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Abstract A typical dispersion of iron oxide nanoparticles in alkali electrolyte is limited to 20 wt% solids, above
which it has a paste-like consistency (>370 cP), incompatible with flow applications. The formulation of stable electrochemically active colloids of nanoscale iron oxide (30–
50 nm) with up to 70 wt% solids, low viscosity (<30 cP)
with minimal shear dependence (±2 cP), excellent colloidal
stability (>2 weeks at rest), and 55% enhancement in thermal conductivity is reported herein. A thin surface coating allows for good particle dispersion, which is shown to
be crucial for these enhanced features. These suspensions
of electrochemically active nanoparticles (nanoelectrofuels) can undergo electrochemical charge and discharge in

fluidized format through particle–electrode impact events
with potential for application in redox flow batteries. The
surface coating is found to partially suppress electrochemical access to the nanoparticle in a fluidized format but has
no detrimental effects on discharge capacity in the solid
state. This approach is also shown to suppress a parasitic
nanoparticle agglomeration process, which is otherwise
dominant during electrochemical cycling of pristine iron
oxide. A dissolution re-precipitation mechanism is proposed to offer insight into this auxiliary benefit. This study
provides the first insight into the feasibility of adopting
electrochemically active nanofluids as high energy density
redox flow battery electrolytes.
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1 Introduction
Stable suspensions of nanomaterials in base fluids, also
called nanofluids, combine advantages of liquid and solid
phases. Solid nanomaterials within nanofluids can provide
advanced functionality to the base fluids but also change
fluid dynamics and performance through changes in viscosity, thermal conductivity, density, and specific heat. Historically, nanofluids have been developed to improve heat
transfer in liquid coolants, but more recently their applications have been expanded to thermal and electrochemical
energy storage, solar energy harvesting, lubrication, and
biomedical use [1–13]. The concept of suspension electrodes has been previously demonstrated for catalysis, [14,
15] but only recently have they been considered for electrochemical energy storage [16–19]. Initial demonstration of suspension electrodes for flow battery applications
involved Li-ion anode and cathode slurry in organic or
aqueous electrolytes, composed of micron-sized particles
mixed with conductive carbons, which served as a percolating network of nanoscale conductors and also as a support
structure to prevent settling of active materials [16, 20].
The slurry was charged and discharged during the extrusion
of the high viscosity (~1000 cP) gel-like material through
the flow cell. Other demonstrations [21, 22] of similar viscous slurry electrodes loaded with conductive fillers and
relatively low concentration of active materials revealed the
major challenges of suspension electrode concepts for flow
batteries: extremely high shear-dependent suspension viscosity (>1000 times higher than electrolyte) coming from
the conductive filler, agglomeration of particles, and the
need to stabilize the active material in suspension. The high

13

viscosity of such suspension electrodes results in significant pumping power penalties, incomplete discharge, and
random conduction paths resulting in extra cost and inactive battery weight.
Nanofluids with electrochemically active nanoparticles
are a form of suspension electrodes, [14, 17, 18] where
the redox reaction occurs when suspended particles come
into contact with a polarized current collector, exchanging electrons between the particles and the circuit during
the impact event as shown schematically in Fig. 1, [23].
This particle–electrode impact event (PEI) is a multi-parametric process that has been the subject of fundamental
interest in the electrochemical community given the complex convective, diffusive, and hydrodynamic aspects of the
system [23–25]. Some of the earliest work in this area by
Heyrovsky et al. [26] studied the voltammetry of colloidal
solutions of semi-conducting oxides such as SnO2, TiO2,
and Fe2O3. More recent fundamental studies have explored
potentially wide ranging applications via both electrocatalytic and direct electrochemical charge–discharge processes
[23, 25, 27, 28].
In this study, we demonstrate the concept of nanoelectrofuels (NEF), [29, 30] which uses nanofluids containing
high energy density battery nanoparticles to undergo electrochemical charge–discharge in a fluidized format, without
the aid of any conductive percolating networks. This NEF
approach merges the high energy density of solid battery
materials with the operational flexibility of flow batteries, creating a new high energy density pump-able battery
format [29]. The major advantage of this NEF approach is
that the energy density is not limited by the solubility of
active materials (as in case of traditional flow battery electrolytes) and, furthermore, it does not suffer from pumping
power penalties (as in the case of semi-solid flow battery
designs) [16, 31]. Being liquids, nanoelectrofuels can be
stored in external, conformable tanks and be pumped in
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Fig. 1  Schematic of a rechargeable nanoelectrofuel flow battery using flowing cathode and anode suspensions undergoing electrochemical
charge–discharge based on the impact event between the nanoparticle (in fluid) and the solid current collector

and out of the battery stack for charge and discharge. This
format also offers a separation of power and energy storage ratings through the independent sizing of the power
stack and storage tanks, originating from its traditional flow
battery design. Finally, this NEF approach minimizes the
fraction of packaging materials, as the batteries are scaled
to larger storage applications, providing up to 60% higher
system-level energy density as compared to the same active
electrode materials in traditional solid battery format [29].
This is in contrast to solid-state batteries that linearly scale
power, storage capacity, and amount of packing materials
with the size of the battery. Nanofluids, unlike suspensions
of micron-sized particles, are inherently more stable against
settling, as the Brownian motion of smaller particles effectively counteracts gravitational forces. Thus, nanofluids do
not require use of support microstructure (conductive filler)
for colloidal stability. This enables formulation of nanofluid electrodes with high loadings of unsupported batteryactive nanoparticles and low viscosity. At the same time,
nanoscale battery materials have a high surface-to-volume
ratio and are known to have significantly faster charge/discharge rates as compared to their micron-sized analogs due
to shortened internal diffusion paths [32].
For the successful development of NEFs for redox flow
batteries, the following criteria need to be met: (i) high
loading of solid particles in suspension to achieve energy
density competitive to the equivalent solid-state format;
(ii) low viscosity with minimal shear dependence for efficient pump-ability, and (iii) good electrochemical activity towards charge and discharge reactions. Meeting all of
these functional requirements in one formulation represents
a significant engineering challenge [29] and necessitates the
development of new and non-traditional approaches for the
formulation of nanoparticle suspensions. The key to controlling viscosity of nanofluids is to prevent agglomeration

of the nanoparticles [29]. Suspensions with high concentration of solid nanomaterials and relatively low viscosity have
been previously achieved either by addition of surfactants
that provide steric isolation of particles; by controlling the
surface charges at particles through tailored electrolytes
(pH, ionic strength); or by grafting short-chain organic or
polymeric molecules onto the surface of nanoparticles. The
focus of this study is on the development of an aqueous
anode nanoelectrofuel using low-cost, commercially available nanoparticles of α-Fe2O3 (hematite), which has been
previously studied as an anode material for aqueous solidstate batteries with multi-electron redox chemistry [33, 34].
Under alkaline conditions, the Fe(III)/Fe(II) redox couple
in hematite provides a reversible theoretical specific capacity of 335 mAh g−1. Further reduction of Fe(II) to metallic Fe(0) provides an additional 670 mAh g −1, resulting in
a net theoretical specific capacity of 1005 mAh g −1. Specifically to iron oxide nanomaterials (maghemite, hematite, and magnetite), a variety of literature reports exist on
the preparation and rheology of nanofluids with high solid
loading that use a combination of surfactants [35–37], dispersants [38], or polymeric grafts [39–44] in aqueous and
non-aqueous fluids (summarized in supporting information,
Table S1). All of the reported approaches inevitably introduce significant amounts of additives to achieve acceptable
levels of viscosity in the nanofluids. For example, the 65
wt % suspension reported by Jain et al. [45] contains solids which have a polymer content of 24 wt%, resulting in
reduction of the total fraction of iron oxide in the nanofluid
to 50 wt%. Most of the surface modifying agents explored
in the literature are electrochemically inactive and are likely
to have adverse effects on the ability of the nanoparticles
to participate in electrochemical reactions as well as to
reduce gravimetric energy density of the suspension electrodes. An alternative approach to controlling the viscosity
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of concentrated suspensions is surface modification by
anchoring small functional groups to the nanoparticle. We
have previously explored this approach for formulation of
nanoelectrofuels with maghemite nanoparticles, [46] where
the surface-modified maghemite particles (5 wt% graft)
allowed high solid loadings (up to 40 wt%) and low viscosity of nanofluids. However, the electrochemical activity of
these modified nanomaterials was found to be significantly
suppressed (50% decrease in the solid state) as compared
to the pristine nanoparticles, thereby limiting its proposed
application.
In this paper, we demonstrate that a near-monolayer
coverage (<3 wt%) of the nanoparticle surface enables the
formulation of nanofluids with considerably higher particle loadings, excellent colloidal stability, enhanced thermal conductivity, and improved retention of electrochemical activity than in previous studies on maghemite-based
nanomaterials [46]. Electrochemical performance and
post-cycling crystalline phase analysis of the pristine and
modified hematite nanoparticles in the form of solid casted
electrodes are presented. We also demonstrate that the nanoparticles can be electrochemically accessed in a fluidized
format through a mechanism of particle electrode impact
events indicating potential for applications in rechargeable
redox flow battery systems.

2.2 Surface modification of hematite nanoparticles

2 Experimental section

Base fluid for all nanofluids was a solution of 30 mM KOH
and 10 mM LiOH in deionized (DI) water, which ensured a
pH of ~11 in the resulting nanofluids. For nanofluid preparation, the requisite amount of dry nanopowder was added
to the base fluid and mixed extensively using combination
of vortex mixer (Fisher Scientific) and magnetic stirring to
achieve a uniform mixture. The mixture was then sonicated
in an ultrasonic bath for 4–6 h to achieve a homogeneous
suspension of nanoparticles. Prior to any testing, nanofluids were re-agitated by sonication for at least 1 h. Reported
nanofluid concentrations are in weight percent (wt%) such
that 4 g of solids and 6 g of base fluid makes 10 g of a 40
wt% nanofluid. Conversion of weight to volume percentages is presented in the supporting information (Section
S.1, Figure S1).

2.1 Materials and characterization techniques
Iron (III) oxide (Fe2O3) nanopowder (<50 nm) was purchased from US Research Nanomaterials, Inc. Size and
morphology of nanoparticles were examined using scanning electron microscopy (SEM, Hitachi S-4700). Titanium
mesh (80 mesh count, 99.9% Alfa Aesar), nickel mesh (100
mesh, Alfa Aesar), and Celgard 3401 membrane (Celgard,
LLC) were used as received. Samples for SEM imaging
were prepared by drop-casting a highly dilute suspension
of the nanoparticles in ethanol onto a silicon wafer. Crystalline structure before and after surface modification was
confirmed X-ray powder diffraction (XRD, Bruker D2).
Thermogravimetric analysis (TGA, SDT Q-600, TA Instruments) of nanoparticles before and after surface modification was conducted to quantify the amount of grafted material. In a typical test, a 10- to 15-mg sample was heated
from 30 °C to 1000 °C at 10 °C min−1 rate under N2 flow.
To obtain information on phase composition and the ratio
of the phases in cycled samples, XRD patterns collected
from the electrodes were refined directly by the Rietveld
method using GSAS and EXPGUI software [47–49]. For
all refinements, ICSD crystallographic information files
were used [50].
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3 g of pristine F
 e2O3 nanoparticles was mixed with 400 mL
of deionized water and sonicated using a horn sonicator
(QSonica, Q700) at 80% power and 5/10 min on/off cycle
for 24 h. After sonication, the suspension was placed on a
magnetic stir plate and 4 g of 40 wt% 3-(trihydroxysilyl)1-propane sulfonic acid (SIT, Gelest Inc.) was slowly added
to the nanoparticle suspension under vigorous stirring. To
this mixture, 1 M solution of NaOH (Fisher Scientific) was
added drop-wise until the mixture reached pH 5. The reaction mixture was then placed inside a ultrasonic bath (FisherBrand, 37 kHz) and held at 70 °C for 8 h under continuous sonic agitation with simultaneous mechanical stirring
(Heidolph mechanical overhead stirrer RZR, 250 rpm).
After 8 h, sonic agitation was turned off and the reaction
mixture was kept at 70 °C with only mechanical stirring for
additional 16 h. The resulting surface-treated F
 e2O3 particles (Fe2O3–S) were then washed profusely with deionized
water and ethanol, isolated by vacuum filtration and dried
under vacuum at 60 °C. The combination of mechanical
stirring and ultrasonication during the synthesis protocol
was found necessary to prevent aggregation of these magnetic particles and optimize the coating thickness.
2.3 Preparation of nanofluids

2.4 Measurement of nanofluid properties
Dynamic viscosity of the nanofluids was measured using
a Brookfield DV-II+ rotational-type viscometer with the
SC4–18 spindle in the temperature range between 25 °C
and 55 ± 0.2 °C. Viscosity values reported in this paper correspond to an average of 25 consecutive readings with variation ±2%. For all reported viscosity data, a torque criterion of >10 and <90% was satisfied. Agglomeration sizes
of suspended nanoparticles were determined by dynamic
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light scattering measurements (DLS, Particle Size Analyzer, Zeta plus Brookhaven Instruments Corp.). Samples
were prepared by diluting a well-sonicated 5 wt % nanofluid with a base fluid to create a dilute (<0.01 wt%) suspension with the same pH and ionic strength. Zeta potential
of pristine and surface-modified nanoparticles was conducted using dilute (<0.01 wt%) particle suspensions in
1.3 mM aqueous KOH ensuring pH 10 and conductivity of
approximately 400 µS.
2.5 Electrochemical testing of solid casted electrodes
Electrochemical testing was conducted using solid casted
nanoparticle electrodes as the working, a nickel gauze as
counter, and an Hg/HgO as reference electrode in an aqueous solution of 5.5 M LiOH. For solid casted nanoparticle electrodes, a slurry containing 50/40/10 wt% of active
nanomaterial (Fe2O3 or 
Fe2O3–S), conductive acetylene
black, and polyvinyldifluoride (PVDF) binder, respectively, in N-methyl-2-pyrrolidone (NMP) was applied to a
2 × 1 cm titanium gauze and dried in an oven at 60 °C. A
theoretical capacity of 335 mA h g−1 was assumed for all
calculations on the basis of the Fe(III)/Fe(II) redox couple
in Fe2O3. After electrochemical testing, the solid casted
electrodes were characterized by XRD and SEM with EDX
elemental analysis.
2.6 Electrochemical testing of nanofluids
A 5 wt% suspension of the pristine or modified nanomaterial was made in an aqueous solution of 5.5 M LiOH,
which was then sonicated for 1 h before use. A titanium
gauze was used as the working electrode, nickel gauze was
used as the counter electrode, and an Hg/HgO as reference electrode in a custom-built beaker-type cell as shown
in Figure S2. The cell was divided into two compartments

597

using a Celgard 3401 membrane as separator. A small stir
bar was used to maintain good convection of the nanofluids
(700–1100 rpm) throughout the testing procedure, simulating flow-like conditions of a traditional redox flow battery.

3 Results and discussion
3.1 Surface modification of hematite nanoparticles
The surface grafting procedure described in the experimental section resulted in the hematite nanoparticles
with chemically modified surfaces hereinafter referred to
as Fe2O3–S. Reaction of hydroxyl groups on the surface
of hematite with the grafting agent, 3-(trihydroxysilyl)1-propane sulfonic acid (SIT) renders the surface of the
nanoparticles negatively charged with sulfonate groups
(Fe–O)3–Si–(CH2)3–SO3−. The detailed reaction mechanism was presented in a prior publication and is also discussed in the supporting information section [46]. Examination of pristine and unmodified nanoparticles by SEM
shows (Fig. 2) that average particle sizes of 20–50 nm and
spherical shapes remained unchanged after the surface
modification. The XRD patterns of nanopowders before
and after the surface modification (Figure S3, supporting
information) confirm the α-Fe2O3 phase for both nanopowders and the fact that chemical modification did not
affect the crystalline structure of nanoparticles. Using the
Debye–Scherrer equation, grain sizes were estimated from
the XRD peaks as 21.6 nm for pristine powder and 22.8 nm
for surface-modified nanoparticles, which is consistent with
particle sizes observed using SEM.
Thermogravimetric analysis (TGA) of pristine (Fe2O3)
and surface-modified nanoparticles (Fe2O3–S) (Figure S4)
reveals a net difference of 3 wt% attributed to the loss of
the propyl sulfonate grafting moiety introduced onto the

Fig. 2  SEM images of pristine (left) and sulfonated (right) hematite nanoparticles
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modified particles. Assuming an average particle size of
22 nm and spherical particle shape, a monolayer coverage
should correspond to approximately 2 wt% of the grafting
moiety (see supporting information S.2). This result is an
excellent match with the weight loss observed experimentally, suggesting a good coverage of the nanoparticle surface. However, in the absence of a statistically meaningful
measurement of coating thickness across the nanoparticle sample, the homogeneity of such a coating cannot be
known accurately. The amount of electrochemically inactive graft incorporated by this procedure is significantly
less than most literature reports, including previous reports
using similar grafting methodology (see Table S1) [44, 45].
The combination of mechanical stirring and ultrasonication during the synthesis protocol was found necessary to
prevent aggregation of the magnetic particles and limit the
coating thickness, which would otherwise exceed 5 wt%
[46]. Further evidence of surface graft on the nanoparticle
surface is obtained from FTIR spectroscopy (Figure S5).
3.2 Rheological behavior of the nanofluids
Viscosities of the nanofluids prepared from pristine ( Fe2O3)
and sulfonated (Fe2O3–S) nanopowders measured at room
temperature are presented in Fig. 3a relative to the base
fluid as a function of nanoparticle loading. Nanofluids
with pristine Fe2O3 nanoparticles were found to be stable
with relatively low viscosities at particle loadings of 5 and
10 wt%. However, a suspension with 20 wt% solids was
found to have paste-like consistency and relative viscosity of ~370 cP as compared to ~1 cP viscosity of the base
fluid (Fig. 3a). Nanofluids with modified F
 e2O3–S nanoparticles had much lower viscosity even at particle loadings of 60 wt%, and were found to be stable over extended
measurement times with no visible sedimentation after the
measurement.
As can be seen from Fig. 3a, nanofluids of pristine
nanoparticles show a non-linear increase of viscosity at
particle loadings above 10 wt% (equivalent to 2 vol%,
Fig. 3  a Viscosities of nanofluids at 25 °C prepared from
pristine (Fe2O3) and surfacemodified (Fe2O3–S) hematite
nanoparticles at different solid
concentrations; common viscosity model fits included; b Viscosity for F
 e2O3–S nanofluids
as a function of temperature; the
calibration curve for ethylene
glycol is included as reference
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see Figure S1 for the relation between weight and volume
percent), while in the suspensions of surface-modified
nanoparticles, a non-linear increase in viscosity starts
at concentrations above 50 wt% (16 vol%). Figure 3b
shows that the viscosity of the nanofluids decreases with
increasing temperature at all tested particle loadings. A
nanofluid with 70 wt% (30 vol%) solids was prepared
and its viscosity was found to be stable within 2% deviation over 50 consecutive measurements. However, small
amounts of sediment were visible after measurement and
hence the suspension was deemed unstable. This solid
loading of 70 wt% with a viscosity of 26 cP at room
temperature is at the upper limit of the experimentally
achievable loading using surface-modified nanoparticles
prepared in this study. Note that this is nearly double
the concentration of nanoparticles achieved in maghemite-based nanofluids with previously reported methods
[46]. A nanofluid with 60 wt% (22 vol%) of solid loading showed a viscosity of ~14 cP at 25 °C. This value
is considerably smaller than several literature reports of
iron oxide nanofluids prepared under similar conditions
(see Table S1) [51–53]. Furthermore, accounting for
the 3 wt% of grafting moiety on the surface of hematite
nanoparticles, the effective concentration of iron oxide is
approximately 58 wt%, which is one of the highest loadings reported to date (pH 11, aqueous base fluid) in comparison to the suspension with the 50 wt% of iron oxide
particles reported by Jain et al. [45]. We attribute this low
viscosity of the modified nanofluid to the ability of the
surface-modified nanoparticles to prevent agglomeration when dispersed in a fluid. This is achieved through a
combination of steric and charge based repulsion arising
from structural elements of the surface grafting moiety,
as described in previous studies [46]. In the absence of
extended particle agglomerates, the viscosity of the colloidal suspension is lower because of a smaller resistance
to flow. Experimental evidence in support of these claims
is provided by dynamic light scattering studies (Fig. 4c)
and zeta potential measurements (Sect. 3.3).
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Fig. 4  a, b Settling tests for
5 wt% (1 vol%) nanofluids from
Fe2O3(left) and F
 e2O3–S (right),
a immediately after ultrasonic
agitation and b after 2 weeks at
rest; c number lognormal particle size distribution measured
with dynamic light scattering

The experimental viscosities of the modified nanofluids were compared with theoretical models. The Einstein–Batchelor model provides a basic equation for the
viscosity of suspensions with non-interacting hard spheres
(Eq. 1): [54]
(1)
where 𝜂relative is the relative viscosity of the suspension vs.
the base fluid and ϕ is the solid volume fraction of particles dispersed in the fluid. Figure 3a shows that the viscosity of F
 e2O3–S nanofluids appears to be linearly increasing
with particle loading for suspensions with up to 50 wt%. At
higher concentrations, the increase is significantly steeper,
indicating the onset of stronger particle–particle interactions. The relative viscosity of both pristine and sulfonated
fluids is much higher than that predicted by the basic Einstein–Batchelor model. The Krieger–Dougherty relationship is a semi-empirical model that takes into account a
‘crowding effect’ that exists in more concentrated suspensions leading to greater sensitivity to incremental changes
in concentration. It includes an additional parameter, ϕm,
the maximum packing fraction. This is defined as the maximum volume of particles that can be added to a suspension
before the system ‘jams up’ and viscosity becomes infinite
[55].

𝜂relative = 𝜂nanofluid ∕𝜂base fluid = 1 + 2.5𝜙 + 6.2𝜙2 ,

𝜂relative

(
)−[𝜂]𝜙m
𝜙
= 1−
,
𝜙m

(2)

where [ɳ] = 2.5 is the intrinsic viscosity.
Furthermore, the modified Krieger–Dougherty model
adds another ‘effective aggregate’ term, ϕagg, replacing the
solid volume fraction (ϕ) term in Eq. 2, defined as
( a )3−Df
𝜙agg = 𝜙 a
,
(3)
a
where aa is the radius of the aggregate (estimated from
DLS measurements), a is the radius of the particle, and Df
is the fractal dimension of aggregates in the nanofluid with

typical values between 1.6 and 2.5. Values of relative viscosity based on the modified Krieger–Dougherty model are
included in Fig. 3a at three different values of Df. Assuming Df = 2.5, non-linear least squares fitting yielded a value
of ϕm = 0.37. This suggests that, with careful processing,
the concentration of Fe2O3–S nanoparticles could be further increased to 76 wt% (37 vol%). The effect of varying shear rate on the viscosity of the nanofluids was also
explored, though all concentrations exhibited relatively
small changes within ±2 cP (Figure S6, supporting information). This is a considerably smaller shear dependence
with almost Newtonian behavior compared to other efforts
towards semi-solid flow batteries using aqueous formulations with carbon additives, where changes with shear rate
were orders of magnitude larger (±1000 cP) [20]. Significant shear rate dependence of the viscosity of the nanofluid will have a direct and adverse impact on the pumping
power required for any flow-type application [29, 56].
3.3 Colloidal stability and thermal conductivity
of nanofluids
Colloidal stability is a key factor for the long-term performance of nanofluids in different applications, and was
evaluated as a settling rate over time. Prior to testing, the
nanofluids were agitated with 1 h sonication and then left
at rest. Figure 4a–b compares stability of 5 wt% (1 vol%)
nanofluids made from pristine F
 e2O3 and surface-modified
Fe2O3–S nanoparticles. The suspension with pristine Fe2O3
settled soon after preparation, whereas the nanofluid with
Fe2O3–S particles remained well dispersed even after 2
weeks at rest. This superior dispersion stability is attributed
to the surface coating, which provides a combined charge
and steric separation of the individual nanoparticles, preventing agglomeration and settling. Settling time tests were
also performed for 70 wt% suspensions and showed comparable results to those reported for 5 wt% suspensions made
from surface-modified F
 e2O3–S nanoparticles.
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The agglomeration state of nanoparticles within the
nanofluids was studied by dynamic light scattering (DLS)
for both pristine and sulfonated nanoparticles (Fig. 4c).
Number distribution spectra show the average agglomerate size to be 947 nm in pristine F
 e2O3 nanofluids and
125 nm in suspensions with Fe2O3–S particles, indicating that agglomeration is significant in the case of pristine
nanoparticles (extended agglomerates with 30–50 times the
individual particle diameter). In suspensions of surfacemodified nanoparticles, a good dispersion is achieved and
agglomeration is limited to clusters of 4–6 nanoparticle
diameters, which significantly reduces gravity-driven settling and explains its superior colloidal stability. Furthermore, this excellent particle dispersion was observed to be
stable with DLS measurements over 24 h (Fig. 4c). Zeta
potential measurements demonstrated values of −41 mV
for Fe2O3 and −57 mV for F
 e2O3–S, respectively, at pH 10.
The larger value of the zeta potential in F
 e2O3–S suspensions supports the hypothesis of charge-based separation
due to negatively charged sulfonate groups and is in agreement with the observed enhancement in colloidal stability
of Fe2O3–S suspensions.
Thermal conductivities of all nanofluids prepared with
both Fe2O3 and 
Fe2O3–S nanoparticles were measured
to evaluate the effects of surface modification and particle loading. Enhancements as high as 55% over the base
fluid were observed for a solid loading of 70 wt% (30
vol%) with a close match to the theoretical value based on
Effective Medium Theory (EMT) (49%, section S.3, Figure S7). Relatively close correlation of experimental and
EMT-predicted values of thermal conductivity of F
 e2O3–S
nanofluids is an additional confirmation of the critical role
of the surface treatment on the agglomeration state of nanoparticles and, therefore, all thermo-physical properties of
nanofluids related to their microstructure. Although the key
functionality targeted in this study was the electrochemical activity of the nanofluids for redox flow batteries, the

Fig. 5  Electrochemical tests of pristine α-Fe2O3 and sulfonated
α-Fe2O3–S nanoparticles in form of solid casted electrodes in 5.5 M
LiOH electrolyte. a Cyclic voltammograms at a scan rate of 1 mV
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substantial enhancement in thermal conductivity could significantly advance the commercial feasibility of this technology [29] as the same fluid would simultaneously serve
as a system-wide heat transfer fluid while storing electrical energy. This additional feature could be beneficial for
transportation applications as well as the storage of energy
harvested from renewable sources.
3.4 Electrochemical characterization of solid casted
electrodes
Figure 5a compares the cyclic voltammograms of solid
casted electrodes prepared using the pristine Fe2O3 and
sulfonated Fe2O3–S nanoparticles. Although major redox
peaks in the CVs look similar in both samples, a few distinct differences are evident. Both electrodes show a Fe(III)/
Fe(II) reduction peak at −1.10 V, which is clearly separated
from the onset of H
 2 evolution. As was previously reported
[46], the surface treatment of nanoparticles with acidic sulfonate groups enhances the hydrogen evolution reaction as
indicated by a larger current density. The main oxidation
peak is observed at −0.84 V in the case of pristine nanoparticles with two small shoulders surrounding it at −0.96 V
and at −0.65 V. In the CV of the sulfonated electrode, these
two minor peaks before and after the primary oxidation
peak are more clearly resolved and it appears that the small
oxidation peak at −0.65 V has a matching reversible reduction peak at −0.90 V, which is not present in the CV of the
pristine Fe2O3 electrode.
Figure 5b shows the galvanostatic charge–discharge
curves for the pristine and sulfonated hematite nanoparticles. Because of the close vicinity of the redox potentials
for the Fe(III)/Fe(II) and hydrogen evolution reactions,
charging at a C/3 rate was conducted galvanostatically
without a set potential limit and was terminated once 335
mAh g−1 was delivered to the electrode. One can see that
two plateaus are observed for both electrodes, at ~−1.05

s−1; b charge (C/3) and discharge curves (C/6); c Discharge capacity
as a function of repeated electrochemical cycling
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and −1.10 V vs. Hg/HgO. On discharge at a C/6 rate, the
process was terminated once the electrode reached a potential of −0.4 V vs. Hg/HgO. Two plateaus, observed during discharge, correspond to the first two oxidation peaks
at −0.9 and −0.84 V as observed in Fig. 5a. Both pristine
and modified hematite nanomaterials exhibited a reversible
discharge capacity of approximately 240 mAh g − 1 (~70%
coulombic efficiency) in the first couple of cycles, indicating negligible effect of the surface coating on the electrochemical performance of the nanoparticles. This is in stark
contrast to previous reports on maghemite-based nanomaterials, where electrochemical activity was significantly
suppressed (~50%), likely due to the multi-layer nature of
the graft (~5 wt %) [46]. Figure 5c shows the change in
discharge capacity as a function of repeated electrochemical cycling. Both samples showed a diminishing discharge
capacity over repeated cycling (27% decrease over the first
10 cycles) down to 175 mAh g−1. While this decrease is
significant, it cannot be attributed to the surface coating
as both samples exhibit comparable trends. To investigate
the cause for capacity decrease observed, the morphology
and crystalline structure of the discharged electrodes before
and after cycling was studied with energy-dispersive X-ray
spectroscopy (SEM/EDX) and XRD analysis, respectively.
Figure 6 (a, b, e, f) compares typical SEM images of
pristine and modified hematite-casted electrodes after 10
charge/discharge cycles. Significant morphological changes
are observed at the surface of pristine electrode: formation of large 300- to 1000-nm octahedral crystals and their
agglomerates as well as smaller aggregates (100–300 nm),
which appear more amorphous and less conductive than
the original F
e2O3 nanoparticles. The electrode prepared from surface-modified nanoparticles also has some

601

new octahedral crystals; however, a significantly smaller
amount of the new phase is observed and the crystal sizes
are limited to 200–300 nm. The surfaces of both electrodes were analyzed with EDX elemental mapping at the
K-edges of iron (Fe–K) and oxygen (O–K). As can be seen
in Fig. 6b–d, large crystalline formations on the pristine
electrode represent metallic iron with no oxygen content,
while smaller formations surrounding the metal iron crystal are composed of both iron and oxygen. Similar analysis
of the electrode prepared from surface-modified nanoparticles (Fig. 6f–h) shows that small crystalline formations are
composed of both iron and oxygen and likely to be re-crystallized iron oxide.
The change in morphology of the electrodes and formation of new crystals on the surface of both pristine F
 e2O3
and surface-modified Fe2O3–S electrodes is a strong indicator of material instability during repeated charge/discharge,
especially in the case of pristine nanoparticles. While it is
assumed that the fully oxidized material (Fe2O3) should
go through Fe(III)/Fe(II) reduction before the onset of the
Fe(II)/Fe(0) reduction, the presence of the new metallic
phase in the discharged electrode indicates that (1) deeper
reduction occurs at the electrode within the applied charging limit of 335 mAh g −1; and (2) re-precipitated metallic
iron particles do not participate in the electrochemical reaction, at least at the tested charge/discharge rate; otherwise,
they would not be present on the discharged electrode (oxidized form of the material). The latter hypothesis is supported by the decreasing coulombic efficiency (50–70%) of
the charge/discharge process over repeated cycling and the
large size of the metallic iron particles, as they likely grow
during the charging process, but do not convert back to the
oxide during discharge.

Fig. 6  SEM images and energy-dispersive X-ray analysis maps of a–d pristine α-Fe2O3 and e–h sulfonated α-Fe2O3–S nanoparticles after electrochemical cycling described in Fig. 5c
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XRD patterns of the cycled electrodes in the discharged
state were taken and analyzed using Rietveld refinement,
[47–49] as shown in Fig. 7 (see Figure S3 and S8 for
XRD of original nanopowders). Both electrodes show partial conversion of active material to metallic iron with the
pristine sample having 31% and sulfonated sample 10% of
metallic iron, respectively. The pristine sample is fully converted to the F
 e3O4 magnetite phase, while the sulfonated
sample consists of 61% of original hematite Fe2O3 and 29%
of the F
 e3O4 phase. The remaining peaks that were not
included in the refinement are due to the underlying titanium current collector and the acetylene black used in the
formulation of the casted electrodes.
Formation of metallic iron at the reported charging conditions is probably due to composition inhomogeneity and
non-uniform electric fields across the electrode. The electrochemical Fe(0)/Fe(II)/Fe(III) redox process in aqueous
alkaline electrolyte is known to go through the generation of
soluble intermediate species such as ferrite [HFe(II)O2]− or
ferrate [Fe(III)O2]−, [57] while both metallic iron Fe(0)
and iron oxide Fe(II/III) are insoluble in alkaline media.
This leads to the possibility of dissolution, migration, and
re-precipitation of iron species (a solid–liquid–solid transition), leading to the formation of large metallic clusters,
which is clearly observed in the pristine F
 e2O3 electrode.
Significantly smaller morphological and crystallographic
Fig. 7  Rietveld refinement
of XRD patterns of the casted
electrodes prepared from a
pristine Fe2O3 and b sulfonated Fe2O3–S nanoparticles
after electrochemical cycling
described in Fig. 5c

Fig. 8  Charging and discharging curves for a 5 wt%
pristine α-Fe2O3 and b 5 wt%
α-Fe2O3–S nanofluids in a
beaker cell with constant stirring
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changes are observed at the electrode with surface-modified nanoparticles. With the proposed dissolution/re-precipitation mechanism leading to the observed morphological
changes, we attribute the minimization of such an effect in
the Fe2O3–S electrode to the surface coating on the nanoparticles. This coating around the core nanoparticle suppresses the migration of any soluble electrochemical intermediates formed (e.g., ferrite/ferrate [57]), to a large degree
preserving the nanoparticle and electrode morphology.
The nanostructure and associated properties of the active
material are a crucial requirement for the continued functionality of the nanoparticles for nanofluid electrode applications as agglomeration of nanoparticles would affect not
only electrochemical performance, but also cause drastic
changes in rheological behavior.
3.5 Electrochemical characterization of nanofluids
The galvanostatic charge–discharge curves for nanofluids
with 5 wt% of the pristine and sulfonated hematite nanoparticles were acquired by charging at a C/3 rate without a set potential limit and terminated once 335 mAh
g−1 was delivered to the electrode, followed by discharge
conducted at a C/30 rate, terminated once the electrode
reached a potential of −0.4 V vs. Hg/HgO. Figure 8a
shows the charge–discharge behavior of the nanofluid

Author's personal copy
J Appl Electrochem (2017) 47:593–605

with pristine nanomaterials with a maximum discharge
capacity of 335 mAh g −1 (100% coulombic efficiency).
Two plateaus are observed for both nanofluid systems
(Fig. 8) at ~−0.92 and −0.86 V vs. Hg/HgO corresponding to peaks in the CV (Fig. 5a), which are more differentiated and prominent in the case of the pristine nanofluid. Furthermore, an atypical feature is observed during
the discharge process where the potential decays from
−0.9 V to approximately −0.8 V before recovering back
to −0.85 V and then continuing with the discharge process till its completion at −0.4 V. Based on the PEI-type
mechanism proposed for this electrochemical charge–discharge process in a fluidized medium (Fig. 1), we attribute this feature to inhomogeneous discharge processes
and possible transient interactions of the current collector
with fully or partially discharged nanoparticles circulating in the fluid. Assuming an average value of −0.86 V
for discharge and −1.16 V for charge, we obtain a voltaic efficiency of 74% and full-cycle energy efficiency of
74% (given 100% coulombic efficiency). Figure 8b shows
the electrochemical behavior of the nanofluid containing
surface-modified nanoparticles (Fe2O3–S), exhibiting a
maximum of 176 mAh g −1 (52% coulombic efficiency).
Note that the charging process occurs in the H2-evolution
regime (−1.25 V) as compared to the pristine nanofluid
(−1.15 V, Fig. 8a) or even the solid casted electrodes
(−1.1 V, Fig. 5). Assuming an average value of −0.88 V
for discharge and −1.25 V for charge, we obtain a voltaic
efficiency of 70% and full-cycle energy efficiency of 36%
(given 52% coulombic efficiency). The lower discharge
capacity and efficiency observed for the Fe2O3–S nanofluids could arise due to an inefficient charging process that
occurs in the H
 2-evolution regime, likely facilitated by
higher interfacial resistance as well as the acidity of the
sulfonate-terminated coating. It also suggests that the surface coating could play a role in increasing electrochemical overpotential and reducing access to the nanoparticle
surface. This effect is consistent with the PEI mechanism
(Fig. 1) and was not observed in the case of solid casted
electrodes of the same materials (Sect. 3.4), likely due to
the presence of conductive carbon fillers. Hence, the use
of highly conductive surface grafts, doped high-conductivity iron oxides [58, 59], or additives to suppress the H2
evolution reaction [60] may enable better electrochemical performance. The voltaic and coulombic efficiencies
of nanofluid suspensions are currently below the levels
achieved in traditional and semi-solid RFBs (>80%),
[16] but are promising for this nascent technology. This
study, for the first time, demonstrates electrochemical
charge–discharge of a nanofluid consisting of surfacemodified nanoparticles, without the use of secondary
conductive additives. Further studies that investigate
various transient phenomena, extended electrochemical
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cycling, effects of higher charge/discharge rates, and particle concentrations will help improve the charging efficiency of this new battery format.

4 Summary and conclusions
This study reports on the development of nanofluids containing high solid loading of battery-active anode nanoparticles, which undergo electrochemical charge–discharge in
a fluidized format through particle–electrode impact (PEI)
events. An optimized procedure was demonstrated for the
grafting of small organic molecules onto the surface of
α-Fe2O3 (hematite) nanoparticles that enables the formulation of nanofluids with 70 wt% (30 vol%) of solids in
alkaline aqueous electrolytes with viscosity below 26 cP at
room temperature, which is one of the highest solid loadings
of iron oxide in aqueous nanofluids reported to date. Furthermore, minimal shear rate dependence of viscosity (±2
cP) was observed that will translate to low pumping power
requirements during flow operation. The modified nanofluids also exhibit excellent colloidal stability (>2 weeks at
rest) and 55% enhancement in thermal conductivity, which
can be beneficial as the same fluid can serve as a systemwide heat transfer fluid while storing electrical energy. A
good match of experimental viscosity and thermal conductivity data with theoretical models (Krieger–Dougherty
and EMT, respectively) indicates good particle dispersion
in colloidal suspension. Electrochemical testing of pristine
and surface-modified nanomaterials as solid casted electrodes showed a maximum reversible discharge capacity
of approximately 240 mAh g−1 for both electrodes. However, electrochemical testing of the nanofluids in fluidized
format reveals a suppressed discharge performance for the
modified materials (176 mAh g−1, 52% CE) as compared
to the pristine material (335 mAh g −1, 100% CE). This suppression of electrochemical activity was only observed in
fluidized format, but not in the solid casted electrodes that
utilize conductive carbon additives, suggesting that electronic conductivity of nanoparticle and the surface coating
play a critical role in the PEI charge–discharge mechanism.
The surface-coated nanomaterials were also shown to suppress a parasitic agglomeration process, which is otherwise
dominant during electrochemical cycling of pristine iron
oxide. A proposed dissolution re-precipitation mechanism
offered insight into this auxiliary benefit of the coating,
which serves as a protective layer against migration and reprecipitation of any soluble electrochemical intermediates.
Future studies will examine the long-term electrochemical
cycling behavior of surface-modified nanomaterials, stability of the surface graft and performance in full RFB flow
cells at different particle concentrations, ionic strengths,
flow rates, and surface area of the current collectors. The
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electrochemical performance of suspensions with high
solid loadings (>50 wt%) tested in a RFB flow field is of
the most practical interest, and this articles provides the
first insights to its implementation.
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