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Engineering of Conformal Electrode Coatings by Atomic Layer
Deposition for Aqueous Na-ion Battery Electrodes
Laurynas Staišiūnas,1 Jurgis Pilipavičius,1,2 Davit Tediashvili,1,2 Jurga Juodkazytė,1

and Linas Vilčiauskas1,*,z

1Center for Physical Sciences and Technology (FTMC), Saulėtekio al. 3, LT-10257 Vilnius, Lithuania
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The application of atomic layer deposition on active material particles or as conformal layers directly on electrodes is an effective
and viable approach for protecting the battery materials from degradation. Al2O3, TiO2, and HfO2 coatings are applied on
NaTi2(PO4)3, which is among the most studied negative electrode materials for aqueous Na-ion batteries. The coated electrodes are
characterized in terms of electrochemical kinetics, charge capacity retention, and electrochemical impedance spectra. Al2O3, a
widely used protective coating in non-aqueous batteries, is shown to be insufficient to suppress parasitic processes and is eventually
dissolved by reaction with hydroxide during extended cycling in aqueous Na2SO4. However, this process provides a local buffering
effect making the protective action of this coating mainly of chemical nature. TiO2 is found to be very resistant to increase in pH
and remains almost intact during electrochemical cycling. However, we provide strong evidence that TiO2 itself is
electrochemically active in aqueous electrolytes at negative potentials. The protonation of TiO2 leads to an additional increase
in local pH which is detrimental to NaTi2(PO4)3 and results in even faster capacity loss than in uncoated electrodes. Only HfO2 is
found to be sufficiently stable and electrochemically inert ALD coating for negative NaTi2(PO4)3 electrodes operating in aqueous
electrolytes.
© 2023 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
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The increasing use of intermittent solar and wind energy requires
new electrical energy storage solutions for balancing these sources in
the electricity grids.1,2 Electrochemical batteries stand as an attrac-
tive and promising technology due to their energy/power range,
efficiency, and unique scalability. Lithium-ion battery technology is
currently dominating the market in such sectors as consumer
electronics and electric vehicles but also finds increasing use for
large scale grid support. However, the expected massive deployment
of grid-scale batteries raises growing concerns related to the supply
of raw materials (lithium, cobalt, etc.), safety, and recycling issues.
Therefore, there is an intensive search for alternative technologies
with a considerable focus on the development of aqueous battery
systems. Even though the narrow thermodynamic stability window
of aqueous solutions limits the available energy density of such
systems, it is the safety, high conductivity, environmental footprint,
and low cost that make aqueous energy storage devices an attractive
alternative for Li-ion batteries in the area of large-scale stationary
storage. Aqueous sodium-ion batteries (ASIBs) have been attracting
increasing attention, because of sodium abundancy, absence of
cobalt, and the use of simple salt aqueous electrolytes. The variety
of available electrode and electrolyte materials for ASIBs have been
recently comprehensively reviewed.3–5

Among the sodium ion insertion materials, Na Super Ionic
Conductors (NASICON) are of particular interest due to their high
structural stability, ionic conductivity and variety of redox poten-
tials, which depend on the selection of a transition metal.6

NASICON-structured sodium titanium phosphate - NaTi2(PO4)3
(NTP)—is one the most intensively studied negative electrode
materials for ASIBs.7,8 It has a relatively high theoretical capacity
of 133 mAh g−1 and Na+ ion intercalation potential of −0.6 V
(SHE), which is very close to hydrogen evolution potentials in
neutral media (−0.42 V (SHE)).9 NTP was shown to have an
outstanding rate capability,10 which is due to extremely fast sodium
ion insertion kinetics into its open 3D framework, as well as good
cycling stability at fast charging rates.8 However, it is also known

that slow (⩽1C) galvanostatic charge/discharge cycling (GCD) of
NTP anodes in aqueous electrolytes leads to low coulombic
efficiency (CE) and fast capacity decay.11–13 This has been attributed
to the NTP degradation caused by increasing pH, which results from
reduction of oxygen by Ti(III) in the charged form (Na3Ti2(PO4)3).

14

In addition to the dissolution of active material,12 alkalization of
electrolyte can also lead to the oxidation of the carbon additive,
eventually resulting in the loss of electrical contact.14 It has been
suggested that the capacity fade of NTP electrodes can be caused by
the formation of amorphous titanium phosphate or insoluble titanium
sulfate phases which passivate the electrode surface.13 In our recent
study,11 we did explicitly show that oxygen reduction related self-
discharge of NTP plays a major role in the local pH increase, which
causes the dissolution of active material and the formation of
amorphous Ti-rich insoluble interfacial layer similar to the solid
electrolyte interphase (SEI) in non-aqueous batteries. However,
these in situ formed interphasial layers are relatively unstable and
do not provide sufficient protection from further material degrada-
tion. Therefore, other more effective protection methods are in high
demand in the field of aqueous battery systems.

There are several ways to mitigate the detrimental interactions at
the aqueous electrode-electrolyte interface. One is based on the use
of hybrid (water + organic solvent) or highly concentrated (water-
in-salt) electrolytes. Such electrolytes display reduced water activity
and oxygen solubility or even might be electrochemically unstable
and form a passivating layer from the decomposition products.15

This was shown to stabilize NTP capacity fade to some extent.16,17

Another strategy is to deliberately apply protective coatings to
prevent direct contact between the active electrode material and
electrolyte solution. Such coating should be sufficiently thin to
ensure low impedance (i.e. good ionic and electronic conductivity),
and be conformal (i.e. form a continuous layer). For example, there
have been attempts to utilize conductive carbon protective particle
shells.18,19 An alternative approach is based on the use of Atomic
Layer Deposition (ALD) technique. ALD is regarded as a powerful
interface engineering tool due to its atomic scale precision in
controlling layer thickness, supreme uniformity and conformity,
which makes the coating of high aspect ratio structures at low
deposition temperatures possible. Moreover, this technique haszE-mail: linas.vilciauskas@ftmc.lt
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already found industrial large-scale applications.20 Recent progress
of ALD coatings in battery applications, including sodium ion
batteries (SIBs), was previously summarized.21–25 Nanometric
Al2O3, TiO2 and HfO2 coatings have already been tested for organic
SIB anodes.24 Significant improvements in cycling stability and
capacity retention of various SIB electrode materials in organic
electrolytes have been reported, whereas the protective ability of
ALD coatings in the case of aqueous media has received signifi-
cantly less attention.11,26

There are two possibilities for applying ultrathin ALD coatings in
the formation of protective barrier layers on active electrode
materials: (1) coating of the active material powder resulting in
core–shell particle structures5 or (2) depositing the coating directly
on the electrode surface.27,28 The first approach requires special
equipment such as a fluidized particle bed or drum reactors. The
process could be complicated due to particle agglomeration and
core–shell configuration which might have adverse effects on
material conductivity.5,29 On the other hand, the formation of

ALD layers directly on top of the electrode surface is technically
simpler, making processing of large areas and batches feasible. The
coating of only the electrode surface does not compromise the
conductivity but can suppress parasitic reactions such as oxygen
reduction, hydrogen evolution, carbon oxidation, oxygen evolution,
etc.26

In the present study, Al2O3, TiO2, and HfO2 coatings of varying
thickness were applied on the surface of NaTi2(PO4)3 electrodes
using ALD. The effects of these coatings on preventing the parasitic
reactions leading to self-discharge and capacity fade of the elec-
trodes in aqueous electrolytes were carefully analyzed using
electrochemical techniques such as galvanostatic charge/discharge
cycling, and electrochemical impedance spectroscopy as well as
X-ray photoelectron scpectroscopy (XPS) and energy dispersive
X-ray spectroscopy (EDX). The results show that, although widely
employed, Al2O3 and TiO2 coatings are not electrochemically stable
or inactive during extended charge/discharge cycling and do not
provide sufficient protection of NaTi2(PO4)3 especially in alkaline or

Figure 1. Cyclic voltammograms of uncoated and ALD-coated Al_70, Ti_70 and Hf_70 electrodes (a) 1st and (b) 50th CV cycles recorded in 1 M Na2SO4 (aq.)
at 5 mV s−1.

Figure 2. Variation of specific discharge capacity and Coulombic efficiency of (a) uncoated NTP, (b) Al2O3−, (c) TiO2−, and (d) HfO2-coated NTP electrodes
during GCD cycling at 1C (0.133 A g−1) rate in 1 M Na2SO4 (aq.) electrolyte.

Journal of The Electrochemical Society, 2023 170 050533



near alkaline conditions. On the other hand, HfO2 is shown to be
very stable under the typical ASIB operating conditions, effectively
suppressing parasitic reactions, protecting the electrode from degra-
dation and preventing capacity loss.

Experimental

Material synthesis and electrode preparation.—Nanosized
NaTi2(PO4)3 used in this work was synthesized via solvothermal
method using a previously described methodology.11,30 CH3COONa
(Chempur, ⩾99.0%) was first dissolved in H3PO4 (Reachem,
85 wt%), then CH3COOH (Lach-ner, 99.8%) together with
CH3CH2OH (Honeywell, ⩾99.8%) were subsequently added to the
mixture. Then, a solution of C16H36O4Ti (1.4 ml, Acros Organics,
⩾98%) in CH3CH2OH (10 ml) was prepared and added dropwise
into the initial mixture under vigorous magnetic stirring. After
continuous stirring for 30 min at room temperature, the obtained
transparent final solution was transferred into a 100 ml Teflon-lined
stainless-steel autoclave which was heated to 120 °C–200 °C
and kept for 12 h. Eventually, the obtained white precipitate was
collected by centrifugation and washed several times with distilled
water and ethanol subsequently followed by drying at 80 °C over-
night. The resulting NTP powder was coated with a layer of carbon

by first homogeneously mixing 0.6 g of additionally ball-milled (1 h
at 900 rpm) powder and glucose (0.15 g) in distilled water (50 ml)
and then heating the resulting mixture at 60 °C under magnetic
stirring. The obtained slurry was subsequently dried at 80 °C for
complete water elimination and the obtained powder was reground
and annealed at 700 °C for 2 h in N2 atmosphere in order to pyrolyze
the glucose. The carbon loading on active material particles as
determined by thermogravimetry is approximately 4 wt%.

The electrode slurry was prepared by mixing 70 wt% of active
material, 20 wt% of carbon black (CB) (Super-P, TIMCAL) and
10 wt% of polyvinylidene fluoride (PVDF) (HSV1800, Kynar) in
N-methyl-2-pyrrolidone (NMP) (Sigma Aldrich, 99.5%). The slurry
was homogenized in a planetary ball-mill (Retsch PM 400) for 1 h at
900 rpm, then casted as a film and dried in vacuum for 3 h at 120 °C.
Obtained films were transferred on 316 L grade stainless steel mesh
disks of approx. 1.3 cm2 by pressing. The average active material
load was 2.0 ± 0.3 mg per electrode.

Atomic layer deposition.—The electrodes were coated by Al2O3,
TiO2 and HfO2 using ALD in the exposure mode, which is based on
a prolonged substrate exposure to precursors allowing the coating of
highly structured surfaces. All coatings were deposited at 170 °C
reactor temperature in Fiji F200 ALD deposition system

Figure 3. Top view SEM images of uncoated NTP (a), (b), (e), (f) and Al2O3−, TiO2−, HfO2-coated NTP electrodes: Al_20 (c), (d), Al_70 (g), (h), Ti_20 (i),
(j), Ti_70 (m), (n), Hf_20 (k), (l) and Hf_70 (o), (p) electrodes before (a), (e), (i), (m), (c), (g), (k), (o) and after 100 GCD cycles in 1 M Na2SO4 (aq.) at 1C rate.
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(CambridgeNanotech). Trimethylaluminum (Al2(CH3)6), tetrakis(di-
methylamino) titanium (Ti(N(CH3)2)4) and tetrakis(dimethylamino)
hafnium (Hf(N(CH3)2)4) (all >98% purity, obtained from Strem)
were used as Al, Ti and Hf precursors, respectively. Deionised H2O
was used as an oxygen source. A constant flow of 140 sccm of Ar as
a carrier gas was used during the deposition processes, resulting in
0.3 mbar of base pressure in the reaction chamber. The deposition
cycle consisted of a sequence of 0.2 s precursor pulse, 20 s exposure
time, 20 s purge time, 0.2 s deionized water pulse, 20 s exposure
time and 20 s purge time. During the layer deposition process, a
small piece of Si wafer was simultaneously coated in the same
chamber and later used for the determination of coating thickness.
The ALD layer thickness on the Si wafer was measured using a dual
rotating compensator ellipsometer (RC2, J.A. Woollam, Co., Inc.) in
the 300 nm–900 nm spectral range. This result was used as a proxy
quantity for estimating the layer thickness on highly structured 3D
electrode surfaces.

Electrochemical characterization and analysis.—
Electrochemical analysis was performed in a three-electrode cell
with graphite rod electrode as counter and Ag/AgCl (3.5 M KCl) as
reference electrode, respectively. All potentials in this work are
referenced with respect to Ag/AgCl electrode unless noted other-
wise. 50 ml of naturally aerated 1 M Na2SO4 (aq.) solution in
deionized water was used as electrolyte. Cyclic voltammetry (CV)
and galvanostatic charge/discharge (GCD) measurements were
performed on PGSTAT302 (Methrom-Autolab) electrochemical
workstation. All specific current values are normalized to the active
material weight in the electrode.

CV measurements were performed in the potential range from
0 to −1.4 V vs Ag/AgCl at 5 mV s−1 potential scan rate. A total of
50 CV cycles were recorded for every sample.

GCD experiments were performed in a potential range from
−0.6 V to −0.9 V vs Ag/AgCl. The electrodes were cycled at 1C
(0.133 A g−1) rate corresponding to the theoretical capacity of NTP
(0.133 Ah g−1). A 10 s rest period was set after a complete charge
and discharge cycle.

The electrochemical activity of TiO2 coatings was separately
checked by an additional experiment. For this, a 6 mm diameter and
40 mm length clean graphite rod (Alfa Aesar) was coated with 70 nm
TiO2 using an identical ALD protocol as in all experiments. CVs
were recorded for an uncoated reference and TiO2 coated graphite
rods in the range from 1.0 to −1.4 V vs Ag/AgCl.

Electrochemical impedance spectroscopy (EIS) investigations
were carried out using Zahner Zennium (ZAHNER-elektrik GmbH
& Co. KG.) potentiostat/galvanostat and frequency analyzer.
Electrodes for EIS analysis were smaller with an area of 0.13 cm2

in order to increase the impedance to measurable levels, as very low
impedance of the electrode and relatively high interfacial contact
resistance results in very noisy data. Measurements were performed
at the approximate midpoint of discharge (plateau region) on the 1st,
2nd, 5th, 10th, 50th and 100th cycles. The estimation of an
approximate midpoint was made from the discharge time of a
previous cycle i.e. assuming that capacity fade in a single GCD cycle
is relatively small. EIS was performed in potentiostatic mode,
allowing 10 s of setting time after charging current was turned off,

in the range of 0.1 Hz to 10 kHz and 5 mV excitation amplitude. EIS
spectra were fitted using an in-house modified version of impedance.
py package.31 The uncompensated resistance comprising electrolyte
and contact resistances and approximately equal to 5 Ω for uncoated
and 7–10 Ω for ALD-coated electrodes was removed from the
displayed results after fitting, for better representation of data.

Scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDX).—High-resolution SEM micrographs of
NTP electrodes were recorded on Hitachi SU-70 microscope using
5.0 kV acceleration voltage at the center of an electrode. Electrode
cross-section SEM/EDX maps were acquired on a Hitachi TM-6000
microscope using 15 kV acceleration voltage. For this purpose, the
electrodes at the center were cut in half and placed perpendicular to
the electron beam. For all samples, the EDX map collection time
was fixed to 3 min.

X-ray photoelectron spectroscopy (XPS).—XPS analyses were
performed on Kratos Axis Supra spectrometer using monochromatic
Al-Kα radiation (hν = 1486.7 eV) with X-ray gun power of 225 W at
10−8 torr pressure and room temperature. The analyzed area at the
sample center was approximately 0.16 mm2 in size and high-
resolution selected area scans were acquired using pass energy of
20 eV. In order to compensate for sample charging during the
measurement, a built-in charge neutralizer was used. The samples
were also electrically isolated from the sample holder bar in order to
avoid preferential charging effects. Binding energy scale of recorded
spectra was corrected by referencing to C 1s peak at 284.8 eV. The
peak fitting of recorded spectra was performed using Kratos Escape
software. Shirley background function was applied for fitting the Ti
2p3/2 and C 1s spectra whereas a linear background function was
used for Ti 2p1/2.

Table I. The nomenclature of samples used in this work.

Sample Coating material Number of ALD cycles Coating thickness

NTP — — 0 nm
Al_20 Al2O3 150 19 nm
Al_70 Al2O3 600 75 nm
Ti_20 TiO2 400 20 nm
Ti_70 TiO2 1400 71 nm
Hf_20 HfO2 150 18 nm
Hf_70 HfO2 600 73 nm

Figure 4. Cyclic voltammograms of clean graphite rod and graphite rod
with ALD-coated 70 nm amorphous TiO2 layer recorded in 1 M Na2SO4

(aq.) at 5 mV s−1.
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Results and Discussion

Cyclic voltammetry and galvanostatic charge/discharge
cycling.—NTP electrodes were coated by Al2O3, TiO2 and HfO2

using a varying number of ALD cycles in order to achieve two
coating thicknesses of approx. 20 nm and 70 nm for each oxide,
respectively. The different coating thickness was selected for
comparative purposes with a belief that such layers would yield
qualitatively different properties in terms of ionic transport and
protective ability. In addition, the previous experience dictates that
HfO2 starts to change from amorphous to crystalline at ca. 80 nm.
The approximate growth rate was 0.13 nm/cycle for Al2O3, 0.12 nm/
cycle for HfO2 and 0.05 nm/cycle for TiO2. The resulting thickness
as measured by spectroscopic ellipsometry on a simultaneously
coated Si wafer is presented in Table I. The sample nomenclature as
presented in Table I will be used throughout this work.

At first, the electrodes were characterized by means of cyclic
voltammetry in 1 M Na2SO4 (aq.) electrolyte. Obtained CVs of
uncoated NTP and Al_70, Ti_70 and Hf_70 electrodes are presented
in Fig. 1. A pair of cathodic and anodic current peaks representing
Ti(IV)/Ti(III) redox process accompanied by insertion/extraction of
Na+ ions is visible in all samples. The deposition of 70 nm thick
oxide layers has negligible influence on the NTP electrochemical
redox kinetics. Only in the case of Hf_70 the decrease in peak
currents was more noticeable suggesting that hafnia layer might be
more compact and has a slightly stronger blocking nature than other
oxides (Fig. 1). One of the differences between the uncoated and
coated NTP electrodes can be seen in the potential ranges outside the
main redox processes, i.e. at E < −1.2 V and E > 0.6 V,
respectively (Fig. 1a). The observed increase in current at E <
−1.2 V is attributed to the onset of hydrogen evolution reaction
(HER). The highest current, i.e. the lowest HER overpotential is

observed in the case of an uncoated NTP sample, whereas on a
HfO2-coated electrode the kinetics of this parasitic process is slower
(Fig. 1a). The effective suppression of HER by ALD-formed Al2O3

on Li4Ti5O12 has been reported, previously.32 A slight shift in the
cathodic peaks can be attributed to some additional polarization
resistance on these samples, or it could be related to the cathodic
stability of TiO2 and HfO2 vs Al2O3. After 50 CV cycles in the 0 V
to −1.4 V range, the voltammetric peaks become slightly narrower
(Fig. 1b), which could be explained either by the degradation of
electrode material via partial dissolution or/and passivation of the
electrode surface by degradation products. The electrochemical
kinetics of HER on an uncoated NTP electrode after 50 CV cycles
becomes slower, which can also be a result of HER potential shift to
lower values due to increase in local pH or aforementioned surface
passivation. The CVs of a Hf_70 sample after 50 cycles still exhibit
slightly lower current peaks as well as the lowest current in the HER
region (E < −1.2 V) among the studied samples (Fig. 1b).

The results of GCD cycling are summarized in Fig. 2. The
capacity retention of electrodes was evaluated as the ratio of the
lowest and the highest discharge capacity values. One can see that in
a given set, the capacity fade of uncoated NTP electrodes during
GCD cycling was significant with only 44% of the initial capacity
left after 100 cycles (Fig. 2a). Moreover, the Coulombic efficiency
(CE) was also relatively low, staying below 90% throughout the
experiment. This points to the significant influence of parasitic
reactions, the most probable of which are oxygen reduction (ORR)
and hydrogen evolution reactions.11 The deposition of nanometric
layers of alumina on the surface of NTP electrodes leads to a marked
improvement in both the capacity retention, 72% and 84% for Al_20
and Al_70, respectively, and CE 92%–95% (Fig. 2b). It is
noteworthy that initial capacities of these samples and especially

Figure 5. Tilted cross-sectional view with EDX elemental mapping of fresh and cycled ALD-coated electrodes: (a, b) Al_70 and (c, d) Hf_70 before (a, c) and
after 100 GCD cycles, respectively, in 1 M Na2SO4 (aq.) at 1C rate.
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in the case of thicker Al_70 coatings are slightly lower compared to
those of uncoated NTP. Interestingly, they are also slightly in-
creasing during the first 10–20 cycles and only then start to decrease.
The capacity retention of TiO2-coated samples was slightly better
than of uncoated NTP, but lower than Al2O3-coated NTP (Fig. 2c).
Interestingly, a thinner TiO2 coating was even slightly more efficient
in terms of capacity retention, i.e. 67% vs 57% for Ti_20 and Ti_70
samples, respectively. Similarly to Al2O3-coated samples, a slight
and steady increase in discharge capacity was observed during the
first 5 cycles, whereas CE values were close to those of uncoated
NTP and practically independent on the thickness of TiO2 coating
(Fig. 2c). However, in the case of HfO2 coated NTP, significantly
stronger effects of the protective layer are observed (Fig. 2d). NTP
electrode coated with a 70 nm layer of HfO2 outperformed all the
other samples in terms of capacity retention (91%) and considerably
higher CE value of ∼94% (Fig. 2d). In general, the initial capacities
of ALD-coated electrodes are only 4% to 12% lower compared to
those of uncoated samples, further suggesting that the ion insulating/
blocking effect of thin oxide coatings is not significant. In order to
gain a deeper insight into the origins of different performance of
ALD-coated NTP electrodes, a set of detailed SEM, EDX and XPS
investigations of the samples before and after GCD cycling were
performed.

SEM, EDX and XPS characterization.—SEM images dis-
playing the morphology of coated and uncoated NTP electrodes
before and after GCD cycling are presented in Fig. 3. In Figs. 3a and
3e one can see that solvothermally synthesized NTP is composed of
cube-shaped nanoparticles with dimensions ranging between 50 and
100 nm. The electrodes after 100 GCD cycles in 1 M Na2SO4 (aq.)
(Figs. 3b and 3f) look very similar to as-prepared samples (Figs. 3a
and 3e). Only, the particles seem to be a little smaller and have

surface defects, very similar to those reported in Ref. 12 after
treatment of NTP in alkaline medium (pH > 13). The deposition of a
20 nm thick layer of Al2O3 led to a noticeable increase in particle
size (Fig. 3c) and a coalescence of globules at larger coating
thickness (Fig. 3g). However, after 100 GCD cycles the morphology
of the electrode strongly resembles that of uncoated NTP (Fig. 3e).
This suggests that the majority of alumina coating is dissolved
during cycling. Al2O3 is unstable in alkaline conditions and most
likely dissolves due to an increase in local pH caused by parasitic
processes. The presence of dissolved Al in 1 M Na2SO4 (aq.)
electrolyte after cycling of ALD alumina-coated NTP was pre-
viously reported as well.11 The electrode unblocking due to partial
alumina dissolution might be one of the main reasons for the
observed increase in discharge capacities in the first 10 to 20 GCD
cycles (Fig. 5b). Although the capacity retention and CE of
Al2O3-coated NTP electrodes are better than those of the uncoated
electrodes, such coatings are obviously not sufficiently stable under
studied conditions. Moreover, the observed protective capability is
most likely of chemical nature due to the local buffering coming
from the reaction of Al2O3 with hydroxide.

The morphology of NTP electrode with 20 nm coating of TiO2

(Fig. 3i) looks very similar to that of the Al2O3-coated Al_20 sample
(Fig. 3c), whereas the Ti_70 electrode looks different (Fig. 3m). The
surface of globules is not as smooth and the presence of crystallites
with sharper edges can be observed. Interestingly, after 100 GDC
cycles, almost no change in particle morphology could be observed
for TiO2-coated NTP electrodes (Figs. 3j and 3n), except that the
surface of Ti_70 looked smoother with slightly enlarged particles.
This was an unexpected result, considering that capacity retention
and CE of Ti_20 and Ti_70 samples are lower than those of
Al2O3-coated NTP electrodes (Fig. 2). These results are also in
contrast to the previously reported protective ability of amorphous

Figure 6. XPS survey spectra of ALD-coated NTP electrodes before (black line) and after (red line) 100 GCD cycles in 1 M Na2SO4 (aq.) at 1C rate: (a) Al_70,
(b) Ti_70 and (c) Hf_70.
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TiO2 sol-gel coating on analogous LiTi2(PO4)3.
33 The CE of about

90% implies that TiO2 does not suppress the parasitic ORR and/or
HER taking place during charging and discharging, but the coating

itself is sufficiently resistant to local changes in pH induced by these
reactions. It is also very likely that TiO2 is electrochemically active
within the studied potential range, undergoing reversible redox
transition between Ti(III) and Ti(IV) states according to the reaction:

+ + ⇆ ( ) + [ ]( ) −
−

( ) ( )
−

−Ti O xH O xe Ti Ti O OH xOH 1x
IV

2 2 1
IV

x
III

2 x x

According to Ref. 9, for Reaction 1, E0(TiO2/Ti1−xTixO2−x(OH)x) =
(−0.091–0.0591 pH) V or E0(TiO2/Ti2O3) = (−0.556–0.0591 pH) V if
anhydrous oxide phases are considered. Such electrochemical proton
insertion into amorphous TiO2 has been recently reported.34–36 The
mechanism leading to an additional increase in local pH could
explain why the capacity fade of Ti_70 with thicker ALD coating
was even faster than that Ti_20. In order to verify this hypothesis, an
additional experiment was carried out in order to test the electro-
chemical response of TiO2 itself. For this purpose, an amorphous
70 nm thick layer of titania was deposited on a clean graphite rod
surface using exactly the same ALD protocol as in the case of Ti_70
electrode. The CV results for a reference graphite rod and one
covered by TiO2 layer are displayed in Fig. 4. The initial cleaning
CV cycle is omitted from data presentation and the subsequent
voltammograms do not significantly change anymore. The results in
Fig. 4 show a clear reversible electrochemical response of TiO2 in
the studied potential range supporting our view that Reaction 1
might be taking place on the electrode together with the main redox
processes of NTP.

The surface morphology of freshly HfO2-coated electrodes
(Figs. 3k and 3o) looks very similar to Al2O3-coated ones
(Figs. 3c and 3g). However, in contrast to other types of coatings
the morphology of Hf_20 and Hf_70 samples after 100 GCD cycles
in 1 M Na2SO4 (aq.) remains practically unchanged (Figs. 3l and
3p). In terms of capacity retention and CE, a 20 nm thick layer of
HfO2 is obviously still insufficient to suppress the influence of
parasitic processes, whereas the Hf_70 sample outperformed all of
the electrodes studied in this work (Fig. 2). This suggests that among
studied oxides, HfO2 is the only coating which is sufficiently stable
in aqueous NTP operating conditions. In order to achieve a perfect
balance between the blocking and protective effects it still needs to
be carefully optimized in terms of thickness and conformity by
adjusting the ALD parameters for the best coating properties.

The elemental distribution on the surface of fresh and cycled
electrodes was analyzed with the help of EDX spectroscopy and the
results are presented in Fig. 5. The TiO2-coated electrodes were
omitted from this analysis because it is not possible to distinguish
the Ti present in the NTP substrate from that in the ALD coating.
The EDX elemental maps of Al_70 and Hf_70 samples before and
after 100 GCD cycles confirm the previous results that most of the
alumina ALD coating is dissolved during cycling (Figs. 5a and 5b),
whereas hafnia remains practically intact (Hf is represented by red
color in Figs. 5c and 5d). Only some small cracks can be seen in
HfO2 layer after GCD cycling, which might be a result of
mechanical stress or slight swelling of the underlying electrode.

More detailed analysis of the chemical composition of uncoated
NTP and ALD-coated electrode surface before and after GCD
cycling was performed by means of X-ray photoelectron spectro-
scopy . XPS survey spectra of Al_70, Ti_70 and Hf_70 electrode
samples are presented in Fig. 6. The spectrum of freshly formed
alumina coating displays Al 2p peak at 74.1 eV attributable to Al in
Al2O3, whereas the Ti 2p, P 2p, and F 1 s peaks respectively at
459.6 eV, 134 eV and 688 eV and corresponding to NTP and PVDF
binder, are absent (Fig. 6a). This demonstrates that a 70 nm thick
ALD coating coats the electrode surface continuously. However,
significant changes are observed after 100 GCD cycles: the Al 2p
peak is practically absent, while the Ti 2p, P 2p, and F 1 s signals
become visible and the intensity of C 1 s peak increases notably. In
fact, the Al 2p signal is practically invisible after 15 cycles. These
results are consistent with the SEM and EDX data (Figs. 3d and 3h,
and 5a and 5b) and confirm our hypothesis of the initial capacity
increase of alumina coated NTP electrodes being related to the

Figure 7. Comparison of high-resolution Ti 2p XPS spectra of: (top to
bottom) as-prepared uncoated NTP; as-prepared Ti_70; uncoated NTP after
100 GCD cycles; Ti_70 after 100 GCD cycles; Al_70 after 100 GCD cycles.

Figure 8. Self-discharge kinetics of uncoated NTP, Al_70, Ti_70 and Hf_70
electrodes after charging them at 1C rate in 1 M Na2SO4 (aq.) under ambient
conditions.
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dissolution of Al2O3, whereas further capacity decay being related to
the degradation of exposed NTP (Fig. 3b). This is further supported
by the analysis of high resolution Ti 2p spectra shown in Fig. 7. The
peak at 461 eV in the Ti 2p spectrum of as-prepared NTP electrode
is attributed to Ti 2p2/3 line of Ti

(IV) state in NaTi2(PO4)3.
13,37 After

100 GCD cycles the intensity of this peak decreased significantly
and another more intensive feature at lower binding energy values
(459.6 eV) appears. The latter feature is traditionally attributed to the
Ti(III) present in the NTP or its degradation products.11,13 A very
similar pair of peaks corresponding to the same binding energy is
also observed in the XPS spectrum of Al_70 electrode after 100

GCD cycles (Fig. 7). XPS survey spectra of fresh and cycled Ti_70
electrodes are almost identical (Fig. 6b). However, the high-
resolution Ti 2p spectra reveal a clear distinction between the
positions of Ti(IV) peaks in NTP and TiO2 (Fig. 7). The shape and
intensity of Ti 2p peak at 458.6 eV, which corresponds to Ti(IV) in
TiO2 remains basically unchanged after 100 GCD cycles supporting
the view that titania coating remains practically intact during
cycling. The XPS survey spectra of Hf_70 electrodes reveal distinct
Hf 4f and 4d peaks at 18 eV and 212–223 eV, respectively. The
intensity of these features seems to be only slightly affected by the
GCD cycling (Fig. 6c). None of Ti 2p peaks attributable to NTP
could be seen in these spectra, although the appearance of F 1s signal
after 100 GCD cycles was observed. These results are consistent
with the previously discussed observations that hafnia layer stays
practically intact during cycling, although some cracks could appear.
This could be a reason why F 1 s signal becomes visible in the
cycled electrolytes. The results also indicate that 20 nm thick HfO2

layer is probably insufficiently thick or contiguous to minimize the
influence of parasitic processes leading to lower CE and relatively
significant NTP capacity fade (Fig. 2). Nevertheless, a 70 nm thick
HfO2 coating seems to effectively suppress the HER and ORR,
preventing an increase in local pH and significantly stabilizing the
NTP. Therefore, HfO2 turns out to be the most stable and effective
protective ALD coating among the studied materials for aqueous
operation of NTP. The only notable disadvantage of hafnia might be
its potentially stronger blocking nature in comparison to other
oxides, which might be due to its more compact nature leading to
slightly lower initial NTP capacities (Fig. 2). However, this
limitation could probably be overcome by a careful optimization
of the ALD layer thickness.

Self-discharge kinetics.—The self-discharge kinetics of un-
coated and 70 nm thick ALD-coated NTP electrodes was studied
as well. The electrodes were fully charged at 1C rate and then kept at
open-circuit potential (OCP) under ambient conditions. An open
beaker-type cell was used in this study and no extra measures were
taken to prevent the oxygen access. The results are shown in Fig. 8.
In a given setup, it takes about 6 h for the uncoated NTP electrode to
fully discharge under open air conditions (Fig. 8 (line 1)). The

Figure 9. Impedance spectra of (a) uncoated NTP, (b) Al_70, (c) Ti_70, and (d) Hf_70 electrodes. Measurements were performed at the approximate midpoint
of discharge plateau on the 1st, 2nd, 5th, 10th, 50th and 100th cycles performed at 1C rate in 1 M Na2SO4 (aq.) (symbols - experimental data, lines - fitted data).
Inset in (c) shows the equivalent circuit used to fit the impedance data.

Figure 10. EIS fitted RCT and RSEI values for NTP electrodes during GCD
cycling. (a) uncoated NTP, (b) Al_70, (c) Ti_70, and (d) Hf_70 cycled at 1C
rate in 1 M Na2SO4 (aq.).
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alumina coated Al_70 sample shows an extension of self-discharge
time to almost 9 h (Fig. 8 (line 2)), which is consistent with higher
capacity retention and CE of alumina-coated samples (Fig. 2). In
agreement with previous results, the recorded self-discharge time of
Hf_70 electrode was the longest among all studied samples and
reached ca. 10 h (Fig. 8 (line 4)). This again confirms that 70 nm
thick HfO2 layer was the most effective protective ALD coating
studied in this work. Interestingly, the self-discharge of Ti_70 was
almost twice as fast as that of Al_70 and even faster than that of
uncoated NTP. This comes as another confirmation that previously
observed relatively low CE of titania coated NTP electrodes
(Fig. 2c) comes from the significant influence of parasitic reactions
related to the titania electrochemical activity.

Electrochemical impedance spectroscopy.—The processes
taking place at the electrode/electrolyte interface during galvano-
static cycling of uncoated and ALD-coated NTP electrodes were also
studied by the electrochemical impedance spectroscopy. The
Nyquist plots for the 1st, 2nd, 5th, 10th, 50th and 100th cycle
performed at 1C rate in 1 M Na2SO4 (aq.) are shown in Fig. 9. In
agreement with our previous study,11 the equivalent circuit used for
fitting the measured data consisted of two Randles circuits (inset in
Fig. 9c): the low frequency corresponding to charge transfer
resistance (RCT) at the electrode/electrolyte interface and the mid-
frequency, which is related to the emerging interphasial layer
comprising some electrode/coating decomposition products (RSEI).
Although the origin of the constant phase element (CPE) is usually
ambiguous, it is often observed in real systems. While not strictly
necessary for uncoated electrodes, the phase shift effect becomes
dominant in the ALD-coated electrodes. It has been shown that
varying dielectric coating thickness38 or energetic heterogeneity39

can result in such behavior, which would explain why it is more
pronounced in the coated samples. The full set of data corresponding
to different values of equivalent circuit elements vs cycle number is
presented in supplementary data.

In the case of uncoated NTP electrodes, a marked increase in the
low frequency semicircle is observed during cycling (Fig. 9a). This
could be attributed to the increase in RCT due to degradation of
electrode surface and accumulation of various degradation products
blocking the ion transfer at the interface (Fig. 10a). The same
behavior is observed for the emerging mid-frequency semi-circle
and associated RSEI which is attributed to the appearance and growth
of an interphasial layer which impedes the motion of Na+ ions
during GCD cycling (Fig. 10a). The EIS data for Al2O3-coated
samples presented in Figs. 9b and 10b, can be explained by the
dissolution of the coating which takes place during the first 10 to 20
cycles as discussed previously. Initially, the coating shows a more
pronounced blocking effect with both resistances increasing with
cycling as the NTP and alumina start to degrade. However, around
the 10th cycle the coating is sufficiently dissolved but there are no
insoluble degradation products which would further block the
electrode leading to a slight decrease in RCT. However, the
remaining part of a coating could still potentially limit the growth
of an interphasial layer leading to a stable RSEI (Fig. 10b). The Ti_70
EIS spectra show the most significant increase in RCT during
cycling, which becomes especially fast after the 10 initial cycles
and reaches the highest values among all studied samples.
Considering that titania layer stays intact during 100 GCD cycles,
such an increase in RCT could be attributed to the previously
discussed electrochemical activity of TiO2 (see Reaction 1). This
activity might not only swell the coating but also lead to locally
increasing pH. This tends to accelerate the NTP degradation process
leading to very high values of RCT (Fig. 10c). The obtained EIS
results for HfO2 coated NTP are different from the other electrodes.
The observed increase in RSEI during cycling is more pronounced
than that of RCT (Fig. 10d). One possible explanation for this
behavior could be a significantly more compact nature and chemical
stability of hafnia coatings. Such coatings provide significant
protection of electrode from oxygen access but are also more easily

clogged by even a small amount of degradation products. Another
explanation, as discussed in the XPS section, could be that some
cracks may have appeared in the electrode which in turn would have
increased the specific area of the electrode and led to the increase of
RSEI. Overall all coatings show higher RSEI values than uncoated
electrodes indicating that an ALD coating affected not only the
active material - electrolyte interface but also the formation and
growth of the aqueous interphasial layer on NTP electrodes.

Conclusions

The atomic layer deposition of conformal layers directly on
battery electrodes is an effective and viable strategy to engineer
protective coatings for significantly improved electrochemical prop-
erties. Three different types of coatings Al2O3, TiO2, and HfO2 were
applied on negative NaTi2(PO4)3 electrodes and fully characterized
in terms of electrochemical kinetics, charge capacity retention.
electrochemical impedance spectra, and surface degradation. The
results show that widely used Al2O3 does not sufficiently suppress
parasitic processes such as oxygen reduction and hydrogen evolution
reactions, and is itself dissolved during extended cycling due to
increase in local pH. It is very likely that the main protective effect
of this coating is more of chemical nature since during dissolution it
reacts with hydroxide ions thus temporarily buffering the electro-
chemical interface. Another widely used TiO2 coating, on the other
hand, is very resistant to increasing pH and remains almost intact
during electrochemical cycling. However, we provide another strong
evidence that titania itself is electrochemically active in aqueous
electrolytes at the typical negative electrode operating potentials.
The electrochemical reduction of titania leads to an additional
increase in local pH which likely speeds up the NTP degradation
leading to even faster capacity decay than in uncoated electrodes.
Finally, 70 nm thick HfO2 is found to be the most (electro)
chemically stable and inert ALD coating showing the strongest
protective effects for NTP electrodes operating in aqueous electro-
lytes.
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