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Sodium-ion batteries are emerging as a sustainable solution to tackle the growing global energy demands.

In this context, organic electrode materials complement such technologies as they are composed of earth-

abundant elements. As organic anodes, sodium carboxylates exhibit promising applicability in a wide range

of molecules. To harness the advantages of individual systems and to minimise their limitations, in this work,

an approach to form binary mixtures of sodium carboxylates using one-pot, microwave-assisted synthesis

is presented. The target mixtures were synthesised in 30 min with disodium naphthalene-2,6-dicarboxylate

(Na-NDC) as a common constituent in all. Both components in all mixtures were shown to participate in the

charge storage and had a considerable effect on the performance characteristics, such as specific capacity

and working voltage, in half and full cell formats. This approach opens a new avenue for enabling organic

materials to be considered as more competitive candidates in sodium-ion batteries and promote their use

in other material classes to overcome their limitations.
Introduction

Electrochemical energy storage (EES) devices have gained ever
increasing prominence in the pursuit of meeting rising global
energy demands.1 In this regard, the successful commerciali-
sation of Li-ion batteries (LIBs) has accelerated the development
of rechargeable battery technologies.2 Owing to the wider
abundance of sodium, lower costs of raw materials and safer
battery operation, Na-ion batteries (NIBs) have commanded
attention as viable candidates to manage energy demands in
a more sustainable manner.3–5 Although NIBs have a similar
working principle to LIBs, a direct transition between electrode
materials is seen to be impractical, especially in terms of
anodes.6 Research into the development and optimisation of
anode materials, thus remains central to effective imple-
mentation of such technologies.

The eld of organic electrode materials (OEMs) in
rechargeable batteries has steadily grown over the last decade,
strongly linked to the need to foster sustainable materials in
battery technologies.7–9 These solids are complementary to the
sustainability ethos of NIBs, as their precursors can be obtained
from biomass or commercial waste,10,11 and they are composed
of earth-abundant elements.12 Furthermore, the synthesis of the
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active phase is possible using greener and scalable methodol-
ogies,13,14 and device recycling is environmentally benign.15

Owing to the wide possibilities in terms of molecular design,
several functional groups are seen to be electrochemically
active, such as carbonyl, azo, imine etc.16 Also, on account of
their larger molecular sizes, OEMs in general are better suited
for inserting bulkier charge carriers, such as sodium ions.17

Sodium carboxylates are a subclass of OEMs in NIBs, that
can reversibly insert sodium ions at low, useful potentials and
have moderate to high specic capacities.18 In terms of their
structures, they are typically framework materials, composed of
aromatic dicarboxylate linkers that stack in alternate layers
separated by Na–O chains.19,20 The carboxylate moiety is
understood to function as the reaction centre and based on the
aromatic backbone and presence of any secondary functional
groups, the electrochemical ion-insertion has varied potentials
and cycling stabilities.21,22 For example, due to its smaller size,
disodium terephthalate (Na-BDC) has among the highest
capacity in this class of materials,23,24 while disodium stilbene-
4,40-dicarboxylate (Na-SDC) exhibits a high rate performance on
account of extended p-conjugation.25 While some individual
compounds may have more favourable properties than others,
their performance can be improved only to a limited extent.
Combining different components might enable the nal
material to inherit all benets and possibly offer a more
competitive solution. For example, the use of biphasic materials
over single phase solids has shown an improved performance in
the area of layered oxide cathode materials.26–30 Although
unexplored thus far, OEMs can benet from a similar route, not
J. Mater. Chem. A, 2024, 12, 12119–12125 | 12119
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only to be able to deliver electrochemical properties that meet
the demands of the target application, but also to make these
materials more competitive relative to the current benchmark
solids.

To test this approach in the domain of sodium carboxylates,
the rapid preparation of binary mixtures as anode materials in
NIBs is presented using a one-pot microwave (MW)-assisted
synthesis pathway. The use of MW-irradiation and one-pot
reaction aligns with the principles of green chemistry to
improve the efficiency of synthesis and minimise waste. Diso-
dium naphthalene-2,6-dicarboxylate – Na-NDC(MW) [referred
to as Na-(NDC + NDC)(MW) hereaer when used for compar-
ison], was chosen as one component for every mixture, as its
MW-assisted preparation and performance in NIBs was previ-
ously optimised.13 Binary mixtures were prepared in a 1 : 1 ratio,
and to investigate the generality of the approach, four other
sodium carboxylates were used, namely, Na-BDC,23,24 Na-
BPDC,20 Na-SDC25 and Na-ABDC31 [Na-BPDC – disodium
biphenyl-4,40-dicarboxylate; Na-ABDC – disodium azobenzene-
4,40-dicarboxylate] (Fig. 1). Although Na-ABDC has a similar
molecular structure to the other sodium carboxylates, the redox
activity is driven by the azo bond, at a much higher potential.31

The mixtures were characterised using several techniques and
their electrochemical performance was examined in both half
and full cell formats.

Experimental
Materials

The reagents – 2,6-naphthalenedicarboxylic acid (NDCA; 95%,
Sigma-Aldrich), terephthalic acid (BDCA; 98%, Sigma-Aldrich),
4,40-biphenyldicarboxylic acid (BPDCA; 98%, Acros Organics),
4,40-stilbenedicarboxylic acid (SDCA; 95%, TCI Chemicals),
azobenzene-4,40-dicarboxylic acid (ABDCA; 95%, TCI Chem-
icals), sodium hydroxide (NaOH; Fisher Scientic), ethanol
(EtOH; VWR Chemicals), methanol (MeOH; Fisher Scientic)
were obtained commercially and used as received. The
Fig. 1 Reaction scheme showing the preparation of different binary m
carboxylates (BDCA– benzene-1,4-dicarboxylic acid; BPDCA– biphenyl-
– azobenzene-4,40-dicarboxylic acid).

12120 | J. Mater. Chem. A, 2024, 12, 12119–12125
chemicals for electrode preparation, namely, Super C65 (Imerys
Graphite & Carbon), sodium carboxymethyl cellulose (CMC;
degree of substitution 1.2, Sigma-Aldrich) were also obtained
from commercial sources.
MW synthesis of single component sodium carboxylate

The respective dicarboxylic acid (1 mmol) and sodium
hydroxide (0.11 g, 2.75 mmol) were added as solid to a reaction
tube, followed by addition of EtOH (4 mL). The tube was capped
and heated in a microwave reactor (Biotage Initiator) at 150 °C
for 30 min, with a pre-heat stirring under ambient conditions
for 10 min. A microwave frequency of 2.45 GHz was used to heat
the reaction and the reactions were performed at set tempera-
ture and time mode. Aer completion of microwave irradiation,
the hot solutions were immediately cooled using pressurised
air. Upon cooling, the solid precipitate was ltered off and
washed with EtOH (4 × 4 mL) and MeOH (2 × 4 mL). The solid
was dried in an oven overnight at 80 °C.
Solution synthesis of single component sodium carboxylate

The synthesis of Na-ABDC and Na-SDC using solution-based
approach was followed using previously reported methods.25,31

For preparing Na-ABDC, azobenzene-4,40-dicarboxylic acid
(0.2 g, 0.74 mmol) and NaOH (0.074 g, 1.85 mmol) were added
to a ask containing EtOH (15 mL). The reaction mixture was
sonicated for 20 min, followed by stirring at room temperature
for 24 h. The solid was ltered off, washed with excess EtOH,
and dried in an oven at 80 °C overnight. To synthesise Na-SDC,
4,40-stilbenedicarboxylic acid (1.0 g) and NaOH (0.31 g) were
suspended in EtOH (30 mL) at room temperature. The reaction
mixture was then allowed to stir overnight at room temperature.
The product was collected using ltration and washed with
excess EtOH. The solid was dried in an oven at 80 °C before
further characterisation.
ixtures with molecular structures for the basic unit of the sodium
4,40-dicarboxylic acid; SDCA– stilbene-4,40-dicarboxylic acid; ABDCA

This journal is © The Royal Society of Chemistry 2024
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MW synthesis of binary mixtures of sodium carboxylate

The same synthesis procedure was employed to prepare binary
mixtures as the one for synthesising single components, except
each of the carboxylic acids were added 0.5mmol to the reaction
tube. The yields of the products were as follows: Na-(NDC +
BDC)(MW) 0.183 g, Na-(NDC + BPDC)(MW) 0.225 g, Na-(NDC +
SDC)(MW) 0.244 g, and Na-(NDC + ABDC)(MW) 0.205 g.
Structural characterisation

Powder X-ray diffraction (PXRD) patterns were recorded on
STOE STADIP diffractometer using Mo Ka1 radiation at room
temperature from 1.5–27.5° (2q) in capillary Debye–Scherrer
mode. SEM images were collected using a JEOL JSM-IT800
microscope. The powdered samples were placed on copper
tape. Raman spectra were recorded on The Renishaw inVia
Qontor Raman microscope using a laser excitation of 532 nm.
Solid-state NMR spectroscopy

Solid-state NMR spectra were recorded on a Bruker Avance III
spectrometer equipped with a 14.1 T or a 9.4 T wide bore
magnet. All spectra were acquired by packing the powdered
samples into 4.0 mm outer diameter ZrO2 rotors.

13C CP MAS NMR spectra were acquired on a 14.1 T magnet,
rotating at a magic angle spinning (MAS) rate of 12.5 kHz, using
3 ms of contact pulse (ramped for 1H) for the transfer of mag-
netisation from 1H to 13C. During acquisition, SPINAL-64 (ref.
32) 1H heteronuclear decoupling was performed with a pulse
length of 6.4 ms and radiofrequency eld strength of 55.5 kHz.
All 13C CP MAS NMR spectra are the result of averaging between
96 and 336 transients, with a recycle interval of 10 s.

23NaMAS andMQMAS NMR spectra were acquired on a 9.4 T
magnet, at a MAS rate of 14 kHz. The spectra were acquired
using a p/12 short-ip angle pulse with a radiofrequency eld
strength of approximately 116 kHz. All the spectra are the result
of averaging 512 transients, with a recycle interval of 8 s for all
samples. The 23Na MQMAS spectrum was acquired using a z-
lter pulse sequence,33 using a radiofrequency eld strength
of approximately 116 kHz for the triple-quantum excitation and
conversion pulse, while the CT-selective pulse had a strength of
approximately 10 kHz. The recycle delay used in the MQMAS
spectrum was also 8 s, with 72 transients being acquired for
each t1 point. The MQMAS spectrum is shown aer a shearing
transformation to allow the projection of the isotropic spectrum
directly onto the indirect dimension and is referenced using the
convention in Pike et al.34

13C CP MAS spectra are shown referenced relative to tetra-
methylsilane (TMS) and the 23Na MAS ones relative to 1 M NaCl,
using L-alanine (CH3, 20.5 ppm) and solid NaCl (7.2 ppm) as
secondary references.
Electrochemical characterisation

The working electrodes were prepared by mixing the active
material (60 wt%), conductive carbon (Super C65, 30 wt%) and
carboxymethyl cellulose (CMC, 10 wt%) as the binder. The
slurry was prepared by hand grinding a mixture of the active
This journal is © The Royal Society of Chemistry 2024
material and conductive carbon which was added to the binder
solution in water and stirred for 3 h. The slurry was cast onto
aluminium foil (Advent Research) using a doctor blade and air
dried for 2 h. Electrodes were then punched (diameter ∼ 12
mm) and dried overnight in a vacuum oven at 110 °C. The
approximate active mass loading for Na-(NDC + BDC)(MW), Na-
(NDC + BPDC)(MW), Na-(NDC + SDC)(MW) and Na-(NDC +
ABDC)(MW) were 1.78 mg cm−2, 1.70 mg cm−2, 1.77 mg cm−2

and 1.88 mg cm−2 respectively.
Both the half and full cell studies were performed on coin

cells (CR2032), with glass ber separator (Whatman GF/F) and
electrolyte as NaPF6 in ethylene carbonate (EC) and diethyl
carbonate (DEC) (1 : 1, v/v) (Kishida Chemical), in an argon-
lled glovebox (MBraun) with oxygen and water content <
1 ppm. For half cells sodium metal (Sigma-Aldrich) was used as
the counter electrode, while for full cells the cathode material –
Na(0.79±0.05)Ni(0.27±0.05)Mn(0.42±0.05)Mg(0.15±0.05)Ti(0.17±0.05)

O(2±0.05) was used on a C-coated Al foil with a composition of
92% active, 3% conducting additive, 5% binder. The galvano-
static cycling studies were performed at 30 °C on a Biologic BCS-
805 modular battery testing system and raw data was analysed
using BT-Lab soware or cycled on a Neware BTS tester and data
processed using BTSDA soware. Cyclic voltammograms (CV)
were recorded at a scan rate of 0.1 mV s−1 in the potential
window of 0.01–2.5 V. For all half-cell studies, the calculations
were based on the mass of the active material, except for a cell
involving only carbon and binder, where the calculation was
based on the mass of the carbon. In case of full cells, the
calculations were based on themass of the active material in the
anode, referred to as AM-anode. Electrochemical impedance
spectroscopy (EIS) measurements were recorded on symmetric
coin cells which were prepared by disassembling half cells run
over 1 cycle between 0.01 and 2.5 V at a current density of
25 mA g−1. Fresh cell parts, separator and electrolyte were used
for the reassembly and all cells were allowed to rest for 4 h
before measurement. EIS spectra were collected at 30 °C on
a Biologic BTS-805 battery testing system in the frequency range
of 10 kHz to 10 mHz with a voltage amplitude of 10 mV.

Results and discussion

In the rst step of the current study, two individual sodium
carboxylates, namely, Na-SDC(MW) and Na-ABDC(MW), were
synthesised using MW irradiation using the same protocol
previously employed for preparing Na-NDC(MW), Na-BDC(MW)
and Na-BPDC(MW).13 Powder X-ray diffraction (PXRD) patterns
were compared to the materials obtained from solution-based
synthesis,25,31 validating the successful formation of the
respective products (Fig. S1 and S2†). Leading on from this
successful synthesis, the preparation of materials with mixed
sodium carboxylates in a one-pot approach was attempted by
using a NDCA : xDCA precursor ratio of 1 : 1. In all the cases the
reaction was heated under microwave irradiation for 30 min
(details in experimental methods). For all four mixed materials
examined in this work, the PXRD patterns indicated the pres-
ence of the individual sodium carboxylates with no trace of
a crystalline side-product (Fig. S3†). Raman spectra showed that
J. Mater. Chem. A, 2024, 12, 12119–12125 | 12121
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in the case of the mixtures, the predominant signals corre-
sponding to only one component were visible in all the cases
(Fig. S4†). The signals in all the mixtures originating from Na-
NDC(MW) were either of low intensity or not visible, which
indicated one component of the mixture dominated the surface
of the particles. This observation was also seen in SEM images,
where the bigger crystallites were covered with a layer of parti-
cles having one kind of morphology (Fig. S5, S7, S9 and S11†).
The surface morphology in the mixtures was similar to that of
the respective single component sodium carboxylates (Fig. S6,
S8, S10 and S12†). In a previous study,13 crystallites of Na-
NDC(MW) were shown to have a block shaped morphology,
which would indicate the formation of an interparticle growth
in the mixtures with Na-NDC(MW) at the core. The utility of
employing a one-pot synthesis for preparing binary mixtures
could be further highlighted when compared to the SEM images
of the materials formed by grinding individual sodium
carboxylates (Fig. S13†). The crystallites in the latter case had
separate conglomerates of one material.

23Na MAS and 13C CP MAS NMR spectra were obtained for
all binary mixtures and the corresponding single-component
sodium carboxylates (Fig. S14–S21†). All spectra of the binary
mixtures show no distinguishable change from those ex-
pected from the combination of the spectra obtained from
the single component sodium carboxylates. This indicates
that the synthesis leads to a mixture of compounds with the
same short-range structure as exhibited by the individual
materials produced from single-component syntheses. As all
the 23Na MAS spectra were recorded using a short ip angle
(i.e., are expected to be quantitative) it was possible to esti-
mate the proportion of each component present in the
mixtures, and the values are shown in Table S1,† which vary
from 1 : 1 to ∼1 : 2. The deviations from the starting 1 : 1
composition of the starting mixtures could be the result of
the higher acidity (and as a consequence the reactivity with
NaOH) of the organic acids when compared with NDCA, or
perhaps the difference in solubility of each component in
methanol and ethanol which were used during the sample
washing. Elemental analysis for the binary mixtures
conrmed the results estimated from the NMR tting, with
a slightly greater deviation for the mixture containing Na-
BDC than the others although still within acceptable limits
(Table S2†). When comparing the Na-BDC 13C CP MAS NMR
spectrum with that from Whewell et al.35 a second carboxylate
resonance at approximately 173 ppm with lower intensity is
observed possibly indicating that some of the H-atoms in the
carboxylic groups are not fully exchanged for sodium atoms.
This idea is also supported by the 23Na MAS and MQMAS
spectra of Na-BDC (Fig. S18 and S22†) where there is also
a low-intensity third sodium site centred at approximately
−25 ppm from the sodium atoms close to carboxylic groups
in contrast with the two sites from Whewell et al.35 Such
defects should not inuence the cycling performance when
compared with the fully sodiated Na-BDC, as upon the rst
charge–discharge cycle the H-atoms will be irreversibly
exchanged for Na atoms.22 The single carboxylate resonance
(∼175 ppm) in the Na-BPDC 13C CP MAS spectrum (Fig. S15†)
12122 | J. Mater. Chem. A, 2024, 12, 12119–12125
shows that the MW synthesis conditions used result in the
production of the anhydrous phase of the Na-BPDC.20,35

Working electrodes for all the materials were prepared using
a water-soluble binder (10 wt%, carboxymethyl cellulose
[CMC]), 60 wt% of active material (synthesised mixtures of
sodium carboxylates) and conductive carbon (30 wt%). To gauge
an initial response, cyclic voltammetry (CV) and galvanostatic
cycling was performed for all mixtures and Na-(NDC)(MW) in
half cells with sodium metal as the counter electrode. The
reduction peak in the CV for Na-(NDC + NDC)(MW) was seen to
stabilise at 0.3 V aer the rst few cycles with a shoulder at
0.35 V, although the rst sodiation peak was observed at 0.17 V
(Fig. S23†). The oxidative peaks remained relatively unchanged
over the 5 cycles at 0.51 V, which is in good agreement with the
previous study.36 This redox couple was also evident in all the
mixtures at the same potential. The low voltage (<0.1 V) redox
couple could be ascribed to insertion of Na-ions in the
conductive carbon. The feature around 0.6 V in the rst sodia-
tion step, more prominent in the case of mixtures, can be
assigned to the formation of the solid-electrolyte interphase
(SEI). In the case of Na-(NDC + BDC)(MW), a broad reduction
prole was observed with two peaks stabilising at 0.17 V and
0.33 V aer the rst cycle. In the desodiation scan, a broad
feature peaked at 0.53 V. For Na-(NDC + BPDC)(MW) and Na-
(NDC + SDC)(MW), similar characteristics of a single reduction
peak and two distinct oxidative peaks were observed. Over-
lapping of peaks from the 2nd cycle onwards for Na-(NDC +
BPDC)(MW) indicated better reversibility, and the oxidation
peak at 0.65 V further validated the formation of fully sodiated
Na-BPDC phase in the synthesised mixture.20 Similar to the
previous report, an additional peak at 0.77 V was observed in the
rst few cycles for Na-(NDC + SDC)(MW), which decreased in the
following cycles with increasing intensity for the peak at 0.65 V
corresponding to the oxidation of sodiated Na-SDC.25 Two
independent redox couples were seen in the case of Na-(NDC +
ABDC)(MW). At higher potential, two sharp oxidation peaks
were observed at 1.38 and 1.46 V, with only one peak for
sodiation at 1.14 V. These values closely relate to the previous
work on the single component Na-ABDC.31

Galvanostatic cycling was performed at a current rate of
100 mA g−1. For all the synthesised mixtures, a two-step inser-
tion and de-insertion process was evident from the voltage
traces, which validated participation by both components in all
the mixtures (Fig. 2a). Differential capacity plots further indi-
cated these steps, with slightly broadened peaks in cases of
overlapping potentials of individual parts (Fig. S24†). For
example, a single, broad oxidation peak was observed for Na-
(NDC + BDC)(MW) even though two discernible peaks were
observed for the reduction at 0.22 and 0.37 V for Na-BDC24 and
Na-NDC,36,37 respectively (Fig. S24†). Owing to a considerable
difference in the working potentials for the individual compo-
nents, well separated peaks were seen in the differential
capacity prole for the Na-(NDC + ABDC)(MW). In terms of
specic capacities, all the mixtures showed an expected pattern
of lower capacity with increasing molecular size of the second
component (Fig. S25†). In addition, the mixtures had a notice-
able difference in the cycling capacities compared to Na-(NDC +
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Charge/discharge traces for the 5th cycle for all the syn-
thesised mixtures upon galvanostatic cycling at 100 mA g−1 between
0.01 and 2.5 V. (b) Rate performance when cycled five times at each
current rate.
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NDC)(MW). The mixture Na-(NDC + BDC)(MW) exhibited the
highest rst discharge capacity (385 mA h g−1), with signicant
irreversibility upon desodiation. This can partly be ascribed to
the formation of SEI and sodium-ion insertion into the
conductive additive (Fig. S26†).38 Also, the loss of reversible
capacity in the rst sodiation could be attributed to the pres-
ence of defects in Na-BDC. From the second cycle onward, the
discharge capacity remained stable over 100 cycles. Na-(NDC +
BPDC)(MW) demonstrated slightly higher discharge capacities
over Na-(NDC + BDC)(MW) for the rst few cycles, with better
reversibility. Na-(NDC + SDC)(MW) showed one of the highest
initial coulombic efficiency (ICE), but the cycling stability was
relatively poor. While Na-(NDC + ABDC)(MW) had the lowest
specic capacities among the mixtures, it exhibited stable
cycling with marginally lower performance compared to the
unmixed solid Na-(NDC + NDC)(MW). In terms of initial
coulombic efficiency (ICE), Na-(NDC + BDC)(MW) had the
lowest value (∼50%) among all mixtures (Fig. S27†). This value
for the bicomponent solid was signicantly lower than ICE
values seen for either of the individual materials (Fig. S28 and
This journal is © The Royal Society of Chemistry 2024
S29†). A similar observation was noted for Na-(NDC +
BPDC)(MW), although the difference between the ICE values for
the mixture and individual compounds was less apparent. For
the other two mixtures, the bicomponent materials had ICE
values between those for respective individual components. To
compare with the single component sodium carboxylates, the
discharge capacities are shown in Fig. S30.† Among each of the
materials, apart from Na-NDC(MW), Na-BPDC(MW) exhibited
the highest ICE value (Fig. S28†) and the most stable cycling
performance (Fig. S30†). The above-described pattern in ICE
values for the mixtures was retained when the mixtures were
cycled at a lower current rate (25 mA g−1) (Fig. S31†), suggesting
that the trend can not only be correlated to the proximity of the
bicomponent crystallites caused by the one-pot reaction, but
also to the chemical characteristic of the individual materials in
the mixtures. At this current rate (25 mA g−1), the specic
capacities followed the expected pattern based on the mass of
the molecules, with Na-(NDC + BDC)(MW) showing a high
discharge capacity of 254 mA h g−1 for the 2nd cycle (Fig. S32†).
It is worth noting, that these values of specic capacities,
cycling stability and ICE for the mixtures are among high per-
forming organic anode materials for NIBs.39–41

To further probe the sodium storage in the binary mixtures,
rate performance tests were carried out from 25 mA g−1 up to
a current density of 1 A g−1 (Fig. 2b). It is worth highlighting that
all the mixtures were able to recover most of their specic
capacity when the current was lowered back to 25 mA g−1. Apart
from at high current (500 mA g−1 and 1000 mA g−1) the
mixtures, other than Na-(NDC + ABDC)(MW), fared better than
Na-(NDC + NDC)(MW). The separation at higher current
densities could be ascribed to the microstructural differences
for single components relative to the mixtures, which can limit
ion diffusion. Interestingly, amongmixtures the drop in specic
capacity was lowest for Na-(NDC + ABDC)(MW) followed by Na-
(NDC + SDC)(MW), while Na-(NDC + BPDC)(MW) had a notice-
able drop in capacity at higher current densities. To understand
the differences in the behaviour of mixtures, electrochemical
impedance spectroscopy (EIS) was performed in the symmetric
cell format42,43 for all the mixtures and single component Na-
NDC(MW) aer one complete cycle (Fig. S33†). The Nyquist
plots for all materials included a depressed semicircle at high-
frequency and a sloping line at lower frequencies. The interfa-
cial resistance for all the mixtures was comparatively higher
than Na-NDC(MW), which could be linked to the drop in
performance at higher current densities in the rate capability
tests. Among the mixtures, Na-(NDC + ABDC)(MW) had highest
interfacial resistance, while Na-(NDC + BPDC)(MW) exhibited
the lowest. The differences in the cell impedance in mixtures
may not only be ascribed to the heterogeneity of the electrode,
but also to the characteristics of the component other than Na-
NDC. In general, molecules with extended conjugation are ex-
pected to show better rate performance.25 The observation from
the mixtures suggests that wider separation between reaction
potentials may also contribute to improving the retention of
capacities at varying current rates.

Encouraged by the half-cell cycling results, cycling studies of
all mixtures in full cell formats were completed. Full cells using
J. Mater. Chem. A, 2024, 12, 12119–12125 | 12123
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Fig. 3 (a) Charge capacity (in terms of anodemass) for all the mixtures
in full cells when cycled between 1.0 and 4.3 V at a current density of
25 mA g(AM-anode)

−1. (b) Voltage traces for the 5th cycle.
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a layered oxide cathode material were cycled between 1.0 and
4.3 V over 100 cycles at a current rate of 25 mA g−1 (with respect
to the anode) (Fig. 3a). For reference, the half-cell cycling for the
cathodematerial is shown in Fig. S34.† Themass ratio (cathode/
anode) in full cells for the mixtures was maintained between 2.2
and 2.7. The voltage traces in full cells for all mixtures were
similar but exhibited subtle differences (Fig. 3b), with the
exception of Na-(NDC + ABDC)(MW) which showed two
discernible steps. Although Na-(NDC + BDC)(MW) had the
highest capacity upon the rst charge, it suffered a large loss of
reversible capacity in the subsequent cycles. This seemed to
have a consequent bearing on the cycling stability and specic
capacities and could be linked to the poorer ICE values seen in
half cell studies. The materials which had better ICE values in
the half cells, Na-(NDC + BPDC)(MW) and Na-(NDC +
SDC)(MW), delivered higher, stable capacities with relatively
less fade over 100 cycles in full cells. Na-(NDC + ABDC)(MW)
exhibited a stable performance aer the rst few cycles with
specic capacities marginally lower than the best performing
solids. This pattern was reected in the coulombic efficiencies
(CE) for the full cells, with Na-(NDC + BDC)(MW) having the
12124 | J. Mater. Chem. A, 2024, 12, 12119–12125
lowest values of all the materials (Fig. S35†). While the unmixed
Na-(NDC)(MW) exhibited better reversibility at low cycle
number than the mixtures, both Na-(NDC + BPDC)(MW) and
Na-(NDC + SDC)(MW) had higher CE values over extended
cycling. For Na-(NDC + ABDC)(MW) the reversibility increased
gradually through the rst few cycles, and remained stable over
the subsequent cycles. Interestingly, when the midpoint volt-
ages (MPV) of the discharge curves for all materials were
compared (Fig. S36†), Na-(NDC + ABDC)(MW) mixture fared
better than both Na-(NDC + BPDC)(MW) and Na-(NDC +
SDC)(MW). In this regard, Na-(NDC + BDC)(MW) performed
better with MPV values in excess of 3.3 V over 100 cycles, which
were relatively higher than for the unmixed Na-(NDC +
NDC)(MW).

These results, when viewed with those for half cells, further
highlight the effect of using mixtures. The proximity of individual
crystallites can be benecial in combining specic advantages
and maximising the efficiency of charge storage from both
materials owing to their well separated reaction potentials. Na-
ABDC has a stable cycling performance and a different ion-
insertion mechanism compared to the other sodium carboxyl-
ates.31 A major concern as a standalone anode material, however,
is the working voltage. The current approach for forming its
mixture, such as with Na-NDC, provides an opportunity to utilise
its advantages of smoother rate performance and cycling stability,
alongside the observation of a competitive effective working
potential. Likewise, the combination of Na-(NDC + BDC)(MW)
enables improved achievable specic capacities and working
voltages for an electrode containing Na-NDC.

Conclusions

In summary, the rapid MW-assisted synthesis of four binary
mixtures of sodium carboxylates has been demonstrated with Na-
NDC(MW) as the common component. The successful preparation
of mixtures in one-pot helps align with the principles of green
chemistry by reducing waste and obtaining the products in an
efficient manner. Both compounds in all mixtures are electro-
chemically active, despite their different sizes and redox chemis-
tries, and have a combined inuence on the specic capacities,
ICE values, effective working voltages with respect to the unmixed
Na-NDC(MW) and between mixtures. Although the mixtures do
not present a linear effect in terms of different electrochemical
properties, the reversibility in the initial cycles and the separation
of reaction potentials for individual parts were seen to affect the
cycling stability and rate performance of the mixtures. The
successful demonstration of the approach of using mixtures can
facilitate organic electrode materials to overcome their individual
limitations and provide a route for them to perform more
competitively, and likewise enable the improved performance of
active solids in other classes of materials.
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accessed at https://doi.org/10.17630/56249b4c-12e8-4b52-
8f7d-f792c9b8b791.
This journal is © The Royal Society of Chemistry 2024

https://doi.org/10.17630/56249b4c-12e8-4b52-8f7d-f792c9b8b791
https://doi.org/10.17630/56249b4c-12e8-4b52-8f7d-f792c9b8b791
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ta06928a


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 8

/2
2/

20
25

 1
1:

04
:0

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Conflicts of interest

There are no conicts to declare.

Acknowledgements

This workwas supported by Faraday Institution (Grant – FIRG018).
The authors thank the Engineering and Physical Sciences
Research Council (EPSRC) for the Light Element Facility Grant
(EP/T019298/1) and Strategic Equipment Resource Grant (EP/
R023751/1). R. E. and R. E. M. gratefully acknowledge the nan-
cial support by the European Research Council grant ADOR
(Advanced Grant 787073). H. S. S. thanks the Allan Handsel
Postgraduate Research Scholarship for Chemistry for funding. Dr
Abhinav Tripathi (University of St. Andrews) is also thanked for his
help and inputs. The authors are grateful to Faradion Limited and
Dr Jerry Barker for their assistance and inputs.

Notes and references

1 T. M. Gür, Energy Environ. Sci., 2018, 11, 2696–2767.
2 M. Li, J. Lu, Z. Chen and K. Amine, Adv. Mater., 2018, 30, 1800561.
3 H. S. Hirsh, Y. Li, D. H. S. Tan, M. Zhang, E. Zhao and
Y. S. Meng, Adv. Energy Mater., 2020, 10, 2001274.

4 A. Rudola, R. Sayers, C. J. Wright and J. Barker, Nat. Energy,
2023, 8, 215–218.

5 Y. Fang, L. Xiao, Z. Chen, X. Ai, Y. Cao and H. Yang,
Electrochem. Energy Rev., 2018, 1, 294–323.

6 P. K. Nayak, L. Yang, W. Brehm and P. Adelhelm, Angew.
Chem., Int. Ed., 2018, 57, 102–120.

7 P. Poizot, J. Gaubicher, S. Renault, L. Dubois, Y. Liang and
Y. Yao, Chem. Rev., 2020, 120, 6490–6557.

8 K. Holguin, M. Mohammadiroudbari, K. Qin and C. Luo, J.
Mater. Chem. A, 2021, 9, 19083–19115.

9 A. Banerjee, N. Khossossi, W. Luo and R. Ahuja, J. Mater.
Chem. A, 2022, 10, 15215–15234.

10 C. Liedel, ChemSusChem, 2020, 13, 2110–2141.
11 S. Ghosh, M. A. Makeev, Z. Qi, H. Wang, N. N. Rajput,

S. K. Martha and V. G. Pol, ACS Sustain. Chem. Eng., 2020,
8, 6252–6262.

12 J. Kim, Y. Kim, J. Yoo, G. Kwon, Y. Ko and K. Kang, Nat. Rev.
Mater., 2023, 8, 54–70.

13 A. V Desai, D. N. Rainer, A. Pramanik, J. M. Cabañero Jr,
R. E.Morris andA. R. Armstrong, SmallMethods, 2021, 5, 2101016.

14 D. N. Rainer, A. V Desai, A. R. Armstrong and R. E. Morris, J.
Mater. Chem. A, 2021, 9, 27361–27369.

15 T. P. Nguyen, A. D. Easley, N. Kang, S. Khan, S. M. Lim,
Y. H. Rezenom, S. Wang, D. K. Tran, J. Fan, R. A. Letteri,
X. He, L. Su, C. H. Yu, J. L. Lutkenhaus and K. L. Wooley,
Nature, 2021, 593, 61–66.

16 Y. Lu, Q. Zhang, L. Li, Z. Niu and J. Chen, Chem, 2018, 4,
2786–2813.

17 Y. Liang and Y. Yao, Joule, 2018, 2, 1690–1706.
18 J. J. Shea and C. Luo, ACS Appl. Mater. Interfaces, 2020, 12,

5361–5380.
This journal is © The Royal Society of Chemistry 2024
19 J. A. Kaduk, Acta Crystallogr., Sect. B: Struct. Sci., 2000, 56,
474–485.

20 A. Choi, Y. K. Kim, T. K. Kim, M. S. Kwon, K. T. Lee and
H. R. Moon, J. Mater. Chem. A, 2014, 2, 14986–14993.

21 M. Armand, S. Grugeon, H. Vezin, S. Laruelle, P. Ribière,
P. Poizot and J.-M. Tarascon, Nat. Mater., 2009, 8, 120–125.

22 A. Abouimrane, W. Weng, H. Eltayeb, Y. Cui, J. Niklas,
O. Poluektov and K. Amine, Energy Environ. Sci., 2012, 5,
9632–9638.

23 Y. Park, D. S. Shin, S. H. Woo, N. S. Choi, K. H. Shin, S. M. Oh,
K. T. Lee and S. Y. Hong, Adv. Mater., 2012, 24, 3562–3567.

24 L. Zhao, J. Zhao, Y. S. Hu, H. Li, Z. Zhou, M. Armand and
L. Chen, Adv. Energy Mater., 2012, 2, 962–965.

25 C. Wang, Y. Xu, Y. Fang, M. Zhou, L. Liang, S. Singh, H. Zhao,
A. Schober and Y. Lei, J. Am. Chem. Soc., 2015, 137, 3124–3130.

26 E. Lee, J. Lu, Y. Ren, X. Luo, X. Zhang, J. Wen, D. Miller,
A. DeWahl, S. Hackney, B. Key, D. Kim, M. D. Slater and
C. S. Johnson, Adv. Energy Mater., 2014, 4, 1400458.

27 M. Keller, D. Buchholz and S. Passerini, Adv. Energy Mater.,
2016, 6, 1501555.

28 X. Qi, L. Liu, N. Song, F. Gao, K. Yang, Y. Lu, H. Yang,
Y.-S. Hu, Z.-H. Cheng and L. Chen, ACS Appl. Mater.
Interfaces, 2017, 9, 40215–40223.

29 P. A. Maughan, A. B. Naden, J. T. S. Irvine and
A. R. Armstrong, Commun. Mater., 2023, 4, 6.

30 E. Gabriel, C. Ma, K. Graff, A. Conrado, D. Hou and H. Xiong,
eScience, 2023, 3, 100139.

31 C. Luo, G.-L. Xu, X. Ji, S. Hou, L. Chen, F. Wang, J. Jiang,
Z. Chen, Y. Ren, K. Amine and C. Wang, Angew. Chem., Int.
Ed., 2018, 57, 2879–2883.

32 B. M. Fung, A. K. Khitrin and K. Ermolaev, J. Magn. Reson.,
2000, 142, 97–101.

33 J.-P. Amoureux, C. Fernandez and S. Steuernagel, J. Magn.
Reson., Ser. A, 1996, 123, 116–118.

34 K. J. Pike, R. P. Malde, S. E. Ashbrook, J. McManus and
S. Wimperis, Solid State Nucl. Magn. Reson., 2000, 16, 203–215.

35 T. Whewell, V. R. Seymour, K. Griffiths, N. R. Halcovitch, A. V
Desai, R. E. Morris, A. R. Armstrong and J. M. Griffin, Magn.
Reson. Chem., 2022, 60, 489–503.

36 J. M. Cabañero, V. Pimenta, K. C. Cannon, R. E. Morris and
A. R. Armstrong, ChemSusChem, 2019, 12, 4522–4528.

37 R. Russo, F. Rabuel, M. Morcrette, C. Davoisne, G. Gachot,
A. Jamali, G. Toussaint, P. Stevens and M. Becuwe,
Sustainable Mater. Technol., 2023, 36, e00639.

38 C. Bommier and X. Ji, Small, 2018, 14, 1703576.
39 T. B. Schon, B. T. McAllister, P.-F. Li and D. S. Seferos, Chem.

Soc. Rev., 2016, 45, 6345–6404.
40 R. Rajagopalan, Y. Tang, C. Jia, X. Ji and H. Wang, Energy

Environ. Sci., 2020, 13, 1568–1592.
41 A. V. Desai, R. E. Morris and A. R. Armstrong, ChemSusChem,

2020, 13, 4866–4884.
42 J. C. Burns, X. Xia and J. R. Dahn, J. Electrochem. Soc., 2013,

160, A383.
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