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A B S T R A C T

Sodium batteries are promising energy storage devices that could promote the transition to clean energy. For this
purpose, it is desirable to develop safe cathode materials that can be easily produced from cheap and abundant
elements. One of the attractive options is Fe2(dhbq)3, a metal-organic framework (MOF) that is synthesized from
2,5-dihydroxybenzoquinone (H2dhbq) and Fe(III) salts. This work provides a comprehensive analysis of
Fe2(dhbq)3, including its structure, properties, charge-discharge kinetics, and redox reaction mechanism in
sodium batteries. Using a set of experimental and theoretical methods, we show that sodiation of Fe2(dhbq)3 in
the potential range of 1.1–3.8 V vs. Na+/Na is accompanied by a reversible two-electron reduction of dhbq lig-
ands, while iron is only marginally involved and formally remains in +3 state. The material delivers a high spe-
cific capacity of up to ∼180 mAh g−1. Diffusion of Na+ ions in NaxFe2(dhbq)3 at low-to-moderate sodiation de-
grees (≥2.2 V vs. Na+/Na) is so fast that it is kinetically indistinguishable from supercapacitance. Additionally,
we show that Fe2(dhbq)3 can be synthesized by simply mixing solutions of H2dhbq and salts of Fe(III) at room
temperature, which makes its production especially simple and scalable.

1. Introduction

One of the most promising options for next-generation energy stor-
age is sodium batteries [1,2]. Unlike Li-ion batteries, they can rely on
abundant elements, which makes their large-scale production more sus-
tainable [3,4]. To make sodium batteries cheaper and easier to make, it
is desirable to develop cathode materials that could be synthesized
from inexpensive chemicals in a straightforward and scalable way. Ide-
ally, the synthesis should involve mixing of two solutions, followed by
collecting and drying the resulting precipitate, which can be used for
electrode production without further treatment. From this point of
view, Prussian blue and its analogs (NaxM[Fe(CN)6](1−y)*nH2O,
M = Fe, Mn, Zn, etc.) are attractive candidates for cathode materials,
since they can be synthesized simply by mixing hexacyanoferrates with
transition metal salts in solution [5]. However, these compounds re-

lease toxic cyanides when heated up above 200 °C, which is a major
safety concern [6]. Synthesis of other common cathode materials, such
as transition metal oxides [7–12] and polyanionic structures [13–15],
typically requires multistep procedures that involve energy-intensive
high-temperature annealing.

Redox-active coordination polymers, including metal-organic
frameworks (MOFs), have recently gained attention as energy storage
materials [16–18]. Some redox-active MOFs have fast charge-discharge
kinetics owing to their porous structures and high electron conductivity
[19–23]. They can also combine high specific capacity and superior cy-
cling stability [19–23]. Among the vast variety of building blocks that
can be used for MOF synthesis, 2,5-dihydroxybenzoquinone (H2dhbq)
and Fe(III) salts are among the most appealing from a practical perspec-
tive. Dihydroxybenzoquinone is a cheap and stable redox-active ligand
with a high specific capacity. Fe(III) compounds are extremely abun-
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dant and stable in air. Fe2(dhbq)3 MOF has been reported to have high
capacities and decent high-rate performance as a cathode material in
Li- and Na-based cells [24,25].

However, the properties of Fe2(dhbq)3 have been poorly investi-
gated, and its charge storage mechanism remains controversial. Cai et
al. [24] reported that: (a) reduction of Fe2(dhbq)3 is partially irre-
versible for an unknown reason, (b) Fe(II) and dhbq2.2− coexist in a par-
tially reduced state, and (c) Fe(II) and Fe(III) coexist in a fully reduced
state at 1.5 V vs. Li+/Li. These points are in contradiction with other
studies of the Fe(III)-dhbq framework, where it is reported that dhbq3−

anions coexist with Fe(III) [26,27], and that Fe(III) is not reduced to Fe
(II) even by sodium naphthalenide [26], which has an oxidation poten-
tial of ∼0.5 V vs. Li+/Li [28]. Gupta et al. [25] reported that energy of
the X-ray absorption Fe K-edge decreases upon lithiation, but does not
reach the value characteristic for Fe(II)-dhbq. Surprisingly, X-ray near
edge absorption spectra (XANES) of the reduced and reoxidized
Fe2(dhbq)3 were reported to be almost identical. The charge storage
mechanism of Fe2(dhbq)3 in batteries was explored using only lithium-
based systems, while no mechanistic studies reported for sodium-based
cells.

Previous studies have a few major limitations. First, all measure-
ments were performed ex situ, so limited information about the redox
processes could be obtained. Second, the experimental data was not
supported by computational approaches, which left some ambiguity in
the interpretation of the data. Here we present a comprehensive study
of Fe2(dhbq)3 properties, its charge-discharge kinetics and redox reac-
tion mechanism in sodium-ion batteries. We use a set of complementary
ex situ and operando techniques, as well as density functional theory
(DFT) calculations to gain a detailed understanding of the Fe2(dhbq)3
structure and its evolution upon sodiation. Additionally, we show that
Fe2(dhbq)3 can be obtained simply by mixing solutions of H2dhbq and
salts of Fe(III) at room temperature, which makes the synthesis simple
and scalable.

2. Experimental section

2.1. Fe-dhbq MOF synthesis

In a typical synthesis, a solution of Fe(NO3)3*9H2O (14 mmol,
4.656 g) in 50 mL of ethanol was added under continuous stirring to a
solution of 2,5-dihydroxybenzoquinone (21 mmol, 2.942 g) in 450 mL
of ethanol. The precipitate was collected by centrifugation and washed
with 200 mL of ethanol. The product was dried in a vacuum oven at
150 °C.

2.1.1. Caution!
Reaction between iron (III) nitrate and dihydroxybenzoquinone

leads to formation of HNO3 as a byproduct. In higher concentrations,
HNO3 reacts with alcohols (including ethanol) forming aggressive and
explosive substances [29,30]. To eliminate any risk of incidents when
scaling up the synthesis, it is advised to replace iron (III) nitrate with
another salt, such as iron (III) chloride. According to powder X-ray dif-
fraction (Fig. S1), using FeCl3 instead of Fe(NO3)3*9H2O leads to the
same product.

2.2. Electrode preparation

To prepare the electrodes for the electrochemical studies and
operando Raman spectroscopy, Fe2(dhbq)3 (80 % wt., 480 mg), Super P
carbon black (10 % wt., 60 mg) and poly(vinylidene difluoride) (10 %
wt., 60 mg) dissolved in N-methylpyrrolidone (2.0 mL) were thor-
oughly mixed to form a homogeneous slurry. The slurry was deposited
onto a carbon-coated Al foil using tape-casting (the slurry thickness was
150 μm for the galvanostatic experiments and 70 μm for the cyclic
voltammetry and operando Raman spectroscopy studies), dried in air at

70 °C and then vacuum-dried at 110 °C overnight. The electrodes were
calendered at room temperature and subjected to additional vacuum-
drying at 110 °C for 5–10 h. The loading of Fe-dhbq was 2.0 mg cm−2

for the galvanostatic experiments and 0.9 mg cm−2 for the cyclic
voltammetry and operando Raman spectroscopy studies.

To prepare the electrodes for the ex situ studies, Fe2(dhbq)3 (70 %
wt., 700 mg), Super P carbon black (15 % wt., 150 mg) and poly(vinyli-
dene difluoride) (15 % wt., 150 mg) were thoroughly mixed in pres-
ence of N-methyl pyrrolidone (∼0.6–0.8 mL) to form a plasticine-like
substance, which was then calendered at room temperature with a
thickness of ∼400–500 μm, oven-dried at 70 °C for 30 min, then calen-
dered at 80–85 °C with a thickness of 300 μm. The resulting free-
standing electrodes were vacuum-dried at 110 °C overnight. The load-
ing of Fe2(dhbq)3 was ∼20 mg cm−2.

2.3. Cell assembling

All cells used for this study were assembled in an Ar-filled glovebox
with oxygen level below 10 ppm. Sodium metal was used for the
counter-electrodes, glass fiber filters were used as the separators. 1.5 M
NaPF6 solution in dry diglyme was used as the electrolyte for the
operando Raman measurements, 1.5 M NaPF6 solution in dry 1,2-
dimethoxyethane was used for all other experiments. For the ex situ
studies, additional layers of polyolefin-based Celgard separators were
placed between the cathodes and the glass fiber separators to avoid
sticking of the glass fiber to the electrodes. For the electrochemical
studies, CR2032-type coin cells were assembled. The electrolyte volume
per cell was 75–80 μL. For the ex situ studies, disassemblable cells (ECC-
Ref, EL-Cell) were assembled in a two-electrode configuration. The
electrolyte volume per cell was 100 μL. For the operando Raman spec-
troscopy studies, a cell with an optically transparent glass window
(ECC-Opto-Std, EL-Cell) was assembled in a two-electrode configura-
tion. Cathodes were cut into strips (∼1 mm width, ∼1 cm length), and
strips were placed in direct contact with the glass window with the ac-
tive material facing the window.

2.4. Galvanostatic cycling and electrochemical sodiation

The galvanostatic experiments were performed using Neware BTS-
4000 or BioLogic VMP-3 stations at room temperature. The potential
range for the cycling was 1.1–3.8 V vs. Na+/Na. The cycling was
started with discharge, i.e., decrease of the cell voltage. If not stated
otherwise, the current densities and capacities were calculated per mass
of Fe-dhbq.

2.5. Cyclic voltammetry

The cyclic voltammograms were measured at room temperature
with BioLogic VMP-3 in the potential range of 1.1–3.8 V vs. Na+/Na.
Before doing the primary experiments, the cells were pre-conditioned
by running five cycles at a scan rate of 0.1 mV s−1.

2.6. FTIR spectroscopy

FTIR spectra were measured with Bruker ALPHA II in ATR mode (di-
amond crystal). The spectrometer was placed in a nitrogen-filled glove-
box with oxygen level below 10 ppm and water level below 0.1 ppm.
The spectrum of Fe2 (dhbq)3 powder was measured immediately after it
was vacuum-dried at 150 °C.

2.7. Raman spectroscopy

The Raman spectra were measured with a Thermo Scientific DXRxi
Raman imaging microscope equipped with a green laser (λ = 532 nm).
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The laser power was set to 0.5 mW to avoid burning the samples. All
Raman spectra were baseline-corrected with Bruker OPUS software.

For the operando measurements, the cell was placed inside the spec-
trometer and connected to a BioLogic SP-150 potentiostat. The Raman
spectra were collected at room temperature during a CV scan in the po-
tential range of 1.1–3.8 V vs. Na+/Na with a scan rate of 0.05 mV s−1.
Single scans were measured every 6 min (18 mV per scan) with a range
of Raman shifts between 50 and 2200 cm−1.

2.8. X-ray diffraction (XRD)

The XRD pattern of the pristine material was measured with Bruker
D8 ADVANCE operating with CuKα radiation (λ = 1.5406 Å), 2θ range
was 5–60°, resolution was 0.01°. XRD patterns of free-standing elec-
trodes were measured in transmission mode using Huber Guinier Cam-
era 670 operating with CoKα1 radiation (λ = 1.78892 Å), 2θ range was
4–100°, resolution was 0.005°.

To measure the sodiated material, a free-standing electrode was dis-
charged at room temperature to 1.1 V vs. Na+/Na, current density was
10 mA g−1. The cell was disassembled in an Ar-filled glovebox, the elec-
trode was washed with ∼4 mL of 1,2-dimethoxyethane and dried in the
glovebox at room temperature. The electrode was placed onto a Mylar
film in a sample holder for the Huber Guinier Camera 670, and the
holder was sealed with a Kapton tape to prevent decomposition in air
during the measurements. The sample was then taken out from the
glovebox. The measurements were carried out directly after the Kapton-
sealed electrodes were removed from the glovebox. Single scans were
measured in the 2θ range of 4–100° each 10 min to monitor possible
changes caused by oxidation. The measurements continued overnight.
The scans that were measured before changes in the XRD patterns
started to occur were then averaged.

2.9. Scanning electron microscopy

SEM images were acquired using a Thermo Fisher Helios G4 PFIB
microscope with an acceleration voltage of 2 kV.

2.10. Transmission electron microscopy

Transmission electron microscopy (TEM) and high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM)
images were acquired with a Thermo Fisher Titan Themis Z transmis-
sion electron microscope equipped with a Super-X system for energy-
dispersive X-ray spectroscopy. The acceleration voltage was set to
200 kV. TEM samples were prepared in air by crushing the powder with
an agate mortar and pestle and depositing the powder onto a carbon
film supported by a copper grid without solvent to avoid interactions
between solvent and the studied material.

2.11. Elemental analysis

Contents of carbon and hydrogen were determined using express
gravimetric analysis with Elementar vario MICRO cube. SEM EDX mea-
surements were performed using a Thermo Fisher Quattro S ESEM mi-
croscope; the sample was placed onto a silver-based SEM holder to
avoid interference with the signals from the sample. Compositional
EDX maps obtained in STEM mode were acquired with Thermo Fisher
Titan Themis Z, magnification was 270,000x, pixel size was ∼0.7 nm.

2.12. Specific surface area analysis

Nitrogen adsorption-desorption isotherms were measured at 77 K
using a Quantachrome NOVAtouch surface analyzer. The sample was
degassed in vacuo at 200 °C for 1.5 h before the measurements. BET sur-
face area was calculated using BETSI software [31].

2.13. Pellet preparation and conductivity measurements

A cylindrical pellet (d = 10 mm) was prepared via cold pressing of
the pristine powder with an applied pressure of 5 tons for 30 s. Before
the conductivity measurements were made, the top and bottom of the
pellet were coated with gold (∼100 nm) using magnetron sputtering
with Quorum Q150R ES. The pellet was placed in a symmetrical cell be-
tween two copper disks. Conductivity was measured in air at room tem-
perature using direct-current (DC) polarization with a BioLogic VMP3
instrument. The voltage was changed in 10 mV steps between −0.4 and
0.4 V in forward and backward directions, starting from 0 V.

2.14. Differential scanning calorimetry (DSC) analysis

DSC measurements were performed using a Netzsch DSC 214
Polyma instrument under nitrogen with a heating rate of 10 K min−1.

2.15. Thermogravimetric analysis-mass spectrometry (TGA-MS)

TGA-MS measurements were carried out using a Netzsch TG-DSC
STA-449F3 instrument combined with a Netzsch QMS 403 D Aëolos
mass spectrometer. The powders were heated at a 10 K min−1 rate from
room temperature to 600 °C under an argon flow.

2.16. Mössbauer spectroscopy

57Fe Mössbauer spectra were measured for pristine Fe2 (dhbq)3 and a
free-standing electrode discharged in galvanostatic mode at 10 mA g−1

to 1.1 V. The cell was disassembled in an Ar-filled glovebox, and the sodi-
ated electrode was sealed in a polypropylene holder using PTFE and Kap-
ton tapes to avoid oxidation in air. The measurements were carried out in
transmission geometry with a 1500 MBq γ-source of 57Co(Rh), which
was mounted on a conventional constant acceleration drive. Isomer
shifts refer to α-iron at room temperature. The spectra were analyzed us-
ing the SpectrRelax software [32] to obtain a model fitting and recon-
struction of distribution of hyperfine parameters.

2.17. X-ray absorption spectroscopy

Fe K-edge X-ray absorption spectra were measured for free-standing
electrodes in pristine and discharged states as well as for reference com-
pounds – FeS and FeCl3 for Fe(II) and Fe(III), respectively. Discharge
was performed in galvanostatic mode at 10 mA g−1 to 1.1 V, the dis-
charged cell was disassembled in an argon-filled glovebox, and the sodi-
ated electrode was sealed in Kapton films. The spectra were acquired
using a spectrometer in the Department of Radiochemistry, Moscow
State University [33]. An X-ray tube with an Ag anode, with a power of
1.5 kW, was used as the radiation source. The X-ray tube, crystal mono-
chromator, and silicon drift detector (Amptek) were placed in a 0.5 m
diameter Rowland circle. Measurements were conducted in the energy
range of 7050–7550 eV with a 1 eV step and a constant measurement
time of 5 s per energy point. A Ge [620] crystal monochromator was
utilized, where the scanned Bragg angle varied from 79.42 to 66.62°. To
prevent sample damage by a polychromatic beam, samples were posi-
tioned in front of the detector, where they were exposed only to mono-
chromatic radiation. The beam size was 5*5 mm. The data were ac-
quired in transmission mode. For each sample, 8 scans were collected
and merged into one dataset. The obtained data were processed using
the Larch software package [34], which includes the feff8 code [35] for
calculating phases and amplitudes of scattering paths. EXAFS data were
Fourier-transformed within 2.0–9.0 Å−1 k-range (Kaiser-Bessel win-
dow, dk = 3.0, k-weighting 2.0).
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2.18. Computations

Density functional theory (DFT) simulations were performed using
the Vienna ab initio simulation package (VASP) [36] unless specified
otherwise. The electronic structure was optimized with the
Perdew–Burke–Ernzerhof functional [37] within the generalized gradi-
ent approximation. All calculations were performed considering spin-
polarization. Core electrons were treated using the projector aug-
mented-wave method. The Kohn–Sham wave functions representing va-
lence electrons were expanded in a plane wave basis set with an energy
cutoff of 300 eV, and a single Γ-point was employed for the integration
of reciprocal space. While additional k-points were tested, their inclu-
sion did not yield a significant change in the energy. Force convergence
tolerance for ionic optimization and energy convergence tolerance for
the electronic optimizations were set at 0.01 eV Å−1 and 10−7 eV, re-
spectively. The initial MOF structure was obtained from a recently pub-
lished paper [25], forming the basis for subsequent investigations.

To characterize the voltage profile, first, the DFT energy of the
structure was calculated at various sodiation levels ranging from 1 to 6
Na atoms per Fe2(dhbq)3. The convex hull was constructed to assess the
stability of the configurations by setting pristine MOF and fully sodi-
ated MOF as references using the following equation:

Here, is the number of Na per formula unit of the electrode mater-
ial and is the DFT energy of the MOF sodiated with Na
atoms per Fe2(dhbq)3

Voltage profiles were constructed from energy points on the convex
hull when the number of Na atoms increases from to :

Raman spectra of pristine and sodiated structures were simulated
using methodology explained elsewhere [38,39]. For FTIR simulation,
the process described in Ref. [40] was followed where Born effective
charges were determined using density functional perturbation theory
in VASP.

Multiple scattering calculations of extended X-ray absorption fine
structure (EXAFS) spectra for pristine and sodiated structures were sim-
ulated by employing an approach similar to previous work [41,42]. Fe
EXAFS spectra were derived by selecting 2000 snapshots from a DFT
molecular dynamics trajectory at 300 K using a time step of 1 ps, aver-
aging the signals from each Fe atom.

The diffraction pattern of the simulated structure and their atomic
positions in this work were generated using the VESTA Package [43].
Bader charge analysis was performed on core and valence electron
charge densities from VASP [44].

3. Results and discussion

3.1. Synthesis and characterization

Fe2(dhbq)3 was synthesized by mixing solutions of 2,5-
dihydroxybenzoquinone and a Fe(III) salt in ethanol at room tempera-
ture, where the product precipitates instantly. The process requires no
reflux, long reaction time or inert atmosphere, which appeared in pre-
viously published synthetic procedures [24,25].

Powder XRD pattern of Fe2(dhbq)3 (Fig. 1a) is in agreement with the
literature data [24,25]. The compound crystallizes in space group Fddd,
forming a three-dimensional porous framework with intertwined layers
where each Fe is chelated by three ligands in a slightly distorted octahe-

dral environment [25]. No major changes are observed after DFT geom-
etry optimization of this crystal structure (Table S1). FTIR spectrum,
which was measured in N2 atmosphere for the thoroughly dried sample,
also matches the literature data (Fig. 1b) [24,25]. The vibrational spec-
tra of Fe2(dhbq)3 are distinct from free dihydroxybqnzoquinone
H2dhbq (Fig. 1b and c). In particular, the O–H stretching band
(∼3300 cm−1) is absent, and C=O/C=C stretching modes of H2dhbq
(∼1600–1670 cm−1) are shifted to lower frequencies, which indicates
that the ligands are chelated by iron [26,45]. According to EDX and CH-
analysis, the elemental composition of the material is close to that cal-
culated for Fe2(C6H2O4)3; no elements except for C, O and Fe are ob-
served in the EDX (Fig. 1d). 57Fe Mössbauer spectrum of Fe2(dhbq)3
(Fig. 1e) is characteristic for a high-spin Fe(III) compound, in accor-
dance with the previous reports [24,25].

X-ray absorption Fe K-edge energy also characteristic for Fe(III)
(Fig. 1f). The R-space plot of the EXAFS data (Fig. 1g) features two prin-
cipal maxima in the 1.0 < R < 2.7 Å, corresponding to the first and
the second coordination spheres of iron atoms. The EXAFS data in this
range can be fitted well using a simple model of symmetrical environ-
ment of absorbing Fe atoms (six equivalent O atoms as the first shell
plus six equivalent C atoms as the second shell), yielding average Fe–O
and Fe–C distances of 2.02 ± 0.015 and 2.84 ± 0.04 Å, respectively,
which (taking uncertainty into account) agrees well with the structural
data reported earlier. The details of the EXAFS data fitting are given in
Table S2. Our EXAFS cannot reveal slight asymmetry of the FeO6 octa-
hedra because more complex models for local Fe environment would
demand a number of fitting parameters exceeding the number of inde-
pendent parameters, rendering any such fit statistically unreliable. For
the same reason, we limited the data range for fitting – many scattering
paths are involved at R > 2.7 Å, each contributing additional variables
for the fitting. The EXAFS simulation performed using molecular dy-
namics with DFT shows reasonable agreement with experimental data
(Fig. S2). Overall, the measurements confirm the structure of
Fe2(dhbq)3.

According to electron microscopy, the particle size of the material
ranges from ∼20 to ∼80 nm, with a median value of 45 nm (Fig. 1h–j).
TEM EDX mapping with a sub-nanometer resolution shows a homoge-
neous distribution of the elements (Fig. 1k). The MOF has a high BET
surface area of 789 m2 g−1, and the nitrogen adsorption profile reveals
a sharp gas uptake at low pressures, which is characteristic of microp-
orous materials (Fig. 1l). Electrical conductivity of the pelletized pow-
der is 3.6*10−7 S cm−1 at room temperature (Fig. 1m). The conductive
nature of Fe2(dhbq)3 is an indicator of π-d conjugation between the lig-
and and metal nodes [46].

To study the thermal stability of Fe2(dhbq)3, we combined DSC and
TGA-MS techniques. The DSC profile reveals a broad endothermic peak
at ∼110 °C upon heating (Fig. 1n). According to TGA-MS (Fig. 1o), it
corresponds to desorption of water, which is adsorbed by Fe2(dhbq)3
when it is exposed to ambient air [24]. Decomposition of the material
takes place above 300 °C, with H2O and CO2 as the main volatile de-
composition products (Fig. 1o). These results demonstrate the high
thermal stability of Fe2(dhbq)3.

3.2. Electrochemical properties

Fe2(dhbq)3 was tested in sodium cells in the potential range of
1.1–3.8 V vs. Na+/Na, the electrolyte was 1 M NaPF6 solution in
dimethoxyethane. The working electrodes, which were prepared in
ambient air, contained 80 % wt. of the MOF and only 10 % wt. of car-
bon black as a conductive filler, which is lower than typically used for
organic-based sodium battery cathodes (30–50 % wt.) [47–52]. The as-
prepared electrodes were vacuum-dried at 150 °C before assembling
the cells to remove the absorbed water. Details are available in the Ex-
perimental sections 2.2–2.5.
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Fig. 1. Characterization of Fe2(dhbq)3: (a) XRD pattern vs. a Le Bail fit and simulated pattern for the previously reported crystal structure [25]; (b) FTIR and (c)
Raman spectra of H2dhbq and Fe2(dhbq)3; (d) EDX spectrum and elemental composition according to EDX and CH-analysis; (e) 57Fe Mössbauer spectrum; (f) Fe K-
edge XANES and its derivative compared to reference compounds; (g) EXAFS in R-space and k-space; (h) distribution of the particle size estimated from SEM im-
ages; (i) SEM image; (j) TEM image; (k) HAADF-STEM image and EDX elemental mapping; (l) low-temperature N2 adsorption-desorption isotherms; (m) DC polar-
ization data for the pelletized powder; (n) DSC profile; (o) TGA-MS profiles.
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Fe2(dhbq)3 shows a high reversible capacity of up to ∼180 mAh
g−1 and exhibits decent high-rate performance (Fig. 2a, Fig. S5). The
MOF is redox active in the potential range from ∼1.5 to ∼3.5 V vs.
Na+/Na, with an average discharge potential of >2.2 V (Fig. 2b). The
energy-power output of Fe2(dhbq)3, although not record-high, is com-
petitive with state-of-the art cathode materials for sodium batteries,
especially at the electrode level (see Table S3, Figs. S3 and S4). Fur-
thermore, the material exhibits superior cycling performance for up to
a thousand cycles (Fig. 2c and d). Another attractive feature of
Fe2(dhbq)3 is the low irreversible capacity loss in the first cycle, which
is only 4 % (Fig. S5), while for many advanced organic-based materi-
als it is typically ≥20 % [47,53–58]. It indicates that reduction/oxida-
tion of Fe2(dhbq)3 is reversible.

Interestingly, the average discharge potential of Fe2(dhbq)3 in-
creases at higher currents (Fig. 2b). This is untypical since higher cur-
rents impose higher overpotentials, which should lead to the decrease

Fig. 2. Electrochemical properties of Fe2 (dhbq)3 in sodium cells: (a) charge-
discharge profiles at 20, 50, 100, 200 and 500 mA g−1; (b) average discharge
potential at different specific currents; (c, d) cycling stability at 100 and
500 mA g−1, respectively; (e) simulated discharge profile; (f) calculated for-
mation energies for the NaxFe2(dhbq)3 system to predict possible ground state
structures at intermediate sodiation levels.

of the discharge voltage [59–61]. This phenomenon is due to the differ-
ent kinetics of the material upon reduction at higher and lower sodia-
tion degrees. It can be seen from Fig. 2a that the discharge profiles at
≥2.2 V change only slightly, while the capacity at lower potentials de-
creases significantly. Therefore, contribution of the higher-voltage re-
gion to the total capacity increases at higher current rates. This result
shows that Fe2(dhbq)3 has fast sodiation kinetics at ≥2.2 V vs. Na+/Na.
The fast kinetics is also confirmed by cyclic voltammetry, revealing that
there is a nearly linear dependence of the cathodic current on the po-
tential scan rate at ≥2.2 V vs. Na+/Na (Fig. S6). These results indicate
that diffusion of Na + ions in NaxFe2(dhbq)3 at low-to-moderate sodia-
tion degrees is so fast that it is kinetically indistinguishable from super-
capacitance [62,63]. Such behavior should be associated with the
porous structure of Fe2(dhbq)3, which enables rapid movement of the
ions within the material [25].

DFT calculations indicate that Fe2(dhbq)3 can accept up to two
Na+/electrons per dhbq unit, which implies that the fully sodiated ma-
terial has a formula Na6Fe2(dhbq)3. The simulated voltage profile (Fig.
2e) is in fair agreement with the experimental discharge curve at
20 mA g−1. The convex energy hull (Fig. 2f) shows that NaxFe2(dhbq)3
structures are the most stable at x = 1.33, 2.0, 2.67, 4.0, and 6.0. The
theoretical capacity is 305.8 mAh g−1 if calculated per Fe2(dhbq)3 mass
unit and 242.2 mAh g−1 if calculated per Na6Fe2(dhbq)3 mass unit. The
experimental specific capacity is smaller due to several reasons. Firstly,
there is kinetic hindrance during sodiation/desodiation at lower poten-
tials (<2.2 V vs. Na+/Na). Secondly, Fe2(dhbq)3 inevitably absorbs
water during the electrode preparation in ambient air, and the mass of
water is not excluded when the experimental capacity is calculated.
Other factors, such as material degradation and slight dissolution in the
electrolyte, can also play a minor role. The practical capacity of
Fe2(dhbq)3 is subject to further improvement, e.g., via optimizing the
composition or preparation procedure of the electrodes.

3.3. Charge storage mechanism

Operando Raman spectroscopy shows that sodiation of Fe2(dhbq)3 is
reversible (Fig. 3a), which agrees with low initial irreversible capacity
loss (Fig. S5); the similarity of ex situ FTIR spectra of pristine and
recharged electrodes further confirms the reversibility (Fig. 3d). Upon
desodiation, the material goes through the same phases as upon sodia-
tion, which is indicated by symmetrical changes of the spectra (Fig.
3a).

Remarkably, the Raman spectrum of the fully sodiated Fe2(dhbq)3
shares a similar pattern to fully sodiated [Ni(C6H2(NH)4)]n (NiBTA),
which is a nickel coordination polymer derived from 1,2,4,5-
benzenetetramine (Fig. 3c) [64]. It was previously shown that NiBTA
undergoes two-electron reduction of the ligands, while nickel is only
marginally involved in the redox reactions [64]. Since the structures of
dhbq and C6H2(NH)4 moieties are alike (the only difference is that dhbq
has oxygen atoms instead of NH groups); the similarity of the Raman
spectra indicates that two-electron reduction of dhbq ligands takes
place in the case of Fe2(dhbq)3. Raman peaks at ∼1200–1600 cm−1 cor-
respond to bond length alternation modes of the ligands, signals at
∼500–650 cm−1 can be assigned to Fe–O (Ni–N) stretching modes, and
the peak at ∼750–760 cm−1 corresponds to a breathing mode of the lig-
ands that becomes active only in the reduced state [64]. For
NaxFe2(dhbq)3, signals at ∼1000–1200 cm−1, which stay almost intact
upon charging-discharging, do not belong to the MOF (see Fig. 1c) and
likely originate from the electrolyte in the sodium cell. The spectra also
have a minor constant contribution from the carbon black additive,
which has a characteristic G-band at ∼1600 cm−1 and a D-band at
∼1350 cm−1 [65].

The simulated vibrational spectra cannot be used to reliably deter-
mine the charge storage mechanisms of Fe2(dhbq)3 since the peak in-
tensities of the vibrational spectra strongly depend on the structure
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Fig. 3. Mechanistic studies of Fe2(dhbq)3: (a) operando Raman intensity map plotted with current vs. time (vs. potential) profile; (b) Raman spectra of at various po-
tentials; (c) Raman spectrum of fully sodiated Fe2(dhbq)3 compared to the simulated spectrum of Na6Fe2(dhbq)3 and experimental spectrum for Na2NiBTA; (d) ex situ
FTIR spectra of the electrodes in various states of charge compared to the simulated spectrum of Na6Fe2(dhbq)3; (e) XANES of pristine and discharged electrodes com-
pared to reference compounds; (f) 57Fe Mössbauer spectrum of the fully sodiated electrode; (g) mean isomer shift and (h) mean quadrupole splitting for pristine and
fully sodiated electrodes; (i) calculated Bader and formal charges of iron in Fe2(dhbq)3 and Na6Fe2(dhbq)3 compared to Fe2O3 and FeO.

symmetry, which is different for the experimental and DFT-optimized
structures (space group is P1 for the DFT-optimized structure of
Fe2(dhbq)3 while it is Fddd for the experimental one, see Table S1).
Moreover, it is challenging to predict the exact position of sodium ions
within the lattice because of the computational complexity of sodiated
structures. As a result, the simulated vibrational spectra deviate sub-
stantially from the experimental measurements (Fig. S7). A possible
reason for the discrepancy between theory and experiment might be the
presence of small impurities or absorbed species, such as residual sol-
vent in the material.

According to XRD, the MOF remains crystalline in the fully sodiated
state (Fig. S8). However, reliable determination of the sodiated crystal
structure from the powder XRD data is an issue, again because it is chal-
lenging to locate the sodium ions within the lattice using DFT. We sug-
gest that further studies employing single-crystal XRD or electron dif-
fraction are needed.

XANES shows that Fe K-edge energy shifts to slightly lower values
upon sodiation (Fig. 3e), which indicates that electron density in the
vicinity of iron increases. However, the edge energy for the fully sodi-
ated Fe2(dhbq)3 is still higher than for iron (II) sulfide or Fe(II)-dhbq
MOF [25]. Mössbauer spectrum of the sodiated Fe2(dhbq)3 is still typi-
cal for high-spin Fe(III) (Fig. 3f), and only minor changes of isomer shift
and quadrupole splitting parameters are observed (Fig. 3g and h). DFT

computations are in accordance with these data, showing that the
Bader charges at iron are only slightly lower for Na6Fe2(dhbq)3 com-
pared to Fe2(dhbq)3 (Fig. 3i). A calculated differential charge distribu-
tion map (Fig. S9) shows that the charge gained upon reduction of
Fe2(dhbq)3 is delocalized over the entire MOF structure. Experimental
and simulated EXAFS of the fully sodiated MOF are in good agreement,
both showing negligible increase (≤0.01 Å) of Fe–O and Fe–(O)–C dis-
tances compared to pristine Fe2(dhbq)3 (Fig. S10). Overall, it can be
concluded that the formal oxidation state of iron remains +3 and re-
duction of Fe2(dhbq)3 is ligand-centered.

4. Conclusion

Fe2(dhbq)3 can be easily synthesized from cheap and abundant
reagents and has high thermal stability. Since this MOF is electrically
conductive, it exhibits decent performance in electrodes with low
content of conductive fillers. Fe2(dhbq)3 demonstrates fast sodium ion
diffusion rates at ≥2.2 V vs. Na+/Na, which makes it kinetically in-
distinguishable from supercapacitive processes. In the potential range
of 1.1–3.8 V vs. Na+/Na, reduction of Fe2(dhbq)3 is ligand-based,
while Fe units are only marginally involved in the redox chemistry,
formally staying as Fe(III) in the fully sodiated form Na6Fe2(dhbq)3.
The reduction is reversible, which is indicated by vibrational spec-
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troscopy and low irreversible capacity losses at the first cycle. To
summarize, Fe2(dhbq)3 is an attractive cathode material for sodium
batteries.
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ATR attenuated total reflectance
DC direct current
DFT density functional theory
DSC differential scanning calorimetry
EDX energy-dispersive X-ray spectroscopy
EXAFS Extended X-ray absorption fine structure
FTIR Fourier-transform infrared spectroscopy
HAADF-STEM high-angle annular dark-field scanning transmission electron microscopy
MS mass-spectrometry
PTFE polytetrafluoroethylene
SEM scanning electron microscopy
TEM transmission electron microscopy
TGA thermogravimetric analysis
XANES X-ray absorption near edge spectrum
XRD X-ray diffraction
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