is the number of electrons transferred in the redox reaction, p is the density of the film,
d is the thickness of the film and M is the molar mass. From the ERD composition, the
molar mass of one NiP( 50, unit (normalised on nickel, to calculate the amount of electrons
transferred per nickel atom) is 107 g/mol. The thickness and density (measured by XRR)
were respectively 28 nm and 3.5 g/cm®. This results in & = 2.4 x n pAh/cm?, with the
measured charge of the activation peak being equal to approximately 5.7 uAh/cm?. A total
of approximately 2.4 electrons (or lithium ions) per nickel atom have thus been transferred
during activation. This seems to point towards a conversion reaction from Ni** to Ni° (a
total of 2 electrons exchanged, with an expected charge of 4.8 uAh/cm?), but with an excess
charge (the remaining 0.9 gAh/cm? that was unaccounted for with respect to the measured
charge) that can be attributed to the formation of a solid electrolyte interface (SEI).
The peak in the following anodic scan shows a capacity of 4.1 upAh/cm?; or a total of 1.7 elec-
trons (or lithium ions) transferred per nickel atom. This could be in line with the reversible
conversion reaction (Ni>T/Ni’) of the nickel phosphate, or alternatively with a (de-)alloying
process that involves the exchange of approximately 1.7 lithium ions per nickel atom. A

coulombic efficiency close to 100% was then observed in the following cycles, indicating a

reversible charge/discharge redox couple.

For the analysis of cobalt phosphate, a reliable compositional ERD analysis of the deposited
layer would be needed. As this was not done in this work, only an assumption on the reaction
mechanism can be made. Assuming a stoichiometry of CoP5 3047, the molar mass of one

unit would be 237 g/mol. The film thickness and density are 28 nm and approximately 3.2



g/cm® (measured with XRR). This results in € = 1 xn pAh/cm? An activation in which
Co*" is thus reduced to metallic cobalt would result in a charge of 2 uAh/ecm?. The measured
charge during the activation of this cobalt phosphate is 4.1 yAh/cm?. This could again be
in line with the conversion reaction, with the formation of an SEI layer resulting in excess
charge. In the following anodic scan, a charge of 2.1 yAh/cm? is observed. This would also
agree with 2 electrons being transferred per cobalt atom, indicating a similar reaction path

as for the nickel phosphate.

Cyclic voltammetry of nickel phosphate. For completion of the cyclic voltammetry
study of the PE-ALD nickel phosphate, the comparison between layers deposited with the
TMP* - Oy* - NiCpy - Oo™* process and the TMP* - Oy* - NiCp, process is presented in
figure [S3] Here it is observed that the shape of the voltammograms is very similar, meaning
the additional oxygen plasma did not dramatically change the electrochemical nature of the

phosphate.
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Figure S3: Cyclic voltammogram of nickel phosphate deposited with and without an addi-
tional oxygen plasma. The voltammogram is recorded after the electrochemical activation
at low potential, and is measured at a scan rate of 1 mv/s.



In addition, the activation of PE-ALD nickel phosphate (without additional oxygen
plasma) is also presented, together with several subsequent cycles, in figure Here, the
shift of the cathodic peak after activation is clearly visible, as well as the disappearance of

the high voltage component of the cathodic peak throughout cycling.
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Figure S4: Initial cycles of nickel phosphate, with the red arrow denoting how the cycle
number evolves. The voltammogram is measured at a scan rate of 1 mv/s.



