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ABSTRACT: Solid-electrolyte interphases enable stable operation of L
non-aqueous Li-ion batteries, but their formation, especially in aqueous

systems, is not well understood. NASICON-structured NaTi,(PO,); is a

widely studied ion insertion negative electrode material for various ex-situ NMR
aqueous electrochemical applications. This study uses multinuclear *'P,

»Na, C, **Tj solid-state NMR to examine NaTi,(PO,); aqueous f'P Na 50
degradation and solid-electrolyte interphase formation. The results = e f ) R -

indicate that interphase consists of amorphous phases similar to l/l T

TiO(OH)(H,PO,)-nH,0 and carboxylic groups on carbonaceous
phases, formed through electrochemical degradation. The formation of
the aqueous solid-electrolyte interphase results in low Coulombic =
efficiency, pronounced self-discharge, and capacity loss of NaTi,(PO,); i] tﬂj

Working electrode s L] s L
during charge—discharge cycling.
KEYWORDS: NASICON, NTP, aqueous batteries, solid-state NMR, ex situ
he ongoing transition to renewable energy and ditions, NTP-based electrodes show relatively low Coulombic
sustainable materials ecosystems requires new techno- efficiency (CE), pronounced self-discharge, and capacity loss
logical developments such as electrochemical energy devices."” during charge—discharge cycling.°”®'*> Hydrogen evolution
This is due to their (i) high operational efficiencies, (ii) high (HER) and oxygen reduction (ORR) reactions are deemed to
selectivity, and (iii) flexible size/power scaling. For example, be the main parasitic processes competing with Na-ion de/
lithium-ion batteries achieved remarkable economies of scale insertion. HER which is more pronounced in acidic electro-
and enabled new applications ranging from portable electronics lytes reduces the CE and leads to local alkalization.
to personal mobility. However, several issues related to Electrochemical ORR involving the reduction of O, dissolved
materials criticality, environmental footprint, and system safety in electrolyte on the electrode surface also leads to lower CE
remain. Therefore, there is an intense search and development and local alkalization. Finally, a chemical ORR which is a

reaction between Ti™ generated in the charge state of NTP

and dissolved O, results in self-discharge which lowers the CE
and causes local alkalization.””® Our previous study showed
that NTP capacity loss is negligible until pH ~ 7 but becomes
pronounced already at pH ~ 8. This confirms that the local
electrolyte alkalization is the main cause of NTP degradation
and electrochemical activity loss.°”® However, post mortem
powder X-ray diffraction phase analysis, and energy dispersive
X-ray spectroscopy determined element ratios showed that
only ~20% of the observed capacity loss can be directly related
to the degradation of the NTP phase itself.® Therefore, the

of various alternative technologies based on noncritical
electrode materials, simple and safe aqueous electrolytes, and
novel cell concepts.” Solid-electrolyte interphase is one of the
key features enabling the stable operation of conventional
nonaqueous Li-ion batteries. Although these interphases are
intensively researched, the detailed structure and dynamics is
still far from being completely understood. Even less is known
about these layers and their properties in aqueous systems.
NaTi,(PO,); (NTP) having NASICON structure is one of
the most studied and widely applied ion insertion negative
electrode materials for aqueous electrochemical devices such as
batteries and Faradaic deionization cells.”™"" This is due to its
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(i) favorable electrode potential of the Ti™/Ti™ redox Received: August 30, 2024
couple (—0.62 V vs standard hydrogen electrode (SHE)) close Revised:  December 2, 2024
to the hydrogen evolution reaction, (ii) relatively high specific Accepted:  December 2, 2024

charge capacity (133 mAh g™') for a two-electron redox Published: December 5, 2024
process, and (iii) robust open framework structure facilitating
high ion mobility. However, under typical operating con-
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NTP electrochemical activity loss in aqueous electrolytes was
attributed to the formation of integphasial layers which block
Na-ion and/or electron transport.”® Such layers until now
were deemed to be composed of NTP aqueous degradation
products such as amorphous Ti(H,PO,),(HPO,),,/, - nH,0
phases.”™®

A detailed understanding of the degradation processes and
aqueous solid-electrolyte interphase formation is essential for
developing novel degradation prevention and mitigation
strategies and enabling NTP applications in practical electro-
chemical devices. Unfortunately, many widely used analytical
techniques such as X-ray diffraction are not suitable due to the
amorphous nature of such interphasial layers. Therefore, such
methods as solid-state Nuclear Magnetic Resonance (ssNMR)
spectroscopy can provide invaluable insights. In this study, we
use multinuclear 3'P, ®*Na, ¥*Ti, and C ex situ ssNMR
spectroscopy of NTP-based electrodes to analyze their
degradation in aqueous electrolytes during electrochemical
cycling. The obtained results clarify some important questions
and misconceptions regarding the degradation products and
processes in NTP during its aqueous electrochemical
operation.

The detailed preparation protocol of NTP electrodes is
given in Supporting Information. NTP electrodes were
galvanostatically charge—discharge (GCD) cycled in naturally
aerated 1 M Na,SO,(aq.) solutions under flooded electrolyte
conditions to induce NTP degradation and facilitate the
ssNMR analysis. The capacity retention results in Figure 1
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Figure 1. Averaged relative discharge capacity retention of NTP
electrodes during GCD cycling in naturally aerated 1 M Na,SO,(aq.).

show that NTP electrodes, on average, lose ~60% and ~80%
of their initial capacity within 100 and 200 GCD cycles,
respectively. At these conditions, the electrolyte typically
reaches pH ~ 10 due to parasitic HER and ORR reactions,
even with some buffering provided by dissolving CO, which
could readily react with OH™.% Therefore, most of the
observed NTP capacity loss is usually attributed to the
degradation caused by electrolyte alkalization. The NTP
electrode samples were cycled for 0, 50, 100, 150, and 200
predefined full charge—discharge cycles and taken out of the
cell for ex situ ssNMR analysis (see Supporting Information for
details).

The evolution of phosphorus species during electrochemical
NTP cycling was analyzed by *'P magic-angle spinning (MAS)
ssNMR. The complete set of data using various relaxation
filters together with the NMR spectral library of relevant
phosphate phases are presented in Supporting Information.
The representative spectra obtained using a 1 s relaxation filter
show a sharp line at —27.9 ppm corresponding to the NTP
phase (Figure 2a)."> However, another much broader feature
centered around ~2 ppm with FWHM = 2.8 kHz emerges
during cycling. Because there are no other characteristic
features in the 3'P MAS ssNMR spectra, this broad line is
attributed to the NTP degradation products. The position of
the line at ~2 ppm strongly suggests that most of the
phosphorus must be in H,PO,” form likely coordinated by
aqueous-like species (H,O, OH~, O*7). On the other hand, it
also implies that most of the titanium should also be more
likely coordinated by aqua, hydroxyl, and oxyl rather than
phosphate groups. Therefore, we suggest that amorphous
phases observed at ~2 ppm have a composition similar to the
previously reported TiO(OH)(H,PO,)-nH,0 (-7 ppm)l4’15
with some remaining surface or trapped H;PO,/H2PO,”
rather than commonly suggested Ti(HPO,),-H,0 (—18
ppm)."*™'® The evolution of this phase during cycling was
analyzed by evaluating the spectral line integral ratio between
the line attributed to amorphous species and that of the total
NMR spectrum (Iamorph/ltml). The results in Figure 2b show
the amorphous phase starting to form immediately after NTP
comes into contact with aqueous electrolyte. Interestingly, it
grows in the first 100 GCD cycles but then begins to fade. This
suggests that amorphous titanium phosphates are likely
forming blocking interphasial layers during cycling which are
responsible for most of the electrochemical activity loss in
NTP. However, under flooded electrolyte conditions the
degradation products might also dissolve back into the
electrolyte as indicated by the fade of a *'P MAS ssNMR
spectral line. The strong presence of phosphates in the
electrolyte after cycling was also confirmed by our previous
ICP-OES results.”

The degradation of NTP was also analyzed by **Na MAS
ssNMR. The spectra presented in Figure 3 obtained using 10 s
relaxation delay show the main spectral feature corresponding
to NTP (6, = —14.5 ppm, Cq = 2.9 MHz, 5 = 0) which is in
agreement with previously reported values.'” The traces of
Na,SO, e nH,O left over in a porous electrode after washing
are visible at 0.1 ppm in some samples.”>~>” However, there is
another broader feature appearing at —11.5 ppm indicating the
formation of additional sodium-containing phases during NTP
cycling. Interestingly, this feature is visible even in the fully
relaxed »*Na MAS spectra (relaxation delay >5T see Figure 3
and Figures S7—S12 in Supporting Information). In order to
further investigate *Na data, *Na MQMAS spectrum was
obtained which shows two highly overlapped lines at around
—11.5 ppm and the third much broader and less intense line
which is partly overlapped with the NTP signal (Figures 3b
and S13). This indicates three inequivalent Na sites in the
amorphous phase. Very similar features were previously
reported for NaOH-activated porous carbons and attributed
to the sodium ions bonded to the oxygenated surface
functional groups at the edge of graphene planes."” In this
study, we also attribute the feature at —11.5 ppm to sodium
ions bound to surface-carboxylate groups.”’~* For further
analysis the spectral lines are approximated with a single line
having both Gaussian and Lorentzian contributions (Figure
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Figure 2. a) ex situ *'P MAS ssNMR spectra of NTP electrodes and b) evolution of the Limorph/ Tt integral ratio during GCD cycling. Asterisks
indicate MAS spinning sidebands; 1 s relaxation filter was used. The error bars originate from the spectral fitting.
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Figure 3. a) ex situ 2>Na MAS ssNMR spectra of NTP electrodes with relaxation delay of 10 s (fully relaxed) and b) evolution of the Ina(Carb) /Trotal
integral ratio during GCD cycling. Error bars originate from the spectral fitting.
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Figure 4. Ex situ a) *C CP MAS (130—210 ppm region) and b) *"*Ti MAS ssNMR spectra of NTP electrodes before (gray) and after 100 GCD
cycles (blue). Asterisks and hashtags indicate *’Ti and **Ti MAS spinning sidebands, respectively.

3b). In order to study the dynamical evolution of Na species (Ina(Carb)-/Tiota) s introduced (Figure 3b). Similarly to the
during cycling, the spectral line integral ratio between the Na- *!P results (Figure 2b), the ratio Ina(Carb)/ Troral 2ls0 increases up
carboxylate line and that of the total NMR spectrum to 100 GCD cycles and decreases afterward. As discussed
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previously, the likely explanation is due to two competing
processes: the formation of surface Na-carboxylate species
upon cycling and their dissolution into electrolyte once most of
the NTP electrochemical activity is lost. The results suggest
that the formation of surface carboxylate groups must be a
much faster and efficient process than the formation of the
amorphous phosphate species during cycling because it is
visible in the ssNMR spectra without using **Na relaxation
filters.

The formation of surface Na-carboxylates is also corrobo-
rated by *C CP MAS ssNMR experiments. The *C CP MAS
spectra presented in Figure 4a show a line at 163 ppm which
only appears after 100 GCD cycles but is absent in uncycled
NTP. This feature is also attributed to the degradation of the
porous carbon which is oxidized to form carboxylic groups on
the surface edges during electrode degradation.””** The
obtained *'Na and C ssNMR results strongly suggest that
there is some degradation of the carbonaceous phase in typical
composite electrodes during electrochemical cycling in
aqueous electrolytes. This degradation also contributes to the
capacity loss since it reduces the contact of NTP particles with
the electronically conducting carbon phase.

Although *"*Ti MAS ssNMR is less widely used for
studying Ti-containing battery materials, it is an effective probe
for detecting slight changes in the electronic structure of
titanium species.””*” To the best of our knowledge, the *"*'Ti
NMR spectrum of pure NTP has not been reported before.
Titanium occupies a highly symmetric site (Wyckoff position
12¢) in the NPT structure, therefore the *”*Ti MAS NMR
spectrum consists of two spectral lines at —1402 ppm and
—1133 ppm attributed to *Ti and *'Ti resonances, respectively
(Figure S14 in Supporting Information). The spectrum does
not feature dominant quadrupolar line shape broadening due
to a highly symmetric Ti environment even though *'Ti is I =
$/2 and ¥Tiis I = 7/2.

#7%Ti MAS NMR spectra of NTP electrodes before and
after GCD cycling are shown in Figure 4b. The *"*Ti MAS
NMR electrode spectra feature the resonances at the same
chemical shift as pure NTP. Although a visible loss of signal
intensity is detected after 100 GCD cycles, we refrain from
quantitative assumptions due to high signal-to-noise ratio.
Nevertheless, ¥*Ti MAS NMR data indicate no detectable
amounts of Ti-containing degradation products such as
TiO(OH)(H,P0O,)-nH,0. It is important to note that due
to quadrupolar broadening, previous *"*Ti ssNMR data for
crystalline TiO(OH)(H,PO,)-H,O also show features that are
difficult to assign.'” Therefore, in the case of amorphous
phases similar to TiO(OH)(H,PO,)-nH,0, the *"*Ti
spectrum should feature extremely broad featureless lines
that are masked within the background signal.

In this study, a multinuclear 31p, 23Na, 1°C and *"*Ti, ex situ
solid-state NMR spectroscopy is used to study the degradation
of NaTi,(PO,); electrodes during electrochemical cycling in
naturally aerated aqueous 1 M Na,SO, electrolytes. The
electrode samples were cycled for 0, 50, 100, 150, and 200 full
charge—discharge cycles, respectively, and taken out of the cell
for the ex situ NMR investigation. The results suggest that (i)
the formation of amorphous phases with a composition similar
to TiO(OH)(H,PO,)-nH,0 are more likely than commonly
suggested Ti(HPO,),-H,0, (ii) these phases form blocking
layers which reduce the electrochemical activity of Na-
Ti,(PO,);, (iii) oxidation of carbon surface to carboxylic
groups also contributes to capacity loss, (iv) two competing

processes are taking place during galvanostatic charge—
discharge cycling ie. formation and growth of amorphous
phase which is dominating in the beginning and their
dissolution into the electrolyte once NaTi,(PO,); electro-
chemical activity is lost. Finally, the potential and versatility of
#7497 ssNMR for studying Ti-based materials is demonstrated.
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