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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Electrochemistry of aqueous citrate- 
capped Fe3-xO4 colloids up to 800 g/L 
was studied.

• Faradaic reactions are mainly due to Fe 
(II)/Fe(III) conversion within the NPs.

• Electrophoretic transport leads to accu
mulation and slow diffusion of NP on 
anode.

• Arrested anodic reactions cause 
extremely high cell voltage (water sta
bility window).
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A B S T R A C T

High-concentration, steric stabilizer free colloids and particularly their electrochemical behavior remains almost 
unexplored. Herein, we report on the electrochemistry (cyclic voltammetry, impedance spectroscopy, etc.) of 
highly concentrated aqueous colloidal dispersion up to 800 g/L of citrate-capped ~11 nm Fe3-xO4 nanoparticles 
(NPs) without background electrolyte on glassy carbon electrodes. X-ray photoelectron spectroscopy was applied 
to analyze the reaction products. Solid-state Fe(II)/Fe(III) conversion was concluded to determine the cathodic 
and anodic faradaic reactions of the particles, with the currents depending on approximately square root of the 
concentration. The electrochemical reactions are coupled with the electrophoretic transfer of the negatively 
charged NPs on toward the anode, with the ohmic-type behavior in the bulk demonstrated by the nearly linear 
voltametric cathodic curves and frequency-independent impedance above ~10–100 Hz. Accumulation and 
clogging of the NPs retards diffusion near anode. Hydrogen and especially oxygen evolution are arrested, and 
very large oxidation overpotentials result in extraordinary wide, up to 12 V, electrochemical window of water 
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stability. The findings shed light onto basic features of the electrochemistry of high-concentration colloids 
without added electrolyte and their potential applications in redox flow batteries, electrophoretic deposition and 
beyond.

1. Introduction

Aqueous colloidal dispersions possess unique thermophysical, mag
netic, optical properties among others [1–5] but electrochemical 
behavior of dispersed NPs has received limited attention and is expected 
to significantly differ from classical solution electrochemistry [6–12]. 
Meanwhile, this knowledge is crucial to develop next-generation 
aqueous redox flow batteries, electrochemical capacitors [11,13–20], 
sensors [21,22], and analyze biomedical, mineral, environmental eco
systems [23–31]. Typical colloids are sterically stabilized with adsorbed 
long-chain ligands or polymers through coordination binding of the NP 
surface atoms, averting the investigation of the (electro)chemical re
actions on the bare surface [8–12,32–35]. Furthermore, NP concentra
tions in reported syntheses and studies are commonly less than 10 wt% 
and fall short from providing high volumetric charge density. The only 
few known high-concentration, organic matter free suspensions are inert 
toward redox transformations, such as silica, titania and alumina. 
Aqueous dispersions of reasonably reactive magnetite/maghemite 
Fe3O4/γ-Fe2O3 have been produced (at most 20 wt%) and studied 
mainly due to their magnetic (superparamagnetic) character 
[2,3,22–25,34,35]. Electrochemical reactions of bulk and solid nano- 
textured iron oxides have been widely examined because of their 
abundance in natural processes, iron alloy corrosion, and converted in 

applications [6–19,26–46]. Magnetite Fe3O4 is known to oxidize to 
isostructural maghemite γ-Fe2O3 via solid-state Fe(II)/Fe(III) conver
sion, while the reverse reaction occurs in neutral and alkaline media 
[35–41]; thermodynamically favorable Fe(0) and Fe (hydr)oxides [44] 
may form in advanced reaction stages [40–42], with oxidative or 
reductive dissolution occurring in acidic media. The reactions are 
generally sluggish because of solid-state slow processes, surface 
passivation caused by bulky stabilizers in pasted electrodes, and rela
tively small ratio of NPs exposed, for example, about 1 % from 240 
deposited particle layers [32].

The electrochemical behavior of colloidal Fe3O4/γ-Fe2O3 NPs is 
much less studied. Roberts et al. reported the cyclic voltammetry (CV) of 
diluted citrate-capped 4.4 nm Fe3O4 NPs (0.2–12 mmol/L in citrate 
buffered 1 M NaClO4) on Pt rotating disc electrode (RDE),9 which has 
revealed irreversible solid-state Fe2+/Fe3+ oxidation/reduction with 
rather slow interfacial electron transfer. Accogli et al. [10] have found 
similar CV for surfactant-free 10 nm NPs fluidized as “bulk” colloidal 
electrode, and current densities 2 to 10 times larger for bulk compared to 
drop-cast Nafion covered NPs films on glassy carbon electrode (GCE). 
Arnot et al. [11] have investigated cathodic reduction of positively 
charged ~9 nm Fe3O4 colloids in tetramethyl ammonium hydroxide 
solutions on an RDE. The NPs physically adsorb on the electrode, 
reducing the area accessible for charge transfer, contrary to the classical 

Fig. 1. (A) Transmission Electron Microscopy (TEM) image of the NPs; (B) Particle size distribution of Fe3O4/γ-Fe2O3 NPs; (C) Small-Angle X-ray Scattering (SAXS) 
pattern of 350 g/L Fe3O4 colloid stabilized with Li citrate (inset particle distribution function, the red line is a multicore model fit with the fractal dimension of 2.8, 
the scattering of non-agglomerated NPs and the structure factor S(q) are shown as solid blue and gray dashed lines, respectively); (D). X-ray diffraction pattern of 
dried magnetite/maghemite colloids stabilized with lithium citrate. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)

Y. Mikhlin et al.                                                                                                                                                                                                                                 Journal of Colloid And Interface Science 703 (2026) 139247 

2 



electrochemistry of point-like carriers. Noteworthy, all the studies dealt 
with rather diluted, up to 10 wt% [11], colloids containing background 
electrolytes.

We prepared [45], on the base of simple co-precipitation method 
[46], high-concentration colloidal dispersions of ~11 nm Fe3O4/ 
γ-Fe2O3 NPs (Fig. 1A-C, Fig. S1) containing about 20 % of Fe2+ versus 33 
% in ideal magnetite (arbitrary denoted as Fe3O4 for simplicity) with no 
steric stabilizer and minimum quantities of free electrolyte and citrate. 
The primary NPs with a log-normal size distribution (inset in Fig. 1C, 
Fig. S1) form fractal clusters, which are denser for Li citrate [45], 
although the dispersions retain colloidal stability for months. Herein, we 
report for the first time the CV and electrochemical impedance spec
troscopy (EIS) of the colloidal dispersion up to 800 g/L, or about 44 wt 
%, in a three-electrode cell with GC rods as working and counter elec
trodes and a pseudo-reference hydrogen electrode (RHE) (Fig. 3A). We 
study the colloidal dispersion without added electrolyte and compare it 
to a film of Fe3O4 NPs supported on GC disc (Fig. 2A).

2. Experimental

2.1. Materials and synthetic procedure

All reagents (FeCl3⋅6H2O (98 %), FeSO4⋅7H2O (99 %), reagent grade 
sodium hydroxide, lithium hydroxide, citric acid monohydrate, hydro
chloric acid) were purchased from Sigma-Aldrich (Merck) and used 
without purification. Ultrapure water (18 MΩ⋅cm) was utilized in the 
experiments. Colloidal dispersions of magnetite/maghemite were pre
pared via the well-known co-precipitation method; the modified 

synthetic protocol and the main characteristics of the colloids were 
described in detail elsewhere [45]. FeCl3•6H2O (4.5 g) and FeSO4•7H2O 
(2.7 g) were dissolved in water preliminary heated to 70 ◦C and acidified 
with hydrochloric acid (0.5 mL), and 4.8 g NaOH was added under 
agitation; proportionally larger quantities were utilized to prepare 
larger volumes of the dispersions. The black precipitate formed after 30 
min reaction was multiply washed with water, then with 2 M NaOH, and 
again with water. Cation-exchange resin HPR1100 (Merc) in the H+

form was added and agitated for 5 min to discard remaining cations and 
then filtered away at a nylon filter (100 mesh). The colloids were sta
bilized with 0.6 mL of 1 M citric acid and 0.6 mL of 1 M NaOH or LiOH, 
resulting in minimal viscosity of the dispersions. High-concentration 
dispersions were produced by evaporation of excessive water at 90 ◦C 
under intense stirring, with the final concentration of the nanoparticles 
determined by the time of evaporation. Typically, colloids with the solid 
concentration of ~800 g/L were obtained; if required the solutions were 
diluted with water before the electrochemical experiment.

The iron oxide nanoparticles and colloids prepared in different 
batches are well reproducible in terms of the size (10.5 ± 1 nm in mean 
diameter), crystalline structure (reverse spinel phase of oxidized, 
defective magnetite/maghemite Fe3O4/γ-Fe2O3) and chemical compo
sition (about 20 % of Fe2+ instead of 33 % in bulk magnetite), and 
colloidal and electrochemical behavior; selected supporting data are 
given below.

2.2. Electrochemical methods

The electrochemical measurements were performed in open three- 

Fig. 2. (A) Scheme of the electrochemical cell to measure the electrochemistry of Fe3O4 NPs supported on GC electrode in 0.06 M NaOH at 20 ◦C. (B–C) CV of Fe3O4 
NPs supported on GC electrode with Nafion on two different potential windows and (D) without Nafion.
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electrode set-up (Fig. 2A) using an electrochemical workstation VMP3 
(BioLogic Instruments). In experiments with supported nanoparticles, a 
glassy carbon disk of 5 mm in diameter was used as the support and 0.06 
M NaOH (pH 12) as electrolyte. Typically, 100 μL of the magnetite 
colloid was mixed with 1 mL of ethanol suspension of graphite and 30 μL 
of Nafion solution, sonicated, dropped onto the disc surface and dried at 
room temperature; some tests were carried out without Nafion. The 
experiments with bulk colloids (about 5 mL, no background electrolyte 
added) were conducted with GC rods both as working electrode (WE) 
acting as a current collector, and the counter electrode (CE), the po
tential and impedance of which were recorded too, immersed into the 
dispersions with or without agitation with a magnetic stirrer in ambient 
air at room temperature. To discriminate the contributions of the WE 
and CE in the cell voltage and ESI, we used GC rods of different di
ameters (5 mm and 3 mm). Hydrogen electrode (Pt wire in NaOH, pH 
12, saturated with hydrogen) was utilized as reference electrode; all the 
potentials are given relative RHE. The cyclic voltammetry studies were 
performed at the scan rate 10 to 500 mV/s within the WE potential range 
of − 1.5 V to 1.5 V. Electrochemical impedance spectra were measured in 
the frequency range of 0.1 Hz to 100 kHz with 10 s delay after imposing 
a potential.

2.3. Nanoparticle characterization

TEM images were acquired using a JEM 2100 microscope (JEOL, 
Japan) operated at accelerating voltage of 200 kV; a droplet of the 
colloid diluted in water was placed on a carbon coated copper grid (Ted 
Pella Inc., USA) and allowed to dry in air at room temperature. X-ray 
powder diffraction patterns were recorded from the dispersions dried in 

air employing a Bruker D8 Advanced diffractometer operating in the 
reflection mode with Cu-Kα radiation.

SAXS measurements were performed in a flow-through capillary 
using a Kratky-type instrument SAXSess (Anton Paar, Austria) at 21 ±1 
◦C. The SAXSess has a low sample-to-detector distance of 0.309 m, 
which is appropriate for investigating dispersions with low scattering 
intensities. The samples (400 g/L and 350 g/L stabilized with sodium 
and lithium dihydrogen citrate, respectively) were measured after vor
texing for 30 s. The scattering vector q depends on the wavelength of the 
radiation (λ = 0.154 nm) as q = 4π n / λ sinθ. The measured scattering 
intensity was converted to absolute scale according to Orthaber et al. 
[47]. Deconvolution (slit length desmearing) of the SAXS curves was 
performed with the SAXS-Quant software; curve fitting was conducted 
with the SASfit software [48].

X-ray photoelectron spectra were acquired with a NEXSA G2 spec
trometer (Thermo Fisher Scientific) equipped with monochromatic Al 
Kα irradiation source (1486.6 eV) focused on 200 or 400 μm spot, 
electron flood gun, and 128-channel analyzer operated at the pass en
ergy of 200 eV for survey spectra and 50 eV for high-resolution spectra. 
The spectra were measured from droplets of initial colloids and those 
collected near cathode and anode after prolonged polarization 
(200–2000 s). The GC rods were extracted from the cell after the elec
trochemical experiment, and the dispersion was allowed to flow down 
and was discarded. Then, the residual dispersion wetting the electrode 
surface was gently transferred onto a sticky copper tape and dried. Also, 
the GC electrode surfaces after polarization were probed after removing 
colloidal dispersions (without washing). The binding energies were 
corrected assuming the C 1 s peak from aliphatic carbon at 284.8 eV. The 
high-resolution spectra were fitted with Gaussian-Lorentzian peak 

Fig. 3. (A) Scheme of the electrochemical cell (800 g/L Fe3O4 dispersion stabilized with sodium citrate, pH 9, no background electrolyte, 20 ◦C). (B–D) CV in 
different potential windows, scanning rates, with or without stirring.
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profiles after subtraction of the Shirley-type background. The Avantage 
6.9 software was utilized for data processing.

3. Results and discussion

The synthesis of dense colloids of Fe3O4/γ-Fe2O3 NPs follows a co- 
precipitation technique and the colloids are purified from the excess 
of surfactants and concentrated to yield high concentration aqueous 
dispersion with a minimal amount of citrate on the surface of the 
nanoparticles. The particle size has been determined by several tech
niques in a previous article. Among these techniques, transmission 
electron microscopy (TEM) gives an accurate estimate of the NP size 
(Fig. 1A) by counting the NP on the images giving the particle size 
dispersion (Fig. 1B). Since the TEM images reveal the NP after drying on 
the carbon coated grid and the NPs do not bare long chain ligands, the 
NP appear agglomerated and a more accurate and statistical way to 
assess the NP size has been carried out through Small-Angle X-ray 
Scattering (SAXS) of the high concentrated colloids (Fig. 1C). The X-ray 
diffractometer reveals the phase which is consistent with maghemite or 
magnetite (Fig. 1D). A Mossbauer analysis of the sample has previously 
revealed the chemical composition (about 20 % of Fe2+ instead of 33 % 
in bulk magnetite).

Thin film electrodes consist of an ink of Fe3O4 NPs in carbon paste 
with or without Nafion immobilized deposited on GCE (Fig. 2A). CV 

curves of the thin films show the redox Fe3+/Fe2+ couple maxima in the 
range − 0.3 V to − 0.5 V and near +0.5 V (RHE) (Fig. 2B-C) [9,10,37]. 
The potential difference approaching 1 V indicates that the reactions are 
electrochemically irreversible and proceed within the solid. The ratio of 
reduction and oxidation currents Icath/Ian of 4 to 1 is expected for the 
Fe2+ content (20 %) in this Fe3O4/γ-Fe2O3 [45] (see also Supplementary 
material). The experimental ratio Icath/Ian is, however, close to 1 and 
almost cycling-independent if the negative potential sweep was 
restricted by − 0.5 V, probably as different NPs repeatedly enter the 
reactions. At lower biases, the I – EWE plots are linear due to electro
phoretic particle rearrangement (see below), and the oxidation current 
grows more rapidly than the cathodic one upon cycling (Fig. 2C). At the 
same time, contributions of Fe0, Fe(II/III) (oxy)hydroxides and Fe(II/III) 
soluble complexes to electrochemical reactions are insignificant, if any. 
These reactions are well discernible for the film cast without Nafion 
(Fig. 2D), although the currents are very low because of peptization of 
the hydrophilic particles. The current surge at potentials more negative 
than − 0.7 V originates from hydrogen evolution reaction (HER) at the 
“bare” GC, while no signs of HER and oxygen evolution reaction (OER) 
were observed at the potentials − 1.5 V to +1.5 V for the thin film 
deposited with Nafion, as well as for bulk colloids.

The electrochemistry is then investigated on colloidal dispersion (not 
deposited) and without support electrolyte (Fig. 3A). The CV of ~800 g/ 
L Fe3O4 colloidal dispersions (Fig. 3B-D) show the cathodic wave of 

Fig. 4. (A)-(C) Effect of NP concentration on voltammetry of Fe3O4 colloids stabilized with (A), (B) sodium citrate, (C) lithium citrate; (D) viscosities of the colloids 
stabilized with sodium- and lithium citrates. (B): symbols are experimental current densities taken at corresponding CV curves (100 mV/s) and dashed lines are 
parabolic fittings of the current vs concentration plots; solid lines in plots (D) are guide for the eye.
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similar shape but with a shoulder instead of the anodic maximum, and 
all the features shifted by ~0.2 V to a higher potential due to the pH of 9 
vs 12 for the thin film. Toward negative potential in a stirred dispersion 
(Fig. 3B), the current densities, especially the anodic, are 3–6 times 
lower than for the thin film, with the ratio Icath/Ian approaching 4, in 
agreement with the proportion of Fe3+/Fe2+centers in the Fe3O4/ 
γ-Fe2O3 NPs (see XPS data below). Without stirring, the current ratio 
gradually decreases upon cycling, mainly at the expense of cathodic 
current. When the CV was extended below − 0.5 V, linear current – 
potential plot sections arise, and the ratio Icath/Ian decreases (Fig. 3C). 
Cycling still has a small effect on the CV measured under stirring, but the 
anodic currents increase much more than cathodic ones in about ten 
cycles and then stabilize. At high scanning rate, the CV reveals the 
diffusion limitation of the faradaic reaction (Fig. 3D). The findings can 
be rationalized in terms of (i) a lower NP concentration near the GC 
surfaces as compared with the thin film, (ii) solid-state Fe3+/Fe2+ con
version during the short NP collision with the GCE, in contrast to mul
tiple interfacial charge transfer for immobilized NPs, (iii) agitation 
removing reacted NPs from and delivering “fresh” ones to the electrode 
surface, (iv) electrophoretic transport of the colloids from cathode to
ward anode at the essentially negative biases of the working electrode, 
which limits the cell current (linear I – V plots) and the rate of electrode 
(cathode) reactions.

The current magnitude versus Fe3O4 concentration plots (Fig. 4 A-B) 
are roughly proportional to a square root of the particle concentration 
that is often due to diffusion-controlled processes. Mobility of colloidal 
particles is interrelated with viscosity that rapidly enhances at the high 
concentrations of Fe3O4 but can be diminished [45] by employing 

monobasic lithium citrate as stabilizer instead of sodium citrate 
(Fig. 4C–D). Indeed, the currents increase by several times in Li- 
containing Fe3O4 dispersions (Fig. 4C), including at rather low con
centrations ≤400 g/L when the bulk viscosities differ insignificantly. 
Chronoamperometric curves collected at various potentials and con
centrations (Fig. S2) show that the cathodic currents rapidly decrease in 
the first seconds of polarization and then stay stable (and may grow 
during prolonged polarization), while the anodic current steadily de
creases with time.

Monitoring the potential of counter electrode ECE and cell voltage 
EWE-ECE (Fig. 5, A-C) revealed the extraordinary wide potential window 
of the colloidal media and the role of electrophoretic effects. The ECE and 
EWE-ECE magnitudes increase rapidly as WE potential becomes more 
negative than − 0.5 V (RHE), reaching the unusual large values of 6 V 
and − 7 V, respectively, for EWE = − 1 V and exceeding 10 V for EWE =

− 1.5 V, much wider than the aqueous electrolyte stability window (up 
to 3.3 V) [49,50]. At the same time, the counter electrode potential 
(overpotential) is moderate for low negative and positive currents at the 
working electrode (when EWE > − 0.5 V), e.g. about +1 V for EWE = 0 V 
and so EWE-ECE ≈ − 1 V. The effect is more pronounced for a smaller 
counter electrode, i.e., higher anodic current density, confirming that 
anodic reactions are effectively blocked, and water oxidation doesn’t 
occur even at overpotentials of 5–10 V. Large ECE and EWE-ECE magni
tudes were also observed for modest colloid concentrations, e.g. 160 g/L 
(Fig. 5C). The remarkably high cell voltage is the driving force of 
asymmetric electrophoretic transport of NPs and related phenomena.

Further insight was gained applying electrochemical impedance 
spectroscopy. The high-frequency impedance that is independent of 

Fig. 5. (A) Potentials of working (EWE) and counter electrodes (ECE), and the cell voltage (EWE-ECE) versus cell current. (B–C) Current vs cell voltage measured in the 
Fe3O4 dispersions using GC rods of 5 mm (“large”) and 3 mm diameter (“small” electrode).
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potential and frequency, and lower for higher concentration of colloidal 
NPs and larger WE area, is due to the electrophoretic transfer in the 
dispersion bulk caused by the large potential gradient. At negative bias, 
the impedance only slightly deviates from the ohmic behavior below 
~100 Hz (Fig. 6 A-B); this correlates with the linearity of dc voltametric 
curves, suggesting fast interfacial cathodic processes. At positive po
tentials, the impedance significantly increases below 103 Hz, 
approaching the square root frequency dependence characteristic of 
diffusion. The Nyquist plots (Fig. S3) are better fitted using an equiva
lent circuit incorporating a frequency-dependent element close to the 
finite length (bounded) Warburg impedance WB or, alternatively, Ger
ischer impedance [51–53]. The latter has been derived for a chemical 
reaction or other transfer process, including diffusion, preceding or/and 
following the electrochemical reaction. The parameters of the equiva
lent circuit are listed in Table S1. The concentration of reactive NPs is 
larger near the anode than the cathode, signaling a slow diffusion of 
colloidal NPs to the anode surface, in contrast to the high-frequency 
impedance related to bulk electrophoretic transport which increases 
with the colloid content. The scheme in Fig. 6C compares arrangement 
of the NPs immobilized under Nafion film and freely moving colloids 
clogging near anode (seen by the naked eye after prolonged 
polarization).

X-ray photoelectron spectroscopy was utilized to examine the 
products of the chronoamperometric polarization both attached to the 
GC electrodes and in dispersed in the GC vicinity (Figs. 7 and S4). The 
spectra from a colloid droplet collected near the cathode and dried on a 
sticky copper tape exhibit a reduced signal of Fe and a contribution of 
the support due to thinning the dispersion in comparison with the 
unreacted one, caused by the electrophoretic transport. The spectra of 
the near-anode colloids alter insignificantly, except for the disappear
ance of Na signal, probably owing to faster transfer of citrate-capped and 

Na+-depleted NPs with higher net negative charge toward the anode. 
The changes of Fe3+/Fe2+ ratio both in the reduced and oxidized 
colloidal NPs remain within experimental error because of the large 
number of finite-size particles, and therefore a small fraction of Fe 
centers entered the reactions. At the same time, the peaks of iron (III) in 
the Fe 2p and Fe 3p spectra and O2− components in the O 1 s spectra 
related to Fe3O4 phase are shifted up to about 0.3 eV to higher or lower 
binding energies after oxidation and reduction, respectively (Fig. 7C). 
These correlations indicate charging of the particles, confirmed by 
corresponding shifts of the valence band spectra (Fig. S4), which is 
observable in ex-situ XPS measurements. Since the XPS reveals the iron 
oxidation state long after the electrochemical measurement on a dry 
film, the XPS confirms the faradaic Fe2+/Fe3+ redox conversions at work 
in the electrochemical cell.

The spectra from the positive electrode surface (CE at +2.5 V) 
revealed iron oxides close to the initial Fe3O4 NPs, including the Fe2+/ 
Fe3+ ratio of ~0.2 (Fig. 7 B and Fig. S4D), charged positively relative to 
the dispersed NPs. The amount of iron species deposited on the electrode 
hold at − 1.5 V is very minor (Fig. 7B,F and Fig. S4D), with an increased 
share of Fe2+, metallic Fe0 in some spots and enhanced binding energies 
of the Fe3+ peak.

So, colloidal citrate-capped Fe3O4 NPs enter both cathodic and 
anodic reactions predominantly determined by the Fe3+/Fe2+ trans
formations localized within single solid phase. The current densities are 
of the same order as for supported NP electrodes and increase as square 
root of the colloid concentration. The anodic charge transfer appears to 
be faster than cathodic due to proximity of the negative NPs and the 
positive electrode surface. Oxidation rate is, however, restricted by slow 
particle diffusion toward the electrode (Fig. 6) rather than screening the 
surface by attached NPs, particularly because it depends on viscosity. 
Such dispersions with the concentration of active species up to 1 kg/L 

Fig. 6. (A), (B) Electrochemical impedance (Bode plots) of GCE in the colloidal dispersions of different concentrations of Fe3O4 stabilized with sodium citrate as a 
function of the electrode potential. (C) Scheme illustrating electrophoretic transfer and diffusion (blue and red arrows, respectively) of the thin film supported at GCE 
(graphite particles are omitted for simplicity) and in the colloidal cell.
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(50 wt%) are prospective media for the next-generation redox flow 
batteries, the performance of which can be engineered by tuning the 
content, composition, size and surface state of the particles, cell design, 
agitation, viscosity (important for electrochemical kinetics, not only 
pumping the media), temperature and so on. The effectively arrested 
evolution of hydrogen and especially oxygen results here in remarkably 
wide, up to 12 V, electrochemical window of water stability, the origin 
of which, possibly related to reduced activity and shells of ordered ice- 
like H2O around the NPs [45], need to be understood. The high cell 
voltage promotes further crowding the NPs near anode owing to elec
trophoretic transport, essential in the dispersions without added elec
trolyte, through a kind of positive feedback. Interestingly, this potential 
window is much wider than in “water-in-salt” media with very large 
electrolyte content that has been suggested [49] to arise, on the con
trary, from disordered hydrogen bond structure.

4. Conclusions

For the first time, the electrochemical behavior of aqueous colloidal 
dispersions as high as up to 800 g/L ~ 11 nm magnetite/maghemite 
particles negatively charged via adsorption of a minimal amount of 
citrate with no steric stabilizers and no added electrolyte was studied 
using voltammetry and electrochemical impedance spectroscopy in 
combination with XPS, TEM, XRD, SAXS. It was demonstrated that 
faradic cathodic and anodic reactions at inert glassy carbon electrodes as 
current collectors are chiefly due to conversion of Fe(II)/Fe(III) centers 
within the moving nanoparticles and reflect their ratio composition in 
solid, but depend on agitation, potential scan limits, and so on and differ 
from the current ratio for the NPs immobilized on the GC electrodes. The 
current magnitudes are about square root function of particle concen
tration. Linear current – voltage plots at negative biases and ohmic-type 
frequency independent impedance (above ~100 Hz) were explained in 
terms of electrophoretic transport in the dispersion bulk, while low- 

Fig. 7. X-ray photoelectron survey spectra of (A) initial Fe3O4 colloidal dispersion (density 1.015 g/cm3) dried in air and the dispersions probed near working 
electrode polarized at − 1.5 V (RHE) and the counter electrode with the potential of about +6 V for 2000 s, (B) surfaces of the GC electrodes polarized at − 1.5 V and 
+ 2.5 V. (C) Binding energies of the Fe3+ and O2− components of Fe 3p and O 1 s spectra (see Fig. S4) for the dispersions and GC surfaces (stars) as a function of the 
GCE biases. (D)-(F) High-resolution O 1 s, C 1 s and Fe 3p spectra of the initial dispersion (D), and GC surfaces polarized at +2.5 V (E) and − 1.5 V (F).
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frequency impedance was ascribed to near-electrode Warburg or Ger
ischer diffusion of the particles. The electrophoretic transfer causes 
accumulation and clogging the NPs near the anode vicinity, entailing 
also high overpotentials of water decomposition and extremely large, up 
to 12 V, potential window of water stability. XPS found, among other 
things, that Fe3-xO4 nanoparticles attach to the anode while only minor 
reduced species formed on cathode surface.
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Fig. S1. SAXS investigations of the Fe3O4 colloid dispersion (400 g/L) stabilized using Na 

citrate. Similar to Figure 1, C for Li citrate stabilizer, a SAXS curve of particles and a best-fit 

curve (circles and red solid line, respectively). The scattering of the pure particles is given for 

comparison (blue solid line). The inset displays the particles’ number-weighted size 

distribution. The particle interaction is represented by the structure factor (black dashed line, 

right-hand axis). 

 

The scattering patterns of the magnetite/maghemite colloids, as shown in Figure 1 and 

Figure S1, are typical for interacting nanoparticles and allow us to determine the sizes of the 

particle cores, their size distributions, and quantify their interactions. First, we consider that 

the intensity of the SAXS signal is directly proportional to the square of the density contrast 

between the solvent and the object being studied. As the densities of iron oxide, sodium 

dihydrogen citrate stabilizer and the solvent (water) are approximately 5.2 g/cm3, 1.7 g/cm3 

and 1.0 g/cm3, the ratio of the squared differences (4.22/0.72) = 36 represents the scattering 

contrast between the cores and the shell made of citrate. So, we can only "see" the iron oxide 



3 

 

with SAXS. The scattering intensity, ����, of particles in the monodisperse approximation is 

given as the product of a particle form factor, ����, and a structure factor, ���� , as 

���� = ���� ���� . (1) 

We found (Fig. C and Figure S1) that the scattering curves are reproduced well using the 

analytical form factor of a sphere, �
��, �, Δ��, with a log-normal number-weighted size 

distribution of the radii, ���, �, �, ��, as 

���� = � ���, �, �, �� �
��, �, Δ�� ���
�

.  (2) 

The log-normal size distribution is defined as 

���, �, �, ��������  = �
√2� � �  exp #− ln��/��������&

2�& ' 
(3) 

and the scattering of a single sphere is given by 

�(��, �, Δ�� = )4
3 � �, Δ� #3 sin���� − �� cos����

�� ��, '2
&
 

(4) 

Here, the R is the sphere radius and Δη the scattering length density difference between 

particle and matrix, Δη is 3.11 × 10-11 cm-2 at the X-ray energy of 8.0 keV,  is the width 

parameter of the size distribution and Rmedian is the median radius. Using these parameters, the 

mean radius was calculated as ����� = ������� 345/& and the relative standard deviations of 

the width of the size distributions as �6��78/����� = 93&45 − 345
. 

Tentatively, we interpret the increase in scattering at q-values smaller than q = 0.3 nm-1, 

resulting from larger objects, likely fractal agglomerates of primary particles. Accordingly, the 

inter-particle structure factor3,4 

���� = 1 +  <
=�>

� =>?,�
�

3?@ABC sin��=�
�= =&

d=  
���� = 1 +  @ D

=�C> Γ�< + 1� sinF�< − 1� tan?I�� D�J
�< − 1� �D F1 + ��D�&J�>?I�/& 

(5) 

This ansatz was found appropriate for the interpretation of the scattering curves by 

multiplying the form factor of the primary particle with the fractal structure factor according 
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to Eq. (1). The parameter D in eq. (5) represents the fractal dimension, r0 is the radius of the 

individual particles that make up the fractal aggregate; we interpret r0 as the radius of the 

primary particle’s core radius. The ξ is a characteristic size of the fractal, or more precisely the 

cutoff length for the fractal correlation. It represents the distance above which the mass 

distribution in the aggregate is no longer described by the fractal law. Here the exponential cut-

off criterion 3?KL
MN

 is used. 

This approach employed to interpret the scattering data resulted in the fit curves shown in 

Figure 1C and Figure S1 (red solid and blue dashed lines); the distribution of the particles’ 

number densities is presented as a probability density function (PDF) in the insets. SAXS 

reveals a log-normal type of size distribution for the cores of the particles with the mean radii 

of 5.6 nm and 5.1 nm and relative distribution widths of 0.20 and 0.24, for the colloid samples 

stabilized using sodium and lithium citrate, respectively. The nanoparticles are arranged in 

multi-core particles as a clustered network in the form of dense mass fractals with a fractal 

dimension of 2.8. The radii of gyration of the mass fractals are 15 nm, and each network 

contains 18 primary particles. 
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Fig. S2. Chronoamperometric curves of Li-citrate stabilized colloids (unstirred) at various 

concentrations and GC electrode potentials. 
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Fig. S3. Typical Nyquist plots measured at GCE in 400 g/L Fe3O4 colloid and fitted (open 

symbols) using the equivalent electric circuit containing Gerischer impedance G2 (insertion).   

 

Table S1. Parameters of the electrochemical impedance of GCE in Fe3O4 dispersion (400 g/L) 

as fitted using the equivalent circuit R1+C2/(R2+G2), G2 is Gerischer impedance  

G = RG/tG(1 + j )1/2, where tG stays for characteristic time,  is a frequency and j is -1.  

Potential R1 (Ω) C2 (μF)  R2 (Ω) RG2 (Ω) tG2 (s) 

-0.25 V 120.2 88.64  26.66 104.312.5 0.5340.082 

-0.5 V  101.3 92.320  32.44.4 38.73.4 0.1720.027 

-0.75 V 108 48.92.6  9.630.4 16.50.66 0.0360.005 

-1 V 96 453.6  7.61.4 8.03.45 0.00720.0047 

0 V  105.2 82.28  39.02.9 480.125.5 2.000.2 

0.25  112.8 118.034  35.04.5 286.418.7 1.1980.077 

+0.5 V 100.3 11760  69.21.4 728.330.7 7.9241.69 

+1 V  108.1 12641  21.25.8 1760225 6915 
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Fig. S4. High-resolution intensity-normalized X-ray photoelectron spectra O 1s, C 1s and Fe 

3p of Fe3O4 colloids dried in air on a sticky copper tape: (A) probed near working electrode 

polarized at -1.5 V (RHE) and (B) near the counter electrode with the potential of about +6 V 

for 2000 s, and (C) valence band spectra of the colloids. (D) Fe 3p spectrum acquired on a spot 

at the GC electrode surface polarized at -1.5 V (see also Figure 4, F). (E) Fe 2p spectra collected 

from the untreated colloid (a), colloid probed near positive electrode (+6 V) (b), GCE surface 

polarized at +2.5 V (c), colloid probed near GCE polarized at -1.5 V (d) and GCE surface 

polarized at -1.5 V (e). Corresponding survey spectra are given in Figure 4 (main article). 

 

The X-ray photoelectron spectra of the unreacted nanoparticles demonstrate that magnetite 

is, in fact, partially oxidized during synthesis, containing 15-20% of iron (II) instead of 33% in 

the bulk Fe3O4, as can be seen from the Fe 3p bands (which are easier to fit than the Fe 2p3/2,1/2 

with complex multiplet structure). The ratio of carboxyl COO- and alcohol C-OH groups (BE 

of 288.5 eV and 286.3 eV, respectively) in the C 1s spectrum is 1.5-2, that is notably less than 

3 in the intrinsic citrate anions. The ratio Na+/COO- of approximately 1:3 suggests that the Na+ 

species are mostly near-surface counter-cations. 

  E 

A 

 C D 

B 
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The colloids in the vicinity of GCE after the polarization at constant WE potentials 

somewhat differ. The products collected near cathode after polarization at -1 V and, especially, 

-1.5 V contain lower concentrations of Fe relative both to common carbon and carboxylic 

groups, while the ratio C-OH to COO- exceeds 1. This is likely due to the contribution of 

underlying sticky acrylate layer on the copper tape; the changes in the O 1s, C 1s and the 

valence band spectra (Figure S4B) support this interpretation. In effect, this is a secondary 

signature of decreasing concentration of nanoparticles caused by their transport from the 

cathode, and thinning the dispersion dried then on the support. The spectra of the near-anode 

colloids insignificantly altered, but contribution of Na almost disappeared. It should be noted 

that we analyzed both the anode as working electrode and as a counter electrode, which 

potential slightly varied with time and reached about 6 V as the WE potential was kept at -1.5 

V. The effects are attributable to diffusion of negatively charged, citrate-capped NPs towards 

anode and less charged entities remaining near cathode.  

The high-resolution O 1s, C 1s and Fe 3p spectra from the surface of GCE anode (Figure 

S4D) only slightly differ from the oxidized colloid particles. In particular, the signals of O2- 

species and Fe3+ centers are shifted to higher BEs by about 0.1 eV and 0.3 eV, respectively, due 

to increasing the Fermi level energy. The ratio of COO- and C-OH groups somewhat decreases, 

implying oxidative split of the carboxylate. The O 1s and C 1s spectra acquired from cathodic 

surfaces are completely different since they originate mainly from the modified glassy carbon, 

including the line of graphitic C sp2 at 284.2 eV, while the contribution of O2- bonded to Fe is 

almost absent. The weak Fe 3p spectra with enhanced intensity of Fe2+ species (54 eV) and, 

in some spots, metallic iron do not match magnetite/maghemite.  
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