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Organic anode materials for sodium-ion batteries are

attracting a great deal of interest due to their sus-

tainability and design flexibility. However, the Na+

insertionmechanism is poorly understood, especially

for disordered organic anode materials. A lack of

understanding restricts optimization efforts and

potential commercialization. Herein, we apply a

range of characterization techniques, such as three-

dimensional electron diffraction, powder X-ray

diffraction, Raman spectroscopy, electron paramag-

netic resonance spectroscopy, and pair distribution

function (PDF) analysis to a model system, sodium

naphthalene-2,6-dicarboxylate, to elucidate the Na+

storage mechanism. A combined ab initio random

structure search and PDF study was conducted to

postulate a structure of sodiated Na2+xNDC (s-NDC).

Our work reveals an expansion in the Na+–O storage

layer to allow for the accommodation of inserted Na+.

Meanwhile, the naphthalene units exist as radical

species, promoting a reorientation to accommodate

the inserted Na+, as well as facilitating a stabilizing π
interaction. Ultimately, our results illustrate the

efficacy of using amulti-technique approach to study

the sodiation mechanism of an organic anode mate-

rial and offer insight into the sodiated structure. This

approach can inform the strategic molecular design

of future organic anode materials.

Keywords: pair distribution function, organic elec-

trodes, chemical structure, chemical sodiation,

Raman spectroscopy, sodium-ion batteries

Introduction
Sodium-ion batteries are already a commercial reality

and are beginning to capture some of the energy storage

market. Curtailing sodium-ion batteries from taking a

wider share of the energy storage market is the lack of

a suitable anode material. Among the variety of possible

materials tipped to be suitable candidates are organic

materials. They are sustainable, inexpensive, and with

recent advances in green synthesis offer unique
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advantages over their competitors.1–4 However, research

into the mechanism of Na+ insertion is still in its nascency.

Understanding how a material behaves as an electrode is

critical to future design strategies and developing in-

formed optimization approaches for current candidates.

Organic electrode material is a broad term that can

encompass materials from polymers to Schiff bases.5

Specifically, small molecule organic electrodes such as

sodium based organic carboxylates are an intriguing

class of material because of their sustainability, their

respectable capacities, and ease of synthesis.2–4,6 Study-

ing how organic electrode materials work can be incred-

ibly challenging due to the weak scattering of X-rays and

the amorphization that often occurs upon discharge and

charge. The additional components (carbon-based con-

ductive additives) in the electrode further complicate

matters, often being of similar scattering power to the

active electrode material. This results in lower signal to

noise, and makes signal separation complex for X-ray-

based techniques, therefore making analysis difficult.

There are a few examples of organics retaining crystal-

linity upon discharge.7 Wu et al.7 conducted a study that

consisted of a direct space approach using combined

computational and experimental techniques, including in

situ powder X-ray diffraction (PXRD) data, and geometry

optimization using density functional theory (DFT). This

allowed Wu et al.7 to postulate a sodiation mechanism.

However, relying on crystalline organicmaterials restricts

studying the wider field of organic materials that do not

retain crystallinity upon Na+ insertion. Evidently, further

work using nontraditional characterization techniques is

required to enable the study of the Na+ insertion mecha-

nism in such materials. Due to the increase in disorder

that often occurs upon Na+ insertion, a technique without

a prerequisite for long-range order is required. One suit-

able technique is pair distribution function (PDF) analysis

using total scattering data. This technique has been

widely applied to other classes of anode materials, in-

cluding in the study of alloying materials and hard car-

bons, where it has been used for revealing sodiation

mechanisms in an energy storage context.8–10 However,

complications due to the presence of binder and con-

ductive additives still remain, as similar scattering can

confuse the signal contribution. One possible solution is

chemical sodiation to synthesize a “model” sodiated

structure, which can then be referenced to what is pro-

duced electrochemically. Chemical sodiation has been

widely used in the context of presodiation, a methodol-

ogy designed to pretreat the electrode material to

improve the electrochemical performance.11–13 There is a

range of sodium-based reducing agents suitable for use

on organic electrode materials. A well-established group

of organic electrodes are sodium carboxylates, with ben-

zene, naphthalene, and anthracene derivatives all previ-

ously studied for their electrochemical performance.14–16

The dicarboxylate compound, sodium naphthalene-2,6-

dicarboxylate (Na2NDC), has previously demonstrated

impressive rate performance in sodium half-cells along-

side respectable gravimetric capacity, placing it as an

attractive choice of organic anode; the amorphization of

Na2NDC upon Na+ insertion has also previously been

shown.15,17 The theoretical Na+ insertion mechanism of

Na2NDC is a 2-electron, 2 Na+ insertion to produce

Na4NDC as postulated by Deng et al.18 and Cabañero Jr

et al.15 but the mechanism of Na+ insertion is still poorly

understood, due to the difficulties in characterizing the

disordered structure after Na+ insertion.15,17 Herein, we

employed a combined computational and experimental

approach to understand the Na+ insertion mechanism of

Na2NDC. By utilizing a range of characterization techni-

ques such as PDF, we studied howNa2NDC can store Na+.

We investigated the structural and electronic transfor-

mations that accompany Na+ insertion. A chemical sodia-

tion procedure was used to enable investigation of the

Na+-inserted Na2+xNDC (s-NDC) structure without inter-

ference from the conductive additive or binder. Ex situ

PDF data of s-NDC at different degrees of chemical

sodiation and at different states of electrochemical

sodiation were collected. A computational ab initio ran-

dom structure search (AIRSS) study generated a series of

candidate sodiated structures, which subsequently un-

derwent geometry optimization using DFT.19,20 Three

candidate structures then underwent a simulated anneal-

ing and real-space least-squares refinement procedure

against the PDF data of the chemically sodiated s-NDC.

One candidate structure was selected for further study

based on its agreement to the experimental data. The

candidate structure subsequently underwent the same

simulated annealing and real-space least-squares refine-

ment procedure in a reduced symmetry space group (P1).

A final simulated annealing and real-space least-squares

refinement was completed in a 1×3×1 supercell to eluci-

date the structural changes that occur due to sodiation.

Importantly, the calculated PXRD pattern of the structure

postulated using PDF, a local structural probe, closely

matched the ex situ PXRD data. Supporting this work,

three-dimensional electron diffraction (3D ED) provided

the first single crystal structure solution of the Na2NDC

structure. Differential PDF (dPDF) and operando Raman

spectroscopy were used to confirm the consistency be-

tween the chemical and electrochemical Na+ insertion

products. Ex situ electron paramagnetic resonance

(EPR) techniques were used to probe the redox mecha-

nism and the electronic changes that occur upon redox.

The combined approach offered insight into the average

Na+ co-ordination environment and the reorientation of

the organic unit upon redox. This strategy outlines a

methodology that can be used to elucidate how disor-

dered organic electrode materials function and can in-

form future design strategies to create superior organic

electrode materials.
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Experimental Methods
Na2NDC was synthesized according to the method of

Cabañero Jr et al.15 by pre-dissolving sodium hydroxide

(Pellets, Fisher Scientific, United Kingdom) in methanol

(Anhydrous, ca. 100 mL, Sigma Aldrich, United King-

dom). After dissolution, naphthalene-2,6-dicarboxylic

acid (99%, Sigma Aldrich) was added to the solution

while stirring at room temperature. A white precipitate

formed within 20min. The suspension was then stirred at

80 °C under reflux for 24 h. The hot solution was vacuum

filtered and washed with methanol (ca. 30 mL). The

resulting powder was then dried overnight in an oven at

80 °C.

1 M and 0.5 M sodium biphenyl (NaBP) solutions were

prepared. The correct amount of biphenyl (99.5%, Sigma

Aldrich, United Kingdom) was weighed out and added to

5 mL of 1,2-dimethoxyethane (DME, anhydrous, 99.5%,

inhibitor-free, SigmaAldrich)while stirring and allowed to

dissolve. Subsequently, the correct amount of sodium

metal (99.9%, trace metal basis, Sigma Aldrich) was

added to the solution. The sodium metal immediately

dissolved to produce a dark blue hue. The NaBP was

subsequently always kept in an argon atmosphere. The

solutionwas left to stir overnight before use as a reducing

agent. All DME was stored over 4 Åmolecular sieves for a

minimum of 10 days to ensure that no residual water was

present.

To synthesize chemically sodiated Na2NDC, approxi-

mately 50 mg of the polycrystalline powder was dried at

80 °C and then ground with a pestle and mortar and

transferred to a beaker. A stoichiometric amount of NaBP

in DME was added. The reaction was left for 1 min. After

1 min, the reaction mixture was washed with DME (4 mL)

to quench the reaction. After washing, with DME, the

suspension was left to settle for 5 min. The DME biphenyl

solution was then pipetted out, leaving the brown/black

powder as the product (s-NDC). The remaining brown/

black powder was then left to dry in the glovebox and

dried under vacuum overnight. The s-NDC product was

subsequently always kept in an argon atmosphere.

Na2NDC electrodes were prepared by combining

70 wt % active material with 30 wt % super C65 carbon

(Imerys, France). The electrode was then dried under

vacuum overnight at 80 °C before use. For electrochem-

ical testing, CR2032 coin cells and Swagelok cells were

used. CR2032 coin cells were used for EPR and PDF

experiments. Swagelok cells were used for PXRD experi-

ments. All cells were prepared in an argon-filled glove-

box. Metallic sodium was used as the counter electrode.

Two separators were used, a Whatman GF/F glass fibre

separator and a Cellgard separator, soaked in electrolyte

for CR2032 coin cells. Three Whatman GF/F glass fiber

separators were used for Swagelok cells. The electrolyte

system was 1 M NaPF6 in ethylene carbonate/diethyl

carbonate (1:1 v/v, E-Lyte, Germany). Cells were cycled

in galvanostatic mode on a Neware BTS4000-5V10mA

battery testing system (Neware, Shenzhen, China) at

30 °C at 10 mA g−1. The reference carbon electrode was

100 wt % super C65 (Imerys) was fabricated in a CR2032

coin cell analogous to the Na2NDC electrodes.

To obtain ex situ samples, cycled cells were placed in

an argon-filled glovebox, deconstructed, and the active

electrode was washed with dimethyl carbonate (DMC,

anhydrous >99%, Sigma Aldrich, United Kingdom) for at

least 30 min. After washing, the DMC was removed, and

the electrode mixture was dried overnight under vacu-

um. The sample was then loaded into capillaries and

sealed.

All PXRD patterns were measured at room tempera-

ture using a STOE STADIP diffractometer (STOE, Darm-

stadt, Germany) equipped with a Mythen 2K linear

detector. Data were collected in transmission mode

(Debye–Scherrer geometry) in the 2θ ranges, 1.0–

43.36° for 14 h using Mo Kα1 radiation (λ = 0.70930 Å).

Samples were loaded in 0.5 and 0.7-mm special glass

capillaries.

All Raman spectra were measured at 20 °C on a

Renishaw In-Via Qontor Confocal Raman microscope

(Renishaw, Wotton-under-Edge, United Kingdom). Point

maps featured three sample areas, and five spectra were

collected at each point. Point maps used a 532 nm laser

with 1800 (mm) grating, 10 s of exposure time, 1% laser

power, at 50× magnification, and five accumulations.

Point maps were processed with cosmic ray and back-

ground removal and averaged. Wire software was used

for data processing. For the operando Raman experi-

ment, electrodes were prepared by casting onto 16 mm

Al mesh. The electrode slurry was a composite of active

material (60 wt %), super C65 carbon (30 wt %), and

sodium carboxymethyl cellulose (CMC) binder (10 wt %).

Using a pestle and mortar, the active material and con-

ductive carbon were hand-ground together. The result-

ing powder was then added to the aqueous binder, which

was prepared in a 1:45 (w/w) aqueous solution andmixed

overnight. A few drops of the slurry were then deposited

onto a mylar sheet, and the Al mesh was soaked until dry.

The operando experiment was conducted using an Ivium

compactstat B06023 potentiostat in cyclic voltammetry

mode. The potential regions were from an open circuit

voltage (OCV) of 1.47 V versus Na+/Na to 0.01 V versus

Na+/Na to 2.5 V versus Na+/Na at 0.2 mv s−1 and incre-

mental step of 1 mV. One point was used throughout the

experiment, and data collection occurred in 5 min

increments.

EPR measurements were performed on a continuous

wave Bruker EMX plus spectrometer (Bruker, USA) at X-

band (9.5 GHz) at room temperature. Experiments were

undertaken using 1 mW microwave power, 0.1 mT mod-

ulation amplitude, 100 kHz modulation frequency, 20 mT
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field sweep centered at 350 mT with 600 points resolu-

tion, a time constant of 2.56 ms, and a conversion time of

13.34 ms. Samples were packed in 0.7-mm special glass

capillaries, which were then loaded into a 4 mm Suprasil

(Heraeus, Germany) EPR tube.

Experimental details on the 3D ED experiment, the

PDF experiment including processing, analysis, and the

calculation of the dPDF and the AIRSS procedure can be

found in the Supporting Information.

Results and Discussion

3D ED structure of Na2NDC

A previous attempt to solve the structure of Na2NDCwas

an ab-initio structure solution from synchrotron powder

diffraction data.15 Whilst being a robust technique, single

crystal structure solution remains preferable, due to be-

ing a direct structural solution from a three-dimensional

dataset. The difficulty in growing single crystals of a

suitable size, due to the material’s highly ionic nature,

meant that traditional single-crystal X-ray diffraction

(SC-XRD)was not possible.16 An alternative single-crystal

technique, which does not require large crystallites, is 3D

ED. 3D ED offers the ability for structure solution for

crystals that are orders of magnitude smaller than those

used for traditional SC-XRD.16 Using the 3D ED technique,

the structure of Na2NDC was solved (details in Support-

ing Information Tables S1 and S2). The 3D ED structure

was confirmed by performing a Rietveld refinement

against PXRD data (Supporting Information Figure S1).

Na2NDC has a monoclinic unit cell in the P21/c space

groupwith unit cell parameters a = 12.136(3) Å, b = 3.5788

(8) Å, c = 11.3183(15) Å, β = 104.014(19)°. The structure can

be described as featuring repeating layers of inorganic

Na+–O polyhedra, with distorted octahedral Na+ environ-

ments. Na+–O bond lengths vary from 2.34 to 2.67 Å. The

inorganic layers are separated by naphthalene units,

which are arranged in a π stacking arrangement in the

b direction (Figure 1a–c). The π stacking distance is

3.58 Å, which is a standard distance for π stacking. In the

c direction, the naphthalene units are orientated in alter-

nating zig–zag fashion (Figure 2a,b). Evidently, 3D ED is

an effective technique for solving the structure of micro-

crystalline materials and can be successfully applied to

organic dicarboxylates, providing a route to single-crys-

tal structure solution of challenging samples.

Ex situ PXRD of cycled Na2NDC electrodes

Initial studies investigated the structural transformations

of Na2NDC upon electrochemical cycling using conven-

tional ex situ PXRD. In this case, PXRD data were collect-

ed after discharging and charging half-cells to a

particular voltage (see experimental for further details).

Upon discharge in a sodium half-cell, the Na2NDC system

undergoes Na+ insertion, promoting structural changes.

The PXRD pattern collected at complete discharge of

0.01 V versus Na+/Na illustrated that there was a large

increase in disorder after Na+ insertion, visible from the

lack of Bragg peaks, a substantial broadening of existing

Bragg peaks, and an increase in the amorphous back-

ground (Figure 3). This is in agreement with the work of

Caroff et al.17 The lack of long-range order means that

conventional crystallographic analysis, such as Rietveld

refinement, was not possible due to a lack of Bragg

peaks. A second half-cell was discharged to 0.01 V versus

Na+/Na and then charged to 2.5 V versus Na+/Na, so the

Na2NDC electrode underwent an initial Na+ insertion

followed by Na+ extraction. The PXRD pattern collected

after being charged to 2.5 V versus Na+/Na showed that

some of the reflections corresponding to Na2NDC were

present, alongside a persistent amorphous background

in the PXRD pattern (Figure 3). Further analysis of the

discharged sample is limited by a combination of the

broadened Bragg peaks and the amorphous feature

Figure 1 | (a) View of Na2NDC structure in the ac plane, expanded for clarity. The unit cell is shown in black.

(b) Expanded view of Na+–O distorted octahedra layer in the ac plane. (c) Expanded view of Na+–O distorted

octahedra in the bc plane. The unit cell is shown in black. In (b) and (c), the distorted NaO6 octahedra are depicted

as polyhedra, rather than the ball and stick representation shown in (a).
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present, both indicating an increase in disorder in the

system.

Operando Raman spectroscopy

Operando Raman spectroscopy was utilized to under-

stand the evolution in the local structure of Na2NDC

upon electrochemical Na+ insertion and extraction. The

operando experiment consisted of one cyclic voltamme-

try sweep at 0.2 mV s−1, in combination with the collec-

tion of Raman spectra in 5 min increments. The Raman

spectrum of the electrode before cycling was similar to

the Raman spectrum of pristine Na2NDC; some signal

contribution from the carbon additive was present as

broad features at 1580 and 1680 cm−1. Upon discharge,

the voltammogram exhibited a peak at 0.5 V versus

Na+/Na, which, on continued discharge to lower poten-

tial, led to the formation of another peak at 0.03 V versus

Na+/Na. The first changes to the Raman spectra occurred

at 0.33 V versus Na+/Na, where there was a rapid change

in the Raman spectrum. Peaks attributed to the Na2NDC

phase reduced in intensity until they disappeared, con-

currently new peaks appeared and then increased in

intensity. The transformation of the Raman spectra was

complete after discharging to 0.09 V versus Na+/Na,

with no evidence of pristine Na2NDC and a different

Raman signature present (Figure 4a–c). The new Raman

spectrum is attributed to s-NDC and is attributed to the

large peak observed in the voltammogram. Continued

discharge to 0.01 V versus Na+/Na illustrated no further

changes to the Raman spectra, with no apparent contri-

bution from the carbon additive. Upon charge, the vol-

tammogram illustrated a small peak at 0.40 V versus Na
+/Na, and a large peak at 0.60 V versus Na+/Na. The

Raman spectrum was unchanged until 0.69 V versus Na
+/Na. At 0.69 V versus Na+/Na, the intensity of peaks

attributed to s-NDC decreased rapidly, and the Na2NDC

Raman spectrum rapidly reappeared. Overall, the

Figure 2 | (a) Expanded view in the bc plane of the Na2NDC structure, depicting the nature of the π stacking. O omitted

for clarity. The unit cell is shown in black. (b) Expanded view in the bc plane of Na2NDC structure depicting the nature

of the π stacking with O included. The unit cell is shown in black.

Figure 3 | Ex situ PXRD patterns of the pristine Na2NDC

electrode, the Na2NDC electrode after discharging to

0.01 V vs Na+/Na, and discharging to 0.01 V vs Na+/Na

then charging to 2.5 V vs Na+/Na.
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operando Raman data illustrate a reversible reaction

mechanism. The operando Raman data also revealed

that there is a locally consistent s-NDC structure

during Na+ insertion, shown by the presence of one

s-NDC spectrum throughout the entirety of the oper-

ando experiment. The Na+ insertion and extraction

mechanism appears to be biphasic, demonstrated by

the presence of two distinct Raman spectra throughout

the operando experiment. This is in agreement with

previous work on Na2NDC, which suggested a

2-electron, 2-Na+ insertion process (Supporting Informa-

tion Figure S2). The biphasic mechanism suggested by

the operando Raman experiment is in agreement with

the plateau in the capacity-voltage profile of Na2NDC,

confirming a biphasic mechanism (Supporting Informa-

tion Figure S3).

Figure 4 | (a) Contour map of operando Raman data during discharging and charging of the Na2NDC electrode from

OCV of 1.47 V vs Na+/Na to 0.01 V vs Na+/Na to 2.5 V vs Na+/Na in a cyclic voltammetry experiment at a scan rate of

0.2 mV/s. (b) Cyclic voltammogram from the operando Raman experiment. (c) Comparison of the Raman spectrum of

the pristine Na2NDC electrode and at 0.01 V vs Na+/Na and 2.5 V vs Na+/Na from the operando Raman experiment.

Figure 5 | (a) Ex situ PXRD pattern of Na2NDC, compared with an ex situ Na2NDC electrode sample after discharge to

0.01 V vs Na+/Na and the chemical sodiation product. (b) Operando Raman spectrum of pristine Na2NDC electrode

compared with the operando Na2NDC electrode sample after discharging to 0.01 V, and the chemical sodiation

product. The chemical sodiation conditions were 1.0mmol of reducing agent added to 0.16mmol of Na2NDC. Voltages

are vs Na+/Na.
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Chemical sodiation of Na2NDC

One of the difficulties in studying organic electrode

materials stems from the fact that electrodes are com-

posites of active materials, binders, and conductive addi-

tives. As the elemental composition of the binders and

conductive additives is comparable to the active organic

electrode material, it can be difficult to separate these

contributions when carrying out structural characteriza-

tion. Here, a chemical sodiation procedure was used to

chemically insert Na+ into Na2NDC to produce s-NDC

to allow the study of the material without any signal

contribution from binders or conductive additives. The

chemical sodiation procedure aimed to emulate the elec-

trochemical Na+ insertion reaction of Na2NDC. The

reducing agent of choice was the widely used NaBP. The

negative reduction potential of NaBP illustrates its effi-

cacy as a reducing agent.21 The theoretical Na+ insertion

required to produce Na4NDC is a 2-electron, 2-Na+ inser-

tion process (Supporting Information Figure S2).15 The

molar ratio between the amount of NaBP reducing agent

used and the moles of Na+ inserted is 1:1. Therefore, a 2:1

molar ratio of reducing agent to Na2NDC is required for

the complete conversion of Na2NDC to Na4NDC. To

ensure full reaction conversion, an excess of reducing

agent was used. To verify the success of the chemical

sodiation procedure, PXRD patterns and Raman spectra

of the chemical sodiation product were collected to

compare against the electrochemically sodiated data

(Figure 5). The PXRD pattern of the chemically sodiated

product and the ex situ Na2NDC electrode that had been

discharged to 0.01 V versus Na+/Na were similar. Both

PXRD patterns showed a significant increase in disorder

and the persistence of the (100) reflection (Figure 5a).

The Raman signature of the chemically sodiated product

and the operando Na2NDC sample that was discharged

to 0.01 V versus Na+/Na was also similar (Figure 5b). The

similarities between the PXRD patterns and Raman spec-

tra of the chemically and electrochemically sodiated

products confirmed the successful chemical sodiation of

Na2NDC to the identical s-NDC product regardless of the

method of sodiation.

Ex situ EPR results

To understand if there was any radical formation during

Na+ insertion, ex situ EPR spectra of the chemically and

electrochemically sodiated samples were measured. The

closed shell Na4NDC species postulated by Cabañero Jr

et al.15 would not possess any EPR signal. However, a

Figure 6 | (a) (1) Reaction scheme depicting the radical redox mechanism of Na2NDC when undergoing Na+ insertion

(2) Resonance structures depicting radical reorganization to achieve aromaticity for s-NDC (b) Ex situ EPR spectra

of discharged and charged Na2NDC electrode samples after cycling in sodium half cells. (c) Ex situ EPR spectra of

pristine Na2NDC and the chemical sodiation product after 0.13, 0.25, 0.5, and 1 mmol of reducing agent addition to

0.17–0.19 mmol of Na2NDC. Voltages are vs Na+/Na.
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partially sodiated Na2+xNDC (0<x<2) structure would

possess an EPR signal. The radical structure would likely

feature the radical centered on the carboxylate carbon

due to the reduction of the carbonyl upon Na+ insertion

(Figure 6a). Using 0.17–0.19 mmol of Na2NDC, four ex-

perimental chemical sodiation batches were created,

with each experimental batch featuring a different

amount of Na+ addition. The experimental set featured

samples having 0.13, 0.25, 0.5, and 1 mmol of reducing

agent added, respectively. Pristine Na2NDC does not

possess any EPR signal (Figure 6b). The chemically

sodiated products all displayed an EPR signal, demon-

strating that a stable radical environment is present in

s-NDC (Figure 6b). The ex situ EPR spectra of the chem-

ically sodiated samples suggest that a radical Na2+xNDC

state exists upon Na+ insertion into Na2NDC and not the

closed shell Na4NDC previously suggested by Cabañero

Jr et al.,15 unless Na4NDC is a stable dual radical species

(Figure 6a). The stability of the naphthalene-based radi-

cal may be due to the reasons postulated by Wu et al.22

Their claim was that a rigid organic structure with ex-

tended conjugation contributed to the stability of organ-

ic radicals.22 The pristine Na2NDC electrode exhibited a

small signal stemming from the conductive carbon addi-

tive, which has been previously reported.23 Upon dis-

charge, there is an increase in the intensity of the EPR

signal, illustrating an increase in the number of unpaired

electron spins. This reaches itsmaximum intensity at 0.1 V

versus Na+/Na (Figure 6c). The Na+ insertion of Na2NDC

is likely responsible for the increase in the number of

spins, considering that the voltage profile shows the Na+

insertion process into Na2NDC to be electrochemically

active before 0.1 V versus Na+/Na (Supporting Informa-

tion Figure S3). Continued discharge to lower potentials

results in a decrease in the intensity of the EPR signal,

corresponding to a decrease in the number of unpaired

spins. At 0.01 V, the EPR signal decreases, suggesting

complete or near complete sodiation of Na2NDC to a

closed shell Na4NDC, possibly with some Na2+xNDC

remaining. The lineshape of the EPR signal resembles

previously reported carbon-based radicals, such as those

from Wang et al.22 and Wu et al.,24 in ex situ studies of

carbonaceous and organic electrodes, respectively. Up-

on charge, there is an increase in the EPR signal, and at

complete charge, (2.5 V vs Na+/Na), this splits into a

second peak which has been previously reported.25 The

broad signal at 2.5 V versus Na+/Na is likely derived from

the organic radical, illustrating that on charge, there is a

residual radical signal in the sample. Therefore, the con-

version from the s-NDC structure to Na2NDC upon Na+

extraction appears to be incomplete, terminating at a

Na2+xNDC stoichiometry. The ex situ EPR results suggest

that both electrochemical and chemical Na+ insertion into

Na2NDC produces a radical Na2+xNDC state, with the

chemical sodiation product unable to reach complete

sodiation to produce Na4NDC, while some Na4NDC

appears to be produced from the electrochemical Na+

insertion. This is likely due to the rapid reaction kinetics

of the chemical sodiation reaction. The chemical sodia-

tion reaction takes 1 min, compared to the electrochemi-

cal sodiation which takes nearly 33 h at 10 mA g−1.

Ex situ PDF results

Ex situ PDF experiments were conducted to gain insight

into the structural changes that occur to Na2NDC upon

Na+ insertion and to postulate a sodiation mechanism.

The PDF is a weighted histogram of all the atom–atom

Figure 7 | (a) Real-space least squares refinement of the Na2NDC structure (obtained from 3D ED data) refined

against experimental PDF data of Na2NDC. Black crosses depict the observed data points. Red line depicts calculated

fit. Gold line depicts difference between the observed and calculated data. (b) Experimental PDF data of pristine

Na2NDC, the electrode with the carbon additive included in the PDF, and with the carbon additive removed from the

PDF during processing.
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distances in a material and is a short and medium range

structural probe suitable for studying disordered materi-

als. PDF is ideal for studying s-NDC because it is disor-

dered, as revealed by PXRD (Figure 3). The ex situ

experiments consisted of collecting data of pristine

samples and standards, which was then followed by

measuring the PDFs of samples sodiated by both elec-

trochemical and chemical means. First, a real-space

least-squares refinement of the 3D ED Na2NDC structure

was conducted against the experimental PDF of Na2NDC

to verify the accuracy of using PDF on the Na2NDC

system (Figure 7a). The refinement showed good agree-

ment between experimental and calculated patterns

(Further details in the Supporting Information). The re-

fined structure closely resembles the starting model con-

firming the accuracy of the Na2NDC structure and the

utility of PDF to study molecular organics such as

Na2NDC, in agreement with the work of Prill et al.26 To

be aware of the contribution of the carbon additive, the

PDF of the pristine Na2NDC electrode was generated

with and without the contribution of the carbon additive,

and compared to the PDF of pristine Na2NDC

(Figure 7b). The PDF with the carbon additive included

is dominated by Na2NDC due to the larger amount pres-

ent in the electrode (70:30 ratio of Na2NDC: carbon

additive by weight).

Using 0.15–0.17 mmol of Na2NDC, four experimental

chemical sodiation batches were created, with each ex-

perimental batch featuring a different amount of Na+

addition. The experimental set featured samples having

0.13, 0.25, 0.5, and 1 mmol of reducing agent added,

respectively. Total scattering data were then collected

of the four chemical sodiation products and the corre-

sponding PDFs generated to observe the local structural

changes that occur as a function of Na+ insertion. Upon

the addition of the smallest amount of reducing agent

(0.13 mmol), the PDF does not visibly change (Figure 8a).

Addition of a greater amount of reducing agent

(0.25 mmol) to Na2NDC led to new peaks appearing at

2.87, 5.11, 5.45, and 6.10 Å. There is a reduction in the

intensity of peaks at 3.63, 4.25, and 6.89 Å (Figure 8a).

The transformation appears complete after the addition

Figure 8 | (a) Experimental PDF data of pristine Na2NDC and the chemical sodiation product after 0.13, 0.25, 0.5, and

1 mmol of reducing agent addition to 0.15–0.17 mmol of Na2NDC. (b) Experimental PDF data for Na2NDC electrodes

after discharging in sodium half cells. (c) dPDF data of the chemical and electrochemical sodiation products.

(d) Experimental PDF data for Na2NDC electrodes after discharging, charging, and second discharge in sodium half

cells. Voltages are vs Na+/Na.
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of 0.5 mmol of reducing agent, which would correspond

to the insertion of approximately 2 Na+ per Na2NDC unit,

and therefore the theoretical Na4NDC product. There is

the loss of long-range order, evidenced by the lack of

peaks beyond 10 Å (Supporting Information Figure S4),

and this is in agreement with the PXRD pattern visible in

Figure 3. There is an increase in the intensity of peaks at

2.87, 5.11, 5.45, and 6.10 Å, analogous to the 0.25 mmol

sample. There is also the same decrease in intensity of

peaks as for the0.25mmol sample, observed at 3.63, 4.25,

and 6.89 Å (Figure 8a). Once an excess of reducing agent

(1 mmol) is added, the PDF does not change significantly.

The similarities between the PDFs confirm the success of

the sodiation procedure after 0.5mmol of Na+ was added.

dPDF shows a continual trend in the evolution of the

PDFs (Supporting Information Figure S5) as the con-

sumption of Na2NDC occurs to produce the s-NDC phase,

with the change of peaks at low r and the loss of peaks at

high r. The trend follows the increased amount of reduc-

ing agent that was added and the consequent proportion

of s-NDC increasing. The dPDF reveals that some s-NDC

is present when a minority of reducing agent is added

(0.13 mmol), although the PDF itself visibly appears to be

unchanged, thus illustrating the accuracy and sensitivity

of the technique. The next phase of the study was to

collect data on ex situ samples of Na2NDC after electro-

chemical Na+ insertion and extraction (by discharging and

charging in sodium half-cells). We also collected PDF

data after the second Na+ insertion (second discharge in

a sodium half-cell). For the first cycle, after discharge to

0.6 V versus Na+/Na, the PDF showed no visible change

(Figure 8b and Supporting Information Figure S6). This is

likely because the only major process to occur at this

voltage is the formation of the solid electrolyte interphase

(SEI), driven by the conductive additive, making up a

minority of the overall electrode (Supporting Information

Figure S3). When discharged to 0.3 V versus Na+/Na,

there were small changes to the PDF. Further discharge

to 0.1 V versus Na+/Na resulted in a significant change to

the PDF as the primary Na+ insertion process intoNa2NDC

occurs (Figure 8b and Supporting Information Figure S6).

New peaks appeared at 2.87, 5.45, and 6.10 Å. Peaks

reduced in intensity at 3.63, 4.25, and 6.89 Å. The trans-

formation in peaks is identical to that observed for chem-

ical sodiation and is likely due to the consumption of

Na2NDC and the formation of s-NDC. After discharge to

0.01 V versus Na+/Na, the primary features of the s-NDC

PDF remain (Figure 8b and Supporting Information Fig-

ure S6). Figure 8c shows differential experimental dPDF

data of the chemical sodiation product and the electro-

chemical sodiation product. The comparison of the PDFs

can be seen in Supporting Information Figure S7. The

dPDF for the chemically sodiated sample was calculated

by subtracting the PDF of pristine Na2NDC from the

PDF after 1 mmol of Na+ addition. The dPDF of the

electrochemically sodiated sample was calculated by

Figure 9 | (a) Real-space least squares refinement of a P1 Na2+xNDC model against experimental PDF data for a

chemically reduced sample after 1 mmol of reducing agent was added to 0.16 mmol of Na2NDC. Black crosses depict

the observed data points. Red line depicts the calculated fit. Gold line depicts the difference between the observed

and calculated data. (b) Expanded view of the P1 s-NDC structure in the ac plane. The unit cell is shown in black.

(c) View of the s-NDC inorganic layer in the ab plane. (d) Expanded view of the s-NDC inorganic layer.
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subtracting the PDF of the pristine Na2NDC electrode

from the PDF of the electrode after discharge to 0.01 V

(see Supporting Information). The PDFs of the pristine

and discharged electrodes in this instance were generat-

ed by also subtracting the pristine carbon additive to

remove its contribution from the dPDF. A comparison of

the dPDFs illustrate highly comparable changes as a

result of Na+ in accordance with the PXRD and Raman

data (Figures 3 and 4). Therefore, samples that were

chemically and electrochemically sodiated undergo com-

parable changes in local structure upon sodiation. Nota-

bly, after both chemical and electrochemical Na+

insertion, the peak at 1.36 Å is relatively unaltered

throughout, which corresponds to the C–C and C–O

bonds of the naphthalene unit, signifying the retention

of the intramolecular naphthalene bonding framework.

Upon charge, the only significant change occurred at

2.87 Å, suggesting that this distance is associated with

a Na+-atom distance (Figure 8d). The PDFs of the dis-

charged and charged samples closely resemble one an-

other (Figure 8d). There was no return of peaks at high r,

indicating no return of long-range order. Upon a second

discharge, the only significant change in the PDF is an

increase in the intensity of the peak at 2.87 Å. The simi-

larities in the PDF after discharge, charge, and second

discharge suggest a major structural change only upon

the first sodiation. The repeated increase and decrease of

a single peak at 2.87Å after thefirst Na+ insertion provides

validation that there are minor structural changes upon

repeated cycling of Na2NDC.

Structural insights from PDF modeling

To obtain insight into the structure of s-NDC, potential

model structures were generated using AIRSS.19,20 The 20

lowest energy AIRSS structures then underwent a

Figure 10 | (a) The naphthalene units in s-NDC after reorientation. Offset view. Na omitted for clarity. (b) The

naphthalene units in s-NDC after reorientation. Offset ab view. Na omitted for clarity. (c) The naphthalene units in

s-NDC after reorientation. Offset view. Na omitted for clarity.
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geometry optimization using DFT and could be grouped

into three structure types. Two structure types were P21

unit cells and one was a Pc unit cell. The selected models

were then used as a starting point for the simulated

annealing and real-space least-squares refinement pro-

cedure. The simulated annealing and real-space least-

squares refinement procedure was conducted against

the experimental PDF data of the chemical sodiation

product after 1 mmol of reducing agent was added to

0.16 mmol of Na2NDC. The structure type that gave the

best fit after annealing and the most appropriate chemi-

cal result was the structure with the unit cell in the Pc

space group, which subsequently underwent a real-

space least-squares refinement. The resulting Pc unit cell

and structure was then relaxed to the P1 space group to

remove symmetry constraints and underwent a repeat of

the simulated annealing and refinement procedure (Sup-

porting Information Figure S8). The purpose of repeating

the simulated annealing procedure was to accommodate

disorder in the inorganic Na+-O layer. The organic layer

was fixed after refinement in the Pc cell to maintain an

ordered π stacking arrangement. To completely explore

the disorder in the inorganic Na+-O layer, a 1×3×1 super-
cell was constructed. The size of the supercell was con-

structed so that all cell vectors were at least 10 Å long to

enable a full description of the correlation length of the

s-NDC, which is approximately 10 Å. The structure was

subsequently annealed and refined again. All refinements

showed excellent fits with the Pc unit cell having an Rw of

16.3%, P1 unit cell an Rw of 15.9%, and the supercell an Rw

of 13.2% (Supporting Information Figure S8). Discussed

herein is the P1 model (see Supporting Information Figure

S9 for all models). The model revealed that the inorganic

Na+–O layer is responsible for Na+ storage. The layer was

retained but expanded in size (Figure 9a–d, Supporting

Information Figures S10 and S11) to accommodate the

inserted Na+. The Na+ occupied two different coordina-

tion environments, one is a distorted trigonal planar

geometry and the other is two-coordinate, featuring the

Na+ positioned more centrally in the inorganic layer.

The Na+–O bond lengths vary between 2.16 and 2.97 Å.

The two-coordinate Na+ feature varied occupancies and

is likely a highly mobile, disordered layer contributing to

Na2NDC’s impressive rate performance in sodium half-

cells. The refinement of the Na+ occupancies of the P1 cell

gave an s-NDC stoichiometry of Na3.80NDC. The Na+

insertion of 3.80 supports the suggestion that chemical

sodiation is incomplete, hence the formation of a radical

s-NDC species.

The modeling results show that the naphthalene units

move closer together but shift relative to one another to

form a parallel offset packing geometry. Carbon–carbon

distances between naphthalene units approach as close

as 2.13 and 2.18 Å (Figure 10a–c). The actual approach

distance is not chemically feasible and is likely due to a

combination of unit cell inaccuracy, not accounting for

possible distortion of the naphthalene unit, and only

modeling the individual naphthalene unit present in the

Pc unit cell. The naphthalene unit was then fixed for

subsequent simulated annealing and refinement in the

P1 unit cell and supercell. However, the general approach

and reorientation of the naphthalene units towards one

another does appear to be a genuine structural motif of

the s-NDC structure. We speculate that the cause of the

close intermolecular distance of the naphthalene units is

due to an interaction known as pancake bonding.27–29

Pancake bonding arises in organic radical systems; the

EPR spectra in Figure 6 have revealed the s-NDC system

to be a stable radical environment. Pancake bonding

occurs due to orbital overlap between the singly occupied

molecular orbitals (SOMO) that are present in stacked

radicals of π systems, such as in s-NDC. The SOMO–SOMO

overlap results in a stabilization effect.27–29 The stabiliza-

tion effect results in the separate conjugated π species

approaching at a closer distance than the Van der Waals

(VdW) distance.27–29 The combination of the EPR data

with PDF modelling suggests that a close π–π stacking

distance is present. Our results suggest a pancake bond-

ing phenomenon is present in s-NDC.

Evidence of the reliability of the PDF-derived model

stems from the close match between the calculated and

experimental PXRD patterns of s-NDC. The most intense

reflections are in close agreement, as shown in Figure 11.

This multi-technique approach has shown that there is

a similar Na+ insertion mechanism for Na2NDC regardless

of the means of the sodiation. The Na2+xNDC s-NDC

species appears to have a variable composition depend-

ing on the extent of the sodiation, and it appears that a

greater amount of sodiation can occur when Na2NDC is

sodiated electrochemically. The initial Na+ insertion

mechanism is biphasic and features the loss of long-

Figure 11 | Experimental PXRD pattern for a chemically

sodiated NDC sample (s-NDC), and the calculated PXRD

pattern from the P1 PDF derived model.
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range order accompanied by significant rearrangement

of the local structure. The inorganic Na+–O layer is re-

sponsible for Na+ storage, expanding to accommodate

the inserted Na+. The organic layer is retained, as is the

naphthalene bonding framework, but each unit Reorien-

tates in space to occupy a parallel offset geometry with

respect to one another. The reorientation is likely the

result of a π interaction known as pancake bonding driven

by the existence of the naphthalene units as radical

species and to assist in accommodating the inserted

Na+. After the structural rearrangement due to the first

Na+ insertion, minimal structural changes occur for re-

peated Na+ insertion and extraction.

Conclusion
A path to elucidate the structural transformations that

occur to an organic electrodematerial upon Na+ insertion

has been demonstrated. The approach featured the

structure solution of Na2NDC using 3D ED. Ex situ PXRD

illustrated the structural disorder imparted by Na+ inser-

tion. Operando Raman spectroscopy revealed a consis-

tent local structure throughout sodiation. The use of both

techniques revealed the parity in the chemical and elec-

trochemical sodiation products. Ex situ EPR showed that

the chemical sodiation product is a stable organic radical

and evidenced radical formation during discharge and

charge of Na2NDC electrodes. Ex situ PDF data and

corresponding dPDF analysis of chemically and electro-

chemically sodiated samples revealed the fundamental

structural changes that occurred upon Na+ insertion are

consistent regardless of the means of sodiation. Ex situ

PDF data were in agreement with the ex situ PXRD data,

which showed a loss of long-range order due to Na+

insertion and appeared to show significant structural

changes upon the first Na+ insertion with subsequent

Na+ extraction and reinsertion resulting in minor changes

to the PDF. A structure of the sodiated material has been

postulated using a combined computational and experi-

mental approach, incorporating the use of the AIRSS

methodology as a starting point with a modeling ap-

proach using experimental PDF data. The postulated

structural model revealed that Na+ insertion occurs in

the Na+–O inorganic layer, causing its expansion, which

coincidedwith a reorientation of the naphthalene layer. It

appears that the reorientation of the naphthalene layer is

also promoted by the presence of a naphthalene radical,

which leads to a close π interaction phenomenon known

as pancake bonding. We have demonstrated that PDF

can be used to study organic electrodematerials and can

be used to investigate the structure after Na+ insertion.

Overall, this study is an important step in developing

strategies to shed light on the Na+ insertion mechanism

of organic electrode materials.

Supporting Information
Supporting Information is available and includes further

experimental information and data.
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