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Introduction

Low-cost energy storage for stationary applications is essen-
tial for implementing intermittent renewable power sources
in zero- or capped-emission systems, either for off-grid/island-
ed points of use or in grid-tied settings. In either case, there
currently is not a truly economic and environmentally benign
energy storage solution that will enable widespread use of
solar or wind power in a manner that is, at least in some loca-
tions, cost competitive with fossil-fuel-based power genera-
tion. Specifically, there is a need for storage solutions that
offer from 4 to 20 h of charge/discharge time with costs that
are well under $300 per usable kWh while delivering a cycle
life of over 3000 cycles over ten years or more.[1–3] Ideally,
these devices should be scalable such that installations rang-
ing in size from a handful of kWh to hundreds of MWh are
possible while maintaining performance and cost benefits.

There are a number of next-generation battery chemistries
under development to address this technology pull, including
flow batteries of multiple types,[4] high-temperature batteries
based on molten or partially molten electrodes,[5] advanced
Li-ion,[2,6] advanced lead-acid, and a new class of neutral pH
aqueous intercalation batteries (AIB).[7–9] Each of these ap-
proaches has relative merits and challenges; however the
AIB approach, which relies on alkali intercalation com-
pounds in a neutral-pH aqueous electrolyte offers some com-
pelling advantages in terms of environmental impact, round-
trip efficiency, and scalability. We reported in 2012 on
a hybrid/asymmetric AIB system that used an alkali-ion in-
tercalation l-MnO2 cathode material (derived from
LiMn2O4) and an electrochemical double-layer capacitor ma-

terial (activated carbon) as an anode, with a Na2SO4-based
electrolyte.[1] This device, which was based on thick format
(>1 mm) free-standing electrodes arranged in a multi-layer
true prismatic configuration, displayed excellent cycle life
characteristics and contained low-cost materials. There were,
however, significant drawbacks to this hybrid (half-superca-
pacitor) approach, including relatively low energy density
and an unusually wide operational voltage range, which re-
sulted in increased power electronics costs and other bal-
ance-of-system complexities.[10]

We have since found that the majority of the activated
carbon in the anode of this device can be replaced with the
insertion compound NaTi2(PO4)3 (NTP) without losing long-
term device stability. NTP is isostructural to the Li-based
LiTi2(PO4)3 (LTP), both of which have been examined as
possible aqueous-electrolyte anode materials previously.[11–14]

This material has the rhombohedral NASICON crystal struc-
ture, which is known to have a relatively open crystalline
framework that provides for facile ion transport. During

A composite anode comprising blended NASICON-struc-
tured NaTi2(PO4)3 and activated carbon has been implement-
ed in an aqueous electrolyte electrochemical energy storage
device. A simple solid-state synthetic route based on low-
cost precursors was used to produce the NaTi2(PO4)3, and
thick (>1 mm) freestanding electrodes were fabricated with
a range of activated carbon mass fractions. Electrochemical
analyses showed the efficacy and stability of this composite
anode combination in a functional paradigm where both Na+

and Li+ cations can participate in the charge storage reac-
tions. Use of this composite anode in concert with a l-MnO2-
based cathode results in an energy storage device that is low
cost, robust, and of sufficient energy density to be imple-
mented in stationary applications. Data from large-format
units that contain many cells in series indicate that string-
level self-balancing occurs, an effect that can be relied on for
making cycle-stable high-voltage strings of cells.
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alkali insertion/extraction reactions, these materials behave
like a dual-phase redox system with a near-ideal constant
voltage plateau that is just within the water stability window
for neutral or basic aqueous solutions. NTP has been exam-
ined as a potential energy storage electrode material in aque-
ous electrolytes by several groups,[11, 15] with the first known
documented suggestion of its use being a patent application
submitted by Toyota in 2007 (in Japan).[16] To date, in all
cases, devices made based on this material have been found
to display significant (5–20%) capacity fade over only hun-
dreds of cycles (or fewer). Uniformly, all data reported in
these academic papers were collected from thin electrode
test structures (<100 mm) that allowed for good analysis of
the materials properties but also did not reflect a realistic or
economic electrode environment; thick electrode (in excess
of 1 mm) structures are needed for practical use of intercala-
tion material in aqueous electrolyte batteries aimed at the
low-cost energy storage market. Additionally, the materials
reported were produced using a relatively complex synthetic
route that relied on relatively costly precursors and ineffi-
cient solution-based process steps, such as the Puccini
method.[17–19]

Furthermore, It has been shown that the presence of sol-
vated oxygen in the electrolyte results in the destabilization
of this (or nearly any) negative insertion electrode material
in aqueous media.[20] Specifically, the reaction between an in-
tercalated alkali ion in the electrode material and solvated
O2 in an aqueous media can occur following the reaction:

Alkalisolid-phase þ 1=4 O2 þ 1=2 H2O!Akaliþsolvated þ OH�

ð1Þ

For NTP, this reaction will happen spontaneously in the pres-
ence of oxygen for electrode potentials below (in V vs. the
normal hydrogen electrode, NHE):

Vmin ¼ 1:27�0:06� pH ð2Þ

which is approximately 1.2 to 0.5 V vs. NHE for pH values
ranging from 1 to 13, respectively; this means that NTP at
typical aqueous electrolyte negative electrode potentials will
suffer constant self-discharge and possible irreversible mate-
rials damage through alkali atom leaching and reaction with
solvated species if there is solvated O2 present in the solu-
tion.

Fortunately, in a well-sealed cell with large-format electro-
des, all dissolved oxygen will react rapidly when the electro-
des are first cycled, engendering a slight increase in electro-
lyte OH� content. At this point, provided there is not access
to additional O2, the next most favorable alkali/water decom-
position reaction becomes

Alkaliin solid phase þH2O!Akaliþsolvated þ OH� þ 1=2 H2 ð3Þ

and this occurs at voltages below

VðxÞ ¼ �ð0:06� pHÞ,½20� ð4Þ

which occurs in the range of 0 to �0.8 V vs. NHE, where
higher pH values will hinder this reaction and increase volt-
age stability.

It is therefore advantageous to make the pH of the nega-
tive (anode) electrode volume of the device as basic as possi-
ble (in practical terms) to suppress the alkali leaching side
reaction through the lowest possible anode potentials there-
by maximizing the overall cell voltage and stability. At the
same time, it is beneficial to keep the pH in the cathode elec-
trode volume less basic to maintain the onset potential for
oxygen evolution.

To achieve this type of segregated pH environment, we
have found that inserting a significant amount of high-sur-
face-area activated carbon intimately mixed with the NTP in
a relatively thick (>1 mm) electrode results in the creation
of a situation where the species generated during side reac-
tions (OH� , in particular) are apt to stay inside the elec-
trode, resulting in a locally elevated pH and therefore more
stable environment for electrochemical cycling. The inclusion
of sufficient activated carbon in the anode (if used in an
anode-limited device) is thought to provide both a site for
gettering species evolved during the water splitting process
at anodic potentials, including hydrogen.[21–24]

We report here, for the first time, a stable energy-storage
device based on the l-MnO2/(composite NTP/activated
carbon) electrochemical couple, and where the addition of
activated carbon to the anode appears to augment device sta-
bility. We also demonstrate that carbon-coated NTP can be
produced using low-cost precursors, such as pigment-grade
TiO2 and Na2CO3, and, once made into thick format electro-
des, they can deliver sufficient specific capacity to be eco-
nomically compelling.

Recently, there has been mention in the literature of devi-
ces that use multiple functional ions for the charge-storage
mechanism in both aqueous and non-aqueous electro-
lytes,[1,25] and we submit that our device would also be cate-
gorized as having this kind of polyionic functionality. Be-
cause of the relative complexity of creating and testing these
cells, there has been less work performed on this class of de-
vices in comparison to traditional single-cation chemistries.
The electrochemical couple and electrolyte combination we
present here has been arrived at through an exhaustive
techno-economic exercise, and as such, it is reasonable to
suggest that a polyionic approach is the best solution for
some applications despite being more complex. This device
has approximately two to three times the energy density (in
a useful voltage range) of the MnO2/activated carbon devices
reported previously[1,10, 26–28] while having a voltage swing
qualitatively equivalent (in terms of the ratio Vmax/Vmin) to
that observed in most Li-ion chemistries.[29]

To save cost and allow for facile process scale up, we per-
formed this research with the understanding that it is likely
most economical to produce electrode materials that have
specific capacities that are below the commonly reported ex-
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perimental achievable values, provided that the precursor
materials and processing routes are the most economical.
Simply put, we are seeking to minimize specific cost (in
terms of $ per Watt-hour and $ per Ampere hour) of the
processed energy storage active materials. As we are focusing
on applications that have relatively relaxed energy density
requirements, we are driven to focus on the key attributes
that will bring value to a stationary storage customer: low
cost/unit energy, a high degree of safety, high cycle and cal-
endar lives, and low environmental impact.

Experimental Section

Active materials synthesis and characterization

Active cathode (positive) electrode material ; cubic spinel
LiMn2O4

The production of the cubic spinel/l-MnO2-type cathode
active material and subsequent electrodes has been described
previously,[1] and the same method was used to obtain the re-
sults disclosed here. Essentially, LiMn2O4 (LMO) is synthe-
sized by using a simple solid-state reaction between electro-
lytic manganese dioxide and lithium carbonate. During
charging, the LMO gives up some of the lithium it hosts
(thus partially converting it to the cubic spinel l-MnO2

phase) upon cycling in a neutral-pH Na2SO4-based electro-
lyte, whereas other Li remains intact in the cathode struc-
ture. As has been previously demonstrated, we find that the
cubic spinel material can host both Na and Li during cycling.
Specifically, it was reported in 2008 that the cubic spinel l-
phase of MnO2 was able to be reversibly and very stably
cycled in an aqueous solution of Na2SO4,

[30] along with many
similar reports using an aqueous solution of Li2SO4.

[31] As
such, during repeated cycling, it is assumed that the cathode
material is interacting with both Li and Na cations, though it
is likely that Li is preferentially inserted into the material
due to its smaller atomic radius.

Active anode (negative) electrode materials ; NaTi2(PO4)3

Like other NASICON and phospho-olivine phases, NTP is
typically a poor electronic conductor, and therefore is diffi-
cult to implement in a thick-format electrode structure with-
out using copious amounts of conductive additive.[32] To over-
come this limitation, conductive carbon species, specifically
natural graphite (1–2 mm flakes) and carbon black (nano-di-
mensional Super P), were intimately mixed with the precur-
sor materials prior to high-temperature processing. It is
thought that these “intimate carbons” both stymie crystallo-
graphic sintering (thus keeping NTP crystallite size suffi-
ciently small) and also provide a highly conductive coating
on each active material cluster to allow for sufficient elec-
tronic transfer within the electrode.[12,33] To achieve this,
a precursor mixture containing 1:2:2 molar ratio of sodium
phosphate (monobasic NaH2PO4, crystallized, 99 % pure
Sigma Aldrich), titanium oxide (TiO2, Evonik Aeroxide
P25), and ammonium phosphate [dibasic (NH4)2HPO4, ACS

reagent grade, >98 %, Sigma Aldrich] with 10–15 % conduc-
tive carbon additive (a mix of carbon black and natural
graphite) was attrition milled (Union Process 1-S series) for
approximately 30 min using 1=4 inch (1 inch= 2.54 cm) stain-
less-steel media. A supply chain analysis shows that these
materials can be acquired in bulk from chemical suppliers
for costs in the range of $ 1.5 to $ 5 per kg, resulting in a nom-
inal precursor materials cost of approximately $ 4 or less per
kg of produced NTP.

Batch sizes were initially approximately 0.8 kg; however,
much larger attritor mills can be used to achieve the same
outcome with larger batch sizes. Attrition milling was effec-
tive due to the intimate particle/carbon contact that resulted
from the process; the process physically degraded the graph-
ite such that it coated all precursor materials with a thin
amorphous carbon layer. The resulting precursor mixture
was placed in a vacuum oven at 300 8C for an hour to decom-
pose/dewater the (NH4)2HPO4 and maximize precursor parti-
cle–particle contact. The subsequent decomposed material
was sintered in a static furnace under an inert atmosphere at
950 8C for 2 h and then cooled to room temperature at ramp
up/down rates of 10 8C per minute.

NTP characterization

To verify phase purity, X-ray diffraction was performed on
the NTP using a Bruker D2 Phaser bench-top diffractometer
with a CuKa X-ray source, scanning through a 2q range of
108 to 508 in 0.058 increments.

To study the energy storage capability of the synthesized
NTP, a Bio Logic VMP3 Multi-Channel Potentiostat/electro-
chemical impedance spectrometer was used with Hg/Hg2SO4

reference electrode (Koslow Scientific Company, 0.68 V vs.
standard hydrogen electrode, SHE). The counter electrode
was a platinum foil and the electrolyte was 1m Na2SO4 aque-
ous solution made with DI water (18 MW cm�1 electrical re-
sistivity). Before and after each test, the platinum foil was
rinsed in ethanol and placed in an ultrasonic bath for 20 min.
Composite electrodes (�25 mg in total mass) were pressed
using a manual hydraulic press (Carver, Inc.) onto a stain-
less-steel mesh (thickness �0.5 mm) at 8 metric tons per
square centimeter into a thin layer embedded in the mesh
with an area of approximately 0.5 cm2. To determine the
nominal specific capacity of the material, the working elec-
trode voltage was swept through a range of �0.8 to �1.550 V
at a rate of 5.00 mV s�1. To examine performance of the indi-
vidual electrode materials in a device-like environment,
a three-electrode pouch cell was used to examine the per-
formance of the electrodes with respect to the standard Hg/
Hg2SO4 reference electrode.

Thick-format composite electrodes

NTP-containing electrodes were produced by vigorously
mixing the NTP with activated carbon (Siemens PAC-1,
a wood based material with approximately 600 m2 g�1),
carbon black, graphite, and a polymeric binder (typically
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PTFE) in approximately a 70:15:7:3:5 mass ratio, followed
by pressing the material into free-standing square pellets
with approximate dimensions of 58 � 58 � 2.5 mm3 (�0.5 mm,
depending on exact mass and composition) using a press
with a nominal pressure of 10 metric tons per square centi-
meter. In one experiment, the NTP/AC mass ratio was
varied from 40:60 through 90:10. Typically, the total compo-
site anode mass was 14 g, and the typical mass content of the
NTP in the electrodes ranged between 8 and 11 g.

The composite cathode electrode structures were produced
in a similar fashion and to the same dimensions as the com-
posite anode, consisting of LiMn2O4 (as produced at Aquion
Energy), carbon black, natural graphite, and polytetrafluoro-
ethylene (PTFE) in a 80:2:10:8 ratio and were vigorously
mixed, granulated, and pressed using approximately 10 t of
pressure. Cathode electrodes were also compressed using
a nominal pressure of 10 metric tons per square centimeter.
The total composite cathode mass was commonly 18–20 g,
and the typical mass content of LiMn2O4 in the electrodes
ranged between 14 and 16 g (80 % of the total electrode
mass). The electrode thickness was similar to that of the
anode: 2–3 mm in most cases. The specific capacity of the
LiMn2O4 in the aqueous electrolyte was 105�5 mAh g�1, and
so putting in more cathode than anode on a mass basis en-
sured an “anode-limited” configuration. We have found
through experimentation that an anode/cathode capacity
ratio of approximately 1:2 is extremely stable, though elec-
trode pairs with lower relative amounts of cathode are under
development. Figure 1 contains an image of a representative
electrode pellet (both anode and cathode have essentially

the same appearance), with a calibrated caliper set used to
indicate the dimensions.

Coin cell/pouch cell testing

The electrodes as described above were infiltrated with elec-
trolyte (1 m Na2SO4, 1 m Li2SO4, or some cases a blend of the
two) by thoroughly soaking the free-standing electrodes after
placing them inside a polymer-coated metallic pouch, which
was subsequently sealed. 2450 coin cells were created using
sets of circular electrodes sectioned/punched out of the same
pellets used for the pouch cell testing. Calculations show that
the molar content of dissolved O2 in the electrolyte was
small compared to the amount of active materials in these
thick-format devices. As such, we have found that simply
having a sealed cell where no new oxygen can be introduced
once the existent oxygen is consumed is sufficient to produce
an oxygen-free environment. This result is supported by
work reported elsewhere.[20]

Two key variables were examined in this small-format test-
ing: (a) the activated carbon/NTP mass ratio in the negative
electrode, and (b) the positive-to-negative mass ratio, which
in fact is correlated to usable capacity ratio between the pos-
itive and the negative electrodes. As mentioned previously, it
is especially important that the device be anode-limited such
that the anode side of the cell becomes fully charged (the
cell potential reaches 1.9 V) before the cathode exceeds
0.6 V vs. Hg/Hg2SO4. If the cathode side were to become
completely charged, the potential for oxygen generation is
high, which should be avoided.

To examine the pH environments engendered within the
electrodes during use, thick-format pouch cells were cycled
and then taken to two different states of charge by applying
a constant current charge step to either 0.9 or 1.9 V (i.e., 0 %
and 100 % state of charge) followed by holding at constant
voltage for two hours. This long-duration dwell was used to
minimize any internal charge or pH gradients by providing
sufficient time for the electrodes to reach internal equilibri-
um (concurrently, if the cells were allowed to stand at open-
circuit conditions for extended periods of time, the pH differ-
ential between the electrodes would gradually diminish). The
cells were then dissected, and the pH was measured inside
the bulk of the electrodes by sampling small volumes of the
electrodes and assessing pH using a standard pH paper appli-
cation technique, wherein the sample volume was applied to
the pH indicator paper.

Large-format device design and assembly

For this technology to be economical, large-format, robust
devices of sufficient energy density must be implemented,
both at a packaged cell level as well as the high-voltage
string level. To demonstrate that this chemistry is able to
scale appropriately, large-format devices have been produced
and tested. The first prototype used the injection-molded
polypropylene “battery 0” case developed by Aquion Energy
in 2011. This package has been described in a previous publi-

Figure 1. Images of a representative free standing electrode pellet in (a) plan-
view and (b) cross-sectional perspectives. This is an anode electrode; howev-
er the freestanding cathode pellets have essentially identical appearance. The
electrode measures 58�58 �2.55 mm3; however the thickness can be varied
from under 2 mm to over 3 mm to meet design needs.
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cation[1] and consists of 10–14 anode/cathode-pair layers con-
nected electrically in parallel to make a true prismatic cell
configuration. Each layer consisted of 6 of the 58 mm square
composite electrode pellets kept isolated by a synthetic non-
woven cotton separator. Current collection was accomplished
using custom-cut pieces of 304 stainless-steel foil (50 mm
thick), and thin sheets of exfoliated graphite foil were used
to improve electrode/stainless-steel interfacial contact. The
freestanding electrodes were simply stacked in the battery
case along with the current collector and graphite; good cur-
rent collector/electrode interfacial properties were encour-
aged by applying an external pressure after assembly.

To be truly practical, large-format electrochemical storage
cells must be able to be connected in series to build up a volt-
age. Ideally, these cells should function well with each other
and, as such, should require minimal or no cell-level active
electronic management. Multiple design iterations, informed
by materials and production cost assessments, have resulted
in the creation of a novel modular/stackable battery packing
technology. Figure 2 a shows a cut-away of the 4-cavity “bat-

tery 1” unit now in scaled production. Each cavity is approxi-
mately 10 cm deep and can accommodate 14–20 layers of
anode/cathode electrode groups (depending on their thick-
ness) in a true prismatic configuration (similar to that of the
battery 0 unit), and all 4 cavities are then connected electri-
cally in series. The unit measures approximately 28 � 28 �
11 cm3. The 4 cavities share a continuous gas headspace, and
there is a single pressure-relief value (used commonly for the
valve-regulated lead-acid chemistry) that allows for the alle-
viation of any gas pressures that might evolve as a result of
being exposed to extreme voltages. Each electrode layer con-
tains 4 composite electrode pellets, and all items are stacked
inside the package using a fully automated robotic assembly
line. The four cells/cavities connected in series within the
battery package result in a unit with a voltage swing of ap-
proximately 3.6 to 7.6 V and a greater than 40 Ah capacity

(at a �C/20 rate). These units can then be connected into
larger stacked groupings of up to 8 units per stack, as shown
in Figure 2 b. There is a rigid metal rod that passes through
the middle of the battery stack and is used to apply pressure
between the rigid bottom plate and a top plate that imparts
a spring force of several thousand pounds onto the battery
stack.[34] Within these stacks, the units can be connected in
series or parallel as needed. As such, this represents a collec-
tion of up to 32 cells connected in series without the imple-
mentation of any battery management system.

Large-format device testing

The large-format batteries were tested using a 96-channel
Maccor battery tester with channels capable of a 60 V maxi-
mum voltage and a 10 A maximum current. The tests per-
formed included rate capability assessment and cycle life as-
sessment. A standard constant-current, voltage-limited rate
capability test was performed, in which 2 A was applied to
the cells until 1.8 V per cell was reached, followed by a con-
stant-voltage charge condition with 1 A cutoff criteria. The
cells were then discharged to 0.8 V per cell under constant
current conditions of 2, 4, 6, 8, and 10 A. Long-duration
cycle life testing consists of a constant-current 4 A charge
and discharge condition with a set capacity of 25–28 Ah as
the charge step cutoff criteria and a voltage of 0.9 V as the
discharge cutoff criteria. This test was performed at a contin-
uous soak temperature of 40 8C. As the capacity of the
charge step was the same for each cycle (to ensure a cycle-
to-cycle uniformity in state-of-charge swing), the maximum
voltage at the end of each charge was recorded and used as
an indicator of device stability. In some cases, a deep, low-
rate reference cycle was performed on the units every
50 cycles.

Results and Discussion

Materials analysis of the NaTi2(PO4)3

Figure 3 a shows the X-ray diffraction data collected from
the rhombohedral NASICON-structured NaTi2(PO4)3, with
lattice parameters of a=8.459 and c=22.067 �, and the data
are consistent with the existence of small quantities of un-
reacted TiO2 (which is electrochemically inert). There is not
evidence of diffuse scattering from the graphitic carbon in-
troduced prior to attrition milling, indicating that the carbon
content contained in the precursor is largely amorphous in
structure. Scherrer peak broadening analysis on these data
also indicates an average crystalline particle size of greater
than 300 nm. The SEM data in Figure 3 b, c show that the
NTP agglomerates are approximately 1–2 mm in diameter
and are encapsulated by the carbon that was intimately
mixed with the precursors. This shows that this simple solid-
state synthetic route is sufficient for producing NTP with the
desired crystal structure; the carbon used did not burn off
during the high-temperature calcining step and instead en-

Figure 2. (a) Schematic showing the internal features of a “battery 1” unit.
There are 4 series-contacted cavities that house sets of electrodes connected
electrically in parallel. (b) Schematic of a battery stack that contains 8 “bat-
tery 1” units. There is a rigid bar that extends through a center hole in the
stack and provides a mechanical coupling between the top and bottom of the
stack such that a long-term spring force may be applied to the stack.
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capsulated the NTP particles, which was the desired out-
come.

Electrochemical performance

Half-cell and full-cell characterization

Results of the cyclic voltammetry screening of the NTP are
plotted in Figure 4 a. In this case, a working electrode poten-
tial scan rate of 1 mV s�1 was used, and the scan was between
�0.8 and �1.55 V vs. Hg/Hg2SO4. The shape of the CV scan
is consistent with data from this material produced by other
means and clearly shows that the NTP produced using the
described synthetic route has the expected redox reactions at
the proper potential.[13,17] The data also show an approxi-
mately 0.3 V separation between oxidation and reduction
current maxima, with a distinct potential separation between
the two peaks, a result that that is consistent with the conclu-
sion that this material hosts a two-phase insertion reaction
(as opposed to a true intercalation reaction system), similar
to LiFePO4.

[35] This significant reaction overpotential is the
energetic cost of using this reversible electrode material and
will impact the round trip energy efficiency of any device
using this material. The exact nature of the crystallographic
phase evolution during cycling in this material is not well

documented and is currently being probed in our labs. The
specific capacity of this material was 90�5 mAh g�1. This
value is significantly lower than the approximately
130 mAh g�1 that can be realized for this material from other
synthetic routes that use nanosized TiO2 and solvated Na
and PO4 precursor materials.[17] However, the simple synthet-
ic route and low-cost precursors used here make scaled pro-
duction economically reasonable.

Figure 4 b contains data from a three-electrode pouch cell
containing thick-format composite electrodes produced as
described in the Experimental Section. In this case the NTP/
activated carbon mass ratio was 90:10, so there is little evi-
dence of energy storage contribution from the activated
carbon (AC) in the anode. As the CV data suggests, there is
a strong voltage plateau for the anode at approximately
�1.2 V vs. Hg/Hg2SO4, with a total cell potential approaching
1.9 V at full state of charge. These data show that both the
anode and cathode materials have redox potentials that are
just inside the expected voltage stability for neutral pH aque-
ous batteries, and little to no water electrolysis is expected.

The range of performance realized for cells made with
anodes that had different AC:NTP mass ratios is depicted in

Figure 4. Electrochemical data collected from NTP. (a) Cyclic voltammetry
(5 mVs�1 scan from �1.5 to �0.8 V vs. a standard Hg/Hg2SO4 reference elec-
trode in 1 m Na2SO4 aqueous solution, pH 7). (b) Three electrode potential-
limited constant-current charge/discharge data of a full-cell containing the l-
MnO2 positive electrode and NTP negative electrode, showing the relative po-
tential of the active materials during use.

Figure 3. XRD (a) and SEM (b,c) data collected from NaTi2(PO4)3 (NTP) pro-
duced using a simple solid-state synthetic route. There is carbon black in the
precursor blend, and this carbon can be seen coating the synthesized NTP
particles. The material is phase pure.
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Figure 5. These data, collected from thick-electrode-format
coin cells (size 2450), show that there are two distinct charge/
discharge regimes whose relative prevalence is correlated to
the AC/NTP ratio. Specifically, as more AC is included in
the anode side of the cell, more energy can be stored using
an electrochemical double layer capacitive interaction that
exhibits a distinct potential vs. capacity slope that is much
steeper at a cell level compared to the plateau-like behavior
associated with the insertion reactions. Figure 5 a indicates
the three different regimes that are encountered during cy-
cling of this system; “C” indicates a capacitive energy stor-
age mechanism, “I” indicates an intercalation mechanism,
and “OC” indicates a mix of capacitive and higher-voltage
overcharge conditions. Because the system is anode limited,
the overcharge condition will be reached only on the anode
and this will result in the evolution of OH� and hydrogen
species within the anode structure. Figure 5 b shows the
impact of including different AC/NTP ratios in the anode
system. Increasing the relative amount of NTP will result in
a composite anode of higher energy density, though with less
capacitive buffer on the overcharge step. The x-axes used
here refer to a normalized capacity with arbitrary units; the

cells had different capacities, with an inverse correlation be-
tween mass fraction of AC and delivered capacity.

Figure 6 contains the results from deeply and slowly (16-
hour rate) discharged pouch cells, respectively, plotted in
terms of specific capacity (in mAh g�1 of active material) re-
alized in terms of both anode (bottom x-axis) and cathode
(top x-axis). Under a 50 mA rate, this cell discharged approx-
imately 800 mAh and the anode utilization was nearly
80 mAh g�1. This is close to the nominal 90 mAh g�1 capacity
of the NTP material as measured using cyclic voltammetry
and indicates that there is good electrolyte infiltration and
sufficient particle/particle contact in this >2 mm thick elec-
trode to access and utilize the NTP. The cathode material
was cycled through only 50 mAh g�1, which is approximately
half of the total possible cathode active material capacity.
The use of thick electrodes and an anode-limited configura-
tion results in a general under-utilization of the cathode ma-
terial (which is intentional for reasons mentioned previous-
ly). Figure 6 b shows the total embodied energy of the elec-
trode pair; at a 50 mA (16-hour) discharge rate, over 1.1 Wh
was delivered. This is consistent with electrode-level energy
density of over 60 WhL�1, a value not significantly lower

Figure 5. Data showing the effects of hybridizing activated carbon and NTP in
an electrode. There are distinct regions where either capacitive/pseudocapaci-
tive (C) or intercalation (I) reactions are occurring, depending on state of
charge. OC: Over charge capacitive/pseudocapacitive.

Figure 6. The performance of a pouch cell containing a single electrode pellet
pair. (a) Voltage response as a function of specific capacity (anode on the
bottom and cathode on the top). (b) Cell voltage vs. discharge energy for the
same tests. The unit exceeded 1.1 Wh, which corresponds to an energy densi-
ty of over 60 Wh L�1 at the electrode volume level.
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than other commercialized aqueous electrolyte battery sys-
tems such as lead-acid batteries. Furthermore, if the NTP
precursor materials cost is $ 4 per kg (in 2014 US dollars)
when acquired in bulk, the specific cost (in terms of capacity)
of the anode material would be approximately $ 0.05 per
Ampere hour (assuming 80 mAh g�1 of usable capacity).
Though there are many other costs associated with producing
and scaling this material, the fundamentals of the active ma-
terials cost for production at full scale are a key factor in as-
sessing the economic viability, and this value is sufficiently
low.

The pH was measured ex situ within the body of a repre-
sentative anode/cathode electrode pair at several different
states of charge after the test cell had been completely
cycled several times. The cell was then taken to either the
fully charged state (1.9 V) or the fully discharged state
(0.95 V) and was dissected, sectioned, and assessed. The
data, shown in Table 1, indicate that there is a significant var-

iance in pH as a function of state of charge, and that the pH
is more basic within the anode structure and is more acidic
within the cathode structure. The pH values are more ex-
treme under high states of charge. These local shifts in pH
result in a significant advantage from a cell performance per-
spective. Increasing basicity within the anode engenders elec-
trolyte stability to a more extreme negative potential through
a local Pourbaix shift, while the same occurs at the cathode,
which becomes more acidic. The outcome is an aqueous cell
configuration that is able to extend its stable voltage range
by cultivating differentiated pH environments within the two
electrodes. This result would not manifest in electrochemical
cells that have extremely thin electrodes where the ionic/
mass transport to and from the active materials into the bulk
of the electrolyte is fast and efficient; this advantage can
only be fully realized if electrodes with significant pore
volume are used. Furthermore, the inclusion of activated
carbon in the anode will result in a further augmentation of
this effect, because this high-surface-area material is espe-
cially good at attracting and maintaining charged electrolyte
species.[36] A combination of reaction overpotential and ma-
terials stability is also helpful in increasing cell potentials,
and voltages up to 2 V have been reported for Na2SO4-based
asymmetric devices made elsewhere.[37]

Cycle life stability

Figure 7 shows the cycle life performance of a coin cell with
a 150–200 mm thick electrode made using the nominal elec-
trode recipes described in the experimental section. Thinner
electrodes than those targeted for implementation were used
for this materials stability study to allow for more rapid deep
cycling. The electrodes are still thick enough, however, to en-
courage the pH differentiation described above. The exis-
tence of stable pH variance in electrodes of this dimensional-
ity has been verified experimentally and reported in a previ-
ous work that was focused on thin-format carbon electrodes
that retained pH-shifting species within their structure
during cycling.[21] The voltage range during cycling was 1.9 to
0.9 V at a nominal 1 C rate, and the active anode materials
were exercised through approximately 70 % of their total ca-
pacity (which was nominally 50 mAh). The data shown here
were collected from a test lasting approximately 7 months at
ambient temperature with several significant thermal and
test stand deviations (corresponding to the variability in the
data). Throughout this test, there was a minimal loss in re-
tained capacity, and the coloumbic efficiency was nearly
100 % on all, with the exception of the occasional cycle
where there was a test stand start/stop event, indicating a re-
duced loss of charge to side reactions or water electrolysis.
To our knowledge, this degree of stability has not been re-
ported for aqueous-electrolyte electrochemical energy stor-
age cells based on a NaTi2(PO4)3 anode material.

Large-format single-cell battery performance

Figure 8 a shows the result of a constant-current rate study
on a “battery 0” form-factor unit. In this case, the anode had
an NTP/AC mass ratio of 80:20, and all of the electrodes
were nominally similar to those described in the Experimen-
tal Section. In this case, the charge consisted of a 2 A con-
stant-current step to a cell potential of 1.9 V followed by

Table 1. Data indicating the pH dependence of the state of charge.

Cell location State of charge pH

cathode 0.95 7.5
cathode 1.9 8.5
anode 0.95 10.5
anode 1.9 12.5
electrolyte (near separator) 0.95 9
free electrolyte (near separator) 1.9 12
free electrolyte (as made) open-circuit pre-cycling 7.5

Figure 7. Cycle life data from a coin cell made using a l-MnO2 positive elec-
trode, and an NTP/Activated carbon negative electrode with an 8:2 NTP/AC
mass ratio. These are 100 % DoD cycles performed at a 1 C rate between 1.7
and 0.9 V (cell). There is little to no capacity fade observed and the coloum-
bic efficiency approaches 100 %, indicating an absence of any significant side
or corrosion reactions. Some cells were cycled up to 3000 times.
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constant current discharges of 4, 6, 8, and 10 A with a 0.8 V
limit on discharge. The unit was able to deliver up to 37 Ah
(50 Wh) over approximately 9 h under a 4 A load. Figure 8 b
shows the cell-level potential response to a �4 A charge/dis-
charge cycle. Under the 4 A charge condition with a charge
capacity cutoff condition of 28 Ah, coloumbic efficiencies ap-
proaching 100 % were observed. Figure 8 c shows the long-
term cycle-life behavior (at 40 8C) of the same battery 0 unit
under the �4 A cycling conditions show in Figure 8 b. As
each cycle requires approximately 14 h, this data took nearly
10 months to collect. Through nearly 500 complete cycles at
elevated temperatures, this large-format prismatic cell has re-
mained stable. The end-of-charge voltage reached during the
capacity-limited constant-current charge is plotted on the top

half of Figure 8 c. This value shows an increase as a result of
cycling, but the increase is logarithmic in nature and there-
fore not increasing rapidly. This Vmax is not IR-corrected;
under a 4 A charging current, there is a series polarization of
approximately 0.15 V, so the IR-corrected Vmax is currently
between 1.8 and 1.9 V. The inset plot in Figure 8 c shows the
evolution of the discharge profile through the test; there is
very little change in the voltage vs. capacity profile over the
near 500 cycles. As of mid-2014, this test is ongoing without
sign of capacity fade or battery failure. Table 2 contains the
key operational parameters of this device.

Performance of multiple large-format prismatic cells in series

Figure 9 a shows the results of a constant-current rate capa-
bility test performed on a representative stack with 8 batter-
ies connected in series. In this case, the NTP/AC ratio was
90:10, a blend found to give more energy without affecting
stability. Nearly 50 Ah was realized over a 24-hour discharge
test, and this corresponds to a stack-level energy of over
2300 Wh (Figure 9 b). In this system, the voltage swing was
approximately from 60 V to 30 V, though most energy can be
extracted above a minimum voltage of 40 V at current less
than 8 A. The ratio Vmax/Vmin observed in this chemistry is
similar to that seen in a number of Li-ion chemistries
(2:1).[38]

Stack-level cycle-life stability was studied using a test
regime similar to those used in the lead-acid industry. Daily
�4 A cycles were imparted on the battery, and every
50 cycles, a deeper reference cycle was performed, which
consisted of a 2 A charge and a 2 A discharge through the
full voltage range of the battery stack. Figure 9 c shows the
result of this test on an early (lower capacity) battery stack
that has been on test for 9 months. After a slight loss in ca-
pacity per the reference cycle, the battery became stabilized,
and there has been no net loss in either daily cycle or refer-
ence cycle capacity through 400 cycles. As of mid-2014, this
test is ongoing without sign of capacity fade or battery fail-
ure.

For this high-voltage, multi-cell approach to be robust for
long durations of use without any cell-level battery manage-
ment, we must rely on a cell-to-cell self-balancing mechanism
that occurs naturally in this anode-limited battery chemistry.
Specifically, if any cell or set of cells is driven into a high
voltage overcharge condition, there should be no significant
damage imparted to the electrodes and also a minimal

Figure 8. Cycle life data (voltage profile shown in (a); �4 A constant current
charge and discharge, with a capacity-limited charge and a voltage-limited
discharge) from a large-format unit with 28 Ah of capacity. These data were
collected at a constant temperature of 40 8C and this test is ongoing (nearly
800 cycles logged at this point). The max voltage reached upon full charge is
just above 2 V under 4 A current, which is less than 1.8 V after IR correction.
Test is ongoing and has been under way for 14 months.

Table 2. Key operational parameters of the large-format battery.

Parameter Metric

maximum voltage 60 V
minimum voltage 25 V
nominal capacity (20-hour rate) 50 Ah
nominal energy (20-hour rate) 2300 Wh
nominal capacity (4-hour rate) 30 Ah
nominal energy (4-hour rate) 1300 Wh
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amount of water/electrolyte loss through electrolysis. The
data in Figure 10 show that the batteries can tolerate a pro-
longed exposure to overcharge without losing function. As
such, if more than one of these cells is at a higher state of
charge compared to others in a series string, the units at
higher states of charge will enter into this benign over-
charged state until others in the string reach a higher voltage,
thereby reducing the difference in state of charge between
the units in the string. Over many cycles, the cells that are at
a higher state of charge will trend towards the average state
of charge of the other units that are connected in the string.
This type of balancing is well known and is relied on heavily
for lead-acid batteries.[39]

Figure 10 a shows the voltage response of a 4-cavity “bat-
tery 1” (an earlier, lower-energy prototype with approximate-
ly 40 Ah in capacity) that was left in a 2 A constant-current
charge state without any voltage or capacity limitation for
2.5 days. The cell potential exceeded 8 V (2 V per cell) and
then became constant at approximately 8.4 V (2.1 V per
cell). In this charge curve, the intercalation and double-layer
capacitive-charge regimes are evident and are labeled in the

plot. After this hold at overcharge, the battery was dis-
charged and was able to provide all of its rated capacity. Fig-
ure 10 b, c show the delivered capacity and energy as a func-
tion of discharge capacity after this high-voltage dwell; de-
spite the prolonged and severe nature of this overcharge,
there was essentially no negative impact on the performance
of the battery. During this overcharge, it is assumed that the
anode side of the cell is the site for the most aggressive elec-
trolysis.

To further demonstrate the self-balancing effect in this
chemistry, several experiments were performed on a stack of
seven “battery 1” units (28 cells in series). One of the 7 bat-
teries was overcharged by 20 % compared to the rest of the
units in the string. The string was then cycled under 4 A con-
stant current charge/discharge cycling between 53 and 26 V.
Figure 11 shows the resulting behavior of the battery; for the
string level (a) there is no evidence of the state of charge
mismatch between the constituent cells, however, the battery
level potential values (b) show that the overcharged unit
went to a severely overcharged condition on the first cycle
and approached the battery potentials of the other units in
the string over subsequent cycles. Figure 12 contains data
from a longer-duration test in which 2 batteries in a series
string of 7 were at approximately 10 % higher state of charge
than the other units in the string. After 40 full cycles (with
no external management of any kind), the voltage range of

Figure 10. Extreme overcharge abuse testing of a 4-cell “battery 1” unit. (a)
Voltage vs. capacity of the unit under a prolonged constant current charge
condition. There are three distinct regions; intercalation in the NTP, capaci-
tive charge accumulation, and water electrolysis. The bottom plots show the
retained energy and capacity of the unit before and after the overcharge step.
There is no loss in function observed.

Figure 9. Performance data (a, b) for an 8-battery stack showing the delivered
energy as a function of current as well as the long-term stability of the batter-
y (c).
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all of the batteries converged to �150 mV. This is clear evi-
dence of a functional in situ self-balancing mechanism and
has been documented in multiple cases. As such, this chemis-
try can be deployed without requiring significant cell-level
monitoring and control hardware and software, which is not
the case for many battery chemistries, especially those with
non-aqueous electrolytes.

Conclusions

A large-format electrochemical energy storage device based
on an activated carbon/NaTi2(PO4)3 composite anode has
been described. Blending activated carbon with NTP in
a thick-format electrode, and making devices that are anode-
limited from a capacity perspective, results in a materials
system that can be cycled thousands of times without signifi-
cant loss in function. A facile and low-cost synthetic route to
create the desired carbon-encrusted NTP was proved, and
the composite anode structures were paired with a l-MnO2-
based cathode material to make a full device. As the cathode
active material was LiMn2O4 initially and is cycled in a Na-
containing electrolyte, a polyionic chemistry that has both
Na+ and Li+ in the electrode materials and electrolyte has
been demonstrated and proven to function with good stabili-
ty. Ex situ analysis shows that there was a distinct difference
in pH engendered between the electrodes: the anode
became more basic and the cathode grew more acidic after
being fully charged, thereby providing a more voltage-stable
cell. The activated carbon in the composite anode is robust
in the face of more severe overcharge conditions that can
occur in strings of unbalanced cells and serves as a getter/sta-
bilizing material that allows for self-balancing of a string of
cells without significant materials degradation. Large-format
devices and systems have been produced and tested, and
these data indicate that this new aqueous ion battery (AIB)
approach is a valid means to creating a scaled low-cost
energy storage technology for stationary applications.
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