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BROAD CONTEXT

Sustainable energy storage is essential to support our transition to renewables and meet the in-
creasing demand for energy. Sodium-ion batteries (NIBs) are attractive for grid-scale energy stor-
age due to the abundance and low cost of sodium, sustainability of other battery components, and
electrochemical performance. Hard carbon (HC) is the most promising anode for commercializa-
tion of NIBs. However, due to its structural complexity, the sodium storage mechanisms in HC
and the dependence on microstructure remain unclear, limiting the development of high-perfor-
mance anodes. Our research explores this complexity, unveiling how the HC microstructure dic-
tates sodium storage. By elucidating these mechanisms, we bring crucial insights for engineering
superior HC anodes that will enhance the efficiency and viability of NIB technology. This ad-
vancement propels the development of sustainable energy storage solutions and catalyzes our tran-

sition towards a more renewable-centric energy landscape.
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Abstract

Hard carbon (HC) is a leading anode material for sodium-ion batteries, but its complex microstruc-
ture complicates understanding of sodium storage mechanisms. Using X-ray total scattering and
density functional theory calculations, this study clarifies how HC’s microstructural variations in-
fluence sodium storage across the slope (high potential) and plateau (low potential) regions of the
potential-capacity curve. In the slope region, sodium initially adsorbs at high-binding energy de-
fect sites and subsequently intercalates between graphene layers, adsorbing at low-binding energy
defect sites, correlating with different slopes observed during initial sodiation. Initial irreversibility
arises from sodium trapping at surface defects and solid electrolyte interface formation. In the
plateau region, sodium simultaneously intercalates and fills pores, influenced by pore size, inter-
layer spacing, and defect concentration. HCs with larger pore sizes form larger sodium clusters.
The proposed mechanism underscores the role of microstructure engineering in enhancing HC

performance and advancing sodium-ion batteries for grid-scale energy storage.
1. Introduction

Sustainable battery technologies are central to meeting the growing demand for electric
vehicles (EV) and grid-scale energy storage systems, which are critical for accommodating the
intermittent nature of renewable energy sources.!'?l Among the growing array of battery chemis-
tries, sodium-ion batteries (NIBs) address many issues with lithium-ion battery technologies, in-
cluding sustainability, safety, cost per energy density, and justice considerations related to critical
mineral extraction and supply chains.!'! Leveraging abundant and environmentally benign mate-
rials for electrodes, NIBs offer a competitive low-cost alternative for inexpensive EVs and large-
scale grid storage applications, which can be manufactured with existing fabrication facilities.!-6]
The advancement of NIB technology for a broader range of applications requires anode materials
with higher capacity and reversibility. Meeting these demands, hard carbon (HC) has emerged as
the most promising anode material for commercial NIBs due to its high capacity, electrochemical
stability, low cost, and the abundance of its precursors (e.g., biomass). However, a general mech-
anism for sodium storage in HC — critical for widescale commercialization — has been elusive

because of the complexity and sensitivity of storage mechanisms to HC microstructure.

The microstructure of HC is characterized by a disordered carbonaceous matrix of ran-

domly oriented graphitic layers.[”) Structural features such as large graphene interlayer spacing,
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curved graphitic domains, and high nanoporosity result in high reversible capacity and stable cy-

"1 The typical potential-capacity curve of HC exhibits two distinct electro-

cling performance.!
chemical signatures: a sloping region at high potentials (~0.1-2.5 V vs Na/Na") and a plateau
region at low potentials (~0-0.1 V vs Na/Na"), as shown in Figure 1(a). During the first sodiation,
the multiple slopes in the high potential region may correspond to distinct sodium storage pro-
cesses with binding energy changes (as indicated by larger voltage drops during sodium insertion)
that vary proportionally to the slope. The capacity and steepness of the gradients in the high voltage
region also vary with pyrolysis temperature, indicating a dependence on the HC microstructure.

The HC microstructure ultimately determines the total capacity and the relative capacities of the

slope (with its different gradients) and plateau regions.!!!]

The distinct features of the potential-capacity curve signify that multiple processes are
needed to describe sodium storage along a single charge/discharge cycle. It has been established
that sodium is incorporated into HC through three main processes: 1) adsorption to defect sites at
the surface of graphene layers, in graphitic layers, and pore walls, ii) intercalation between gra-

[12-25] Several studies using Raman spectroscopy and

phene layers, and iii) filling of nanopores.
DFT calculations have correlated the slope capacity with the concentration of defects in graphene
sheets, attributing the capacity in the slope region to sodium adsorption in defect sites, such as
monovacancies, divacancies, and oxygen heteroatoms.!'>!7In contrast, using Raman spectroscopy
and X-ray diffraction, other studies propose that sodium intercalation between graphene layers is

n.["%20 More complex mechanisms have

the dominant storage mechanism within the slope regio
also been proposed. Reddy ef al., using in situ Raman and DFT, suggested a four-stage sequential
mechanism:'"! during the slope region, sodium ions first adsorb onto the active surface sites, then
insert and adsorb onto intralayer defect sites before intercalating to fill the interlayers and, finally,
filling the pores during the plateau region. Morikawa et al., using ex situ wide- and small-angle X-
ray scattering (SAXS), proposed a mechanism where sodium ions adsorb during the slope region,
then intercalate at the end of the slope region and during the plateau region, and after the maximum
intercalation capacity has been reached, sodium fills the pores at the end of the plateau region.*!]
More recently, using DFT, X-ray diffraction and electrochemical measurements, Li et al. proposed
a two-stage sequential mechanism where sodium ions adsorb in a range of defect sites, such as

monovacancies, divacancies, and oxygen heteroatoms during the slope region, and then sodium

fill the pores and form quasi-metallic clusters during the plateau region.??! However, the specific
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storage mechanisms corresponding to distinct capacity regions, as well as the sequence and details
of the diffusion and storage steps remain under debate.?*! Further advancing HC anodes requires
generalizable storage mechanisms for each voltage regime that can account for the range of HC
microstructures encountered from different precursors (e.g., glucose, lignin, coconut shells, and

synthetic resins) and synthesis conditions.

The discrepancies in reported sodium storage mechanisms reveal the characterization chal-
lenges posed by a multiplicity of HC microstructures. It is generally accepted that sodium adsorbs
at defect sites during the slope region and fills the pores (clustering) during the plateau region.['>
17.21-22] yet, significant questions persist regarding the precise sequence for sodium adsorption in
surface defect sites or intralayer defect sites, during what capacity region sodium intercalates, the
cluster size dependence on pore size distribution, and whether storage processes occur in sequence
or simultaneously as a function of potential. Experimental insight into these questions requires
structural and chemical probes with sensitivity to the local structure. Recently, Stratford e al. used
operando X-ray total scattering and >*Na NMR to study both the local and average structure dy-
namics of the HC upon sodiation.[**! During the slope region, they show that sodium ions adsorb
at a wide range of defect sites. During the plateau region, they conclude that sodium ions fill the
pores and form metallic sodium clusters, consistent with our recent operando SAXS and X-ray

(251 However, they did not observe changes in the

absorption spectroscopy (XAS) measurements.
graphene interlayer structure due to sodium intercalation, typically observed from the scattering
peak that arises from the interlayer spacing which may have been obscured due to strong scattering
from the electrolyte. Furthermore, they observed that differences in the average pore sizes of the
two commercial hard carbons studied resulted in no significant difference in average sodium clus-

ter size.

In this study, insights into the sodium storage mechanisms for different states of sodiation
are obtained from X-ray total scattering measurements on three representative HCs with distinct
microstructures. Subsequently, the local configurational states are evaluated by density functional
theory (DFT) to provide atomic-level insights into the enthalpies and feasibility of sodium inter-
actions within the HC structures. We find that HC microstructures prepared at higher pyrolysis
temperatures, which exhibit larger average pore sizes, facilitate the formation of larger sodium

clusters, thereby increasing capacity through sodium storage in the pores. Furthermore, we infer
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that initial irreversibility primarily arises from sodium adsorption at high-binding energy surface
defect sites, resulting in trapped sodium, and the formation of a solid electrolyte interface (SEI).
The findings herein complement our previous report of simultaneous nanopore filling and interca-
lation during the low-voltage plateau region, with pore sizes that preferentially fill depending on

(251 Finally, we dif-

microstructure as determined from operando SAXS and XAS measurements.
ferentiate sodium insertion between graphene layers via adsorption at intralayer defects from the
conventional intercalation mechanism in which sodium adsorbs at the high symmetry points be-
tween graphene layers. We suggest that the comprehensive mechanism we propose for sodium
storage in HC microstructures is generalizable and should be tested across different precursors and

synthesis conditions to confirm its broader applicability.

2. Results & Discussion

2.1. Correlation between local structure and pyrolysis temperature.

Three HC structures prepared at different pyrolysis temperatures that resulted in distinct micro-
structures were studied with ex situ X-ray pair-distribution function (XPDF) analysis to determine
the average local structure and sodium storage mechanisms. Samples prepared with pyrolysis tem-
peratures of 1100°C, 1400°C, and 2000°C were investigated, denoted here as HC-1100, HC-1400,
and HC-2000, respectively. To compare between different types of HC, we define a "state of sodi-
ation" (SoS), where 0% SoS represents pristine HC and 100% represents the capacity at C/20 with
a cutoff voltage of 0 V vs Na/Na". For the second cycle sodiation, the SoS is defined relative to
the maximum capacity achieved during the first cycle sodiation. Each HC variant exhibits a unique
potential-capacity curve. As depicted in Figure 1(a, b), HCs prepared at lower temperatures exhibit
a higher slope capacity fraction, a smaller plateau capacity fraction, and a higher potential at the

plateau onset compared to HCs prepared at higher temperatures.
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Figure 1. Normalized capacity-potential curves of the three different HC structures at C/20 for a) the first
sodiation and b) the second sodiation with the SoS relative to the first sodiation. The SoS at the end of the
second sodiation is 63.7% for HC-1100, 81% for HC-1400, and 85.2% for HC-2000. c) X-ray PDFs (col-
ored lines) fitted with the structural model described in this work (black lines). The difference curves
(violet) are plotted beneath each fitted curve. The data and fits are offset for clarity.

Two distinct gradients are present in the slope region: a steep gradient at high voltages followed
by a shallower gradient at intermediate voltages preceding the plateau region. Lower temperature
HCs display gradients that are more clearly differentiated, with both gradient regions showing
higher capacity fractions than HCs prepared at higher temperatures (values stated in Figure S1).
During the second sodiation (Figure 1(b)), there is a noticeable reduction in the slope capacity
region for all HCs, indicating that sodiation in this region is more irreversible in comparison to the
plateau region. This irreversibility is attributed to sodium adsorption during the first cycle at high-
energy surface defect sites, where strong interactions between sodium and defect sites lead to so-
dium 1on trapping, preventing their subsequent extraction. Filling the high-energy surface defect

sites during the first cycle results in only one gradient starting at lower potentials during the second
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sodiation. Additionally, electrolyte reduction at moderate potentials (~0.75 V vs. Na/Na") initiates
the formation of a stable SEI during the first cycle, contributing significantly to irreversible capac-
ity.1?326I The contributions from the slope and the plateau for the first and second cycles are quan-
tified in Figure S1. The materials are ranked based on their performance, with HC-1400 exhibiting
the highest initial capacity, followed by HC-1100, and then HC-2000. However, HC-2000 demon-
strates the highest reversibility, followed by HC-1400, and then HC-1100. This ranking is con-
sistent with HCs synthesized at lower temperatures having higher defect densities and presenting

a higher initial irreversible capacity.

The performance differences exhibited by HC produced at different pyrolysis temperatures
originate in their distinct microstructures and local chemical environments. To gain insight into the
local order of the HCs with increasing pyrolysis temperature, X-ray total scattering measurements
were performed to determine the pair distribution function (PDF). The PDFs (G(r), where r is the
interatomic distance) derived from the Fourier-transformation of the corrected and normalized X-
ray total scattering data are shown in Figure 1(c) for the three HCs. Consistent with prior observa-

24,2791 the peak positions closely match those observed from graphene layers. The lack of

tions,
long-range order in HCs is evident from the damping of the PDF peaks with increasing r. The
average coherence length of the graphitic domains is determined from this decay (Table 1). Qual-
itatively, longer-range ordering at higher temperatures is apparent from increased correlations at
larger r. Furthermore, the absence of peaks in the PDF corresponding to graphene-sheet interlayer

atomic correlations suggests significant turbostratic and positional disorder from one graphene

sheet to the next.*”)

Further insight into the structural ordering is obtained by fitting structural models to the XPDF
profiles. Here, we employ a simple small-box model consisting of a graphite unit cell with an
expanded interlayer spacing to simulate the lower density of HC compared to graphite. High r

correlations from the graphite are smoothed out by representing the diminishing long-range order

. . . . 3(r 1(r 3 .
with a spherical shape dampening function y(r,L.) = 1 — 5 (L—) + 3 (L—) where L is the aver-

age coherence length and r is the interatomic distance. This dampening function is applied only
when r < L.. The lack of interlayer atomic correlations due to disorder between layers is simulated

with artificially large interlayer atomic displacement parameters while maintaining the
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microscopic density at the measured value. The in-plane interatomic distance (a), interlayer dis-
tance (doo2), Lc, and anisotropic displacement parameters (U11 and Uss, corresponding to in-plane
and out-of-plane atomic displacements, respectively) are each refined. To maintain symmetry of
the graphene layers, the following constraints are imposed: Uz2 = U11 and U1z = % U11. The result-
ing best-fits are included in Figure 1(c) with the experimental data and the parameters are reported
in Table 1. Overall, we find good agreement between the measured and simulated G(r) profiles.
The fitted PDFs reveal that increasing the pyrolysis temperature leads to enhanced local ordering
within the graphitic layers. This is evident from the decrease in interlayer spacing and increase in
coherence length of the graphitic domains. The observed increase in Us3 with higher temperatures
is attributed to a wider distribution of doo2 Spacings, which is correlated with a wider distribution

of nanopores.? These results are consistent with observations reported for other HC materials.?®!

Table 1. HC microstructure parameters, including the in-plane lattice parameter (a), the interlayer spacing
between graphene sheets (dooz), the average coherence length of graphitic domains (L.), the in-plane ani-

sotropic displacement parameter (U11), and the out-of-plane anisotropic displacement parameter (Uss).

Sample a (A) dooz (A) Lc (A) U1 (A?) Uss (A2)
HC-1100  2.45 3.76 21 0.0025 0.23
HC-1400  2.45 3.72 25 0.0022 0.28
HC-2000  2.45 3.48 32 0.0021 0.36

Additionally, molecular dynamics (MD) simulations were performed to further explore the
microstructural characteristics of pristine HC. Detailed in the SI (Figures S2-S4), these simula-
tions, matching the experimental PDF, offer atomistic insights into porosity, and local structure.
For example, we observe the presence of defects such as monovacancies, divacancies, five-mem-
bered rings, the curvature of graphene layers, and the layering of graphene sheets, providing a
complementary perspective to the experimental results and delivering a more comprehensive un-

derstanding of the HC structure.
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2.2. Sodium adsorption during the slope region

To understand the storage mechanisms during sodiation, ex situ XPDF measurements were
made of the three HCs at states of sodiation spanning each electrochemical regime, shown in Fig-

ures S5-S14. We calculated the pair density function p(r), which emphasizes short-range order
and is related to G(r) by p(r) = % + po, Where p, is the average number density at each state of

sodiation (see Sl and Figures S15-S17). To highlight changes in the pair density function that arise
during each storage process, the differential Ap(r) is plotted (Figures S18-S23). By subtracting
p(r) obtained for an electrochemical region from the initial p(r) in that region, Ap(r) isolates
new correlations that arise from changes in the local structure resulting from distinct electrochem-
ical processes. Within the slope region, changes in the PDF result from the formation of new in-
teratomic correlations (e.g., Na—C) and changes in existing pair correlation (e.g., C-C) distances.
For example, Na—C correlations provide clues about whether sodium is adsorbed on the surface,
intercalated between layers, or involved in other storage mechanisms based on the specific Na—C
distances observed.

The total Ap(r) exhibits a mixture of broad and sharp correlations (Figures 2(a,b)). De-
composing Ap(r) into these two components enables the structural origin of each correlation to
be individually examined. The broad components, Ap(7) proqq, CONSist of interatomic correlations
that likely arise from Na—C and Na—Na correlations due to the highly disordered Na atoms within
the HC structure. The sharp component, represented by Ap (1) snqrp, accounts for changes in the
C-C bond distance upon sodiation. To obtain Ap(7) proaqa, @ Gaussian filter is applied to Ap(r)
with a kernel root-mean-square width (RMSW) of 0.3 A (see Sl for details). The sharp component
is subsequently obtained with Ap(1)sparp = Ap(r) — Ap(1)proaa- Examples of the deconvolu-
tion for the ends of the slope and plateau regions can be found in Figures S24 and S25, respectively,
and deconvolution with other RMSW values of the Gaussian kernel can be found in the SI (Figure
$26-S29). A RMSW of 0.3 A best separates the Na—C and Na—Na correlations from the C—C cor-
relations, based on the sharp component and the Na—C and Na—Na models that are discussed later.
This RMSW value represents a compromise between a lower value, which might overlook relevant

features, and a higher value, which could blur distinctions between different types of correlations.
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Figure 2. a) Broad component of Ap(r) for the end of the slope region for each HC, representing interatomic
correlations that are broad in real space and appear during the slope region. The black curve represents the
calculated Na—C correlations for sodium inserted between graphene layers using Ui, for sodium of 0.05 A
(details in the SI). The gray dashed lines are used to compare the position of the main broad correlations
between different HCs and the model. b) Sharp component at the end of the slope region for each HC with
their corresponding fits of the expanded C—C correlations model in black. All curves have been offset for
clarity. The curves without an offset and in absolute units can be found in the SI. ¢) Average r-expansion of
the carbon bonds upon sodiation for all HCs. The filled circles are SoS in the slope capacity region whereas
the stars are in the plateau capacity region. The end of the slope region is at 52% SoS.

To clarify the sodium storage mechanism during the slope region, we employ small-box
models of sodium insertion and adsorption in graphite (see SI) and validate these observations
using DFT calculations. These models simulate the p(r) containing only Na—C bonds and are
compared to the broad component of the Ap(r) measured in the slope region. In Figure 2(a), the
experimental broad component is plotted for all HCs at the end of the slope region (Ap(r) =
P (M end siope — P pristine)- Similar correlations arise in the Ap (1) proqq for each HC and quali-

tatively match the predicted Na—C correlations from sodium inserted between graphene layers,
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indicated by the dashed vertical lines in Figure 2(a). The broad features are also consistent with
simulated Na—C correlations for other models of Na near graphene layers, including sodium near
monovacancies (Figures S30, S31). The rapid decay of Ap(r) pyoqq for ¥ < ~2.5 A coincides with
the appearance of strong peaks at low 7 in Ap(7) sparp, as seen in Figure 2(b). We suggest that the
missing peaks in the broad component are “sharp” Na—C correlations due to Na atoms adsorbed at
intralayer defect sites in graphene or intercalated between graphene layers. The sharpness of these
peaks indicates specific, well-defined Na—C distances. We attribute the first peaks in the broad
component (r ~ 3 A) and sharp component (» ~ 1.9-2.2 A) to these Na—C distances. Similar dis-
tances have been measured with differential PDF and predicted with DFT.?4 3031 For » > ~8 A,
deviations in Ap(7) proaq from the predicted Na—C insertion model may be caused by correlations
from neighboring Na—Na atoms, the presence of defects such as monovacancies and divacancies,
which will alter the relative intensities of the peaks, and C—C correlations that are broader in real
space (e.g. disorder in the carbon matrix). However, the simple models for the broad component
provide a reasonable match to the experimental data, indicating that a range of structures are pre-

sent during sodium storage in the slope region, consistent with the literature.[**!

To account for the sharp C—C correlations that appear during cycling and are present in
Ap(r) sharp> @ model is constructed by expanding the bond lengths (Texpanded = 7 (1 + Tmuuri))
of p(r) measured from pristine HC, and then subtracting p(rexpanded ) from the pristine p(r) (de-
tails in SI). This 7expanded model accounts for the average expansion of C—C bonds and is refined to
fit the sharp component and obtain the average local expansion of C—C distances (Figure 2(b, c)).
The Fexpanded Mmodel provides a reasonable match to the experimental sharp component above 2.5 A
(Figure 2(b)), indicating that the narrow correlations arising during the slope region can largely be
attributed to expanded C—C distances. We note that this model is not sensitive to other C—C and/or
Na—C sharp correlations that may be present, such as local distortions in the carbon matrix, sodium
interactions at specific defect sites, and higher-order correlations. For example, the rexpandea model
fails to capture correlations around » ~ 1.9-2.2 A. These correlations are present in the Na—C in-
sertion model, but not in the experimental broad component (as noted above). Thus, we propose
that the sharp peaks at 7 ~ 1.9-2.2 A are Na—C correlations arising from ionic sodium located near

graphene layers, consistent with sodium adsorption at defect sites.
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Figure 2(c) shows the » expansion derived from fits to Ap(7)spqrp for different states of
sodiation spanning the slope and plateau regions for all HCs. For each HC, the intralayer C—C
bonds expand during the slope region, ultimately stabilizing in the low voltage plateau region.
Similar C—C expansion values have been reported following sodium insertion in HC and potassium

(29.321 The trend in C—C expansion within the slope region has been ration-

intercalated in graphite.
alized by sodium adsorption at intralayer graphene defect sites. Raman spectroscopy and X-ray
diffraction studies indicate that the transfer of charge-compensating electrons to n* antibonding
orbitals in graphite layers that accompanies alkaline metal adsorption results in weakening and
expansion of the C—C bond.!"*> 3233/ HC-2000 exhibits smaller C—C expansion compared to the
lower temperature HCs. This can be rationalized by HC-2000 having the lowest overall defect
concentration which results in lower sodium adsorption and thus less transfer of electrons to the
carbon.**) Instead, more electrons transfer to the sodium, which is consistent with our previous
XAS data that shows a reduced sodium oxidation state.*! Within the plateau region, the C—C bond
lengths stabilize as open adsorption sites deplete and additional sodium ions transport to pores

where cluster formation begins. In this regime, the transfer of charge-compensating electrons fol-

lows the condensation of sodium ions into growing clusters in the pores.

Analysis of the broad and sharp components of the XPDF collected from within the slope
region suggests a potential mechanism involving the insertion of sodium into the HC and the local
expansion of C—C bonds following sodium adsorption. The specific distribution of Na—C correla-
tions depend on the HC microstructure, with possible Na—C environments including ionic sodium
located near graphene surfaces, between graphene layers, and near point defects within graphene
layers such as vacancies or substitutional impurities. Note that these models are agnostic to other
changes in the carbon structure beyond the expansion of C—C distances, for example, the possible
local environments created by sodium insertion into the complex HC structures or Na—Na correla-
tions. More complex modeling, such as reverse Monte Carlo (RMC) refinement, may reveal a
wider distribution of local environments created by sodium insertion. However, such models often

struggle to provide a unique fit to the data due to the large number of refined atomic positions.
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Figure 3. a) Sodium adsorption energies (E;) of sodium on different surface and defect sites. Schematic of
these structures are shown in Figure S32. b) Sodium incorporation energies of sodium intercalated in
defective graphite (purple) and sodium intercalated in pristine graphite (gray), for different d(002) spacing
values. c) DFT simulated structures for sodium incorporation via surface adsorption at a monovacancy
site, defect (monovacancy)-assisted intercalation, and bulk intercalation in pristine graphite. The calcu-
lated sodium incorporation energies (E;) indicate that surface adsorption is thermodynamically most fa-
vorable, followed by defect-assisted intercalation and, lastly, conventional intercalation. Gray spheres rep-
resent carbon atoms, and purple spheres represent sodium atoms. Orange spheres highlight the carbon
atoms surrounding a monovacancy. Two additional graphene layers are hidden for illustration purposes.

Using DFT calculations, we further elucidate how surface defects alter sodium incorpora-
tion energies. At the atomistic scale, surface adsorption at the atop, bridge and hollow sites of
pristine graphene are energetically unfavorable (Figure 3(a), Figure S32). We find that sodium
adsorption at each of these sites is energetically similar: 0.67, 0.63 and 0.71 eV at the
atop/bridge/hollow sites, respectively. However, in the presence of monovacancies or divacancies,
the sodium adsorption energies are substantially lowered, -0.99 eV and -0.55 eV, respectively, in-
dicating that interactions between sodium and defected carbon are most favored. This observation,
consistent with previous work,'*!l underscores the importance of defects in facilitating sodium
adsorption. In addition, DFT calculations reveal how intralayer defects, specifically monovacan-
cies, alter sodium incorporation energies in expanded doo> graphite. As shown in Figure 3(b), the

presence of intralayer defect sites makes sodium intercalation more favorable. We define this as
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the “defect-assisted intercalation” mechanism, in which intercalated sodium ions are coordinated
by intralayer defect sites, consistent with previous characterization of defect environments.['”! This
mechanism differs from conventional intercalation due to the significantly stronger electrostatic
coordination provided by the charge-deficient carbon at defect sites (Figure 3(b,c)). Our DFT re-
sults demonstrate that the minimum favorable post-intercalation doo2 spacing for defect-assisted
intercalation is ~3.6 A, compared to ~4.2 A for conventional intercalation. This highlights how
defects play a pivotal role in lowering the energy barrier for sodium incorporation, thereby en-

hancing intercalation in defected carbon structures.
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Figure 4. Average relative interlayer distance upon sodiation derived from deconvolution analyses of the
WAXS patterns (see SI) for a) HC-1100, b) HC-1400, and c) HC-2000. The gray shadow highlights the
sloping region in the potential curves.

To examine the impact of sodium insertion on the average interlayer spacing for each HC,
the relative changes in interlayer spacing are determined from wide-angle X-ray scattering
(WAXS) measurements capturing the (002) and (100) reflections during sodiation. The (002) re-
flection was fitted to determine the interlayer spacing, with the detailed fits provided in Figures
S38-S57. Figure 4 shows systematic shifts in the interlayer spacing throughout the sodiation pro-
cess across all HCs. For HC-1100 and HC-1400, during the first gradient of the slope region, the
interlayer spacing decreases slightly due to localized contraction instigated by sodium adsorption
at defect sites on the HC surface, observable by the high surface area. Subsequently, during the
second gradient of the slope region, the interlayer spacing increases for all HCs. For HC-1100, this
increase occurs between 32% and 52% SoS. This phenomenon, along with the increase in the C-

C bond distance (Figure 2(c)), DFT calculations (Figure 3(b, c)), and supporting evidence from
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Raman studies,!! aligns with the “defect-assisted intercalation” mechanism. It is important to note
that both “defect-assisted intercalation” and conventional intercalation mechanisms result in an
increase in doo2, making it challenging to distinguish between these two mechanisms based on dooo.
Our DFT calculations confirm that the defect-assisted intercalation is energetically more favorable
than conventional intercalation, which explains why defect-assisted intercalation occurs at higher
potential in the potential-capacity curve. The wide range of intralayer defect sites with varying
adsorption energies results in a sloping potential region. During the plateau region, the average
interlayer spacing increases for each HC, signifying continued intercalation of sodium ions be-
tween the graphene layers. Note that for HC-2000, no decrease in the d-spacing is observed in the
slope region; we speculate that this is because HC-2000 has fewer available surface defects and a
lower surface area, consistent with the comparatively small initial slope region (below 5% SoS).[*!
Thus, sodium ions must intercalate to reach intralayer defect sites, resulting in observed increase

n d002 .

Integrating our simplified models of sodium insertion with the expansion of C—C bonds,
the changes in d-spacing, and DFT calculations, we propose a sequential adsorption mechanism
occurring during the slope region. Initially, during the steepest part of the slope region, sodium
ions adsorb to high-binding energy defect sites, such as monovacancies, on the surface of HC, as
evidenced by DFT calculations (Figure 3(a)) and the decrease in d-spacing upon initial sodiation.
This initial adsorption results in the localized expansion of C—C bonds due to the filling of n*
antibonding orbitals.[**33] Localized interactions between adsorbed Na and C are evident in the
Ap(r) from adsorption models and are consistent with DFT calculations and Raman spectros-

(13. 17.341 Subsequently, sodium ions adsorb at lower binding energy surface defect sites, such

copy.
as divacancies.!!”! As sodiation continues toward lower voltages within the slope region, sodium
ions begin to transport and intercalate between graphene layers, coordinated by intralayer defect
sites, causing the average interlayer spacing to increase, consistent with Na—C correlations seen in
Ap(T) proaa- Sodium ions eventually reach the pores and adsorb at defect sites in the pore walls.
Lower defect concentrations in HC produced at high pyrolysis temperatures result in the smaller
slope capacities observed in the potential-capacity curves. The observed increase in average inter-
layer spacing during the slope region has previously been attributed to conventional intercala-

tion,[?") characterized by reversible insertion of ions into the interlayer sites of a host lattice. How-

ever, we propose that sodium ions must first insert between the graphene layers to access intralayer
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defect sites, leading to an increase in interlayer spacing. Finally, we suggest that sodium adsorption
at the surface defect sites is most likely to be irreversible, causing capacity losses during initial
cycles. This is evidenced by the decrease in the slope capacity region during the second sodiation,
the reduction in high voltage storage sites, the absence of two gradients in the slope region, and

favorable sodium-ion adsorption energies.

From the XPDF analysis presented above, we deduce that sodiation within the slope region
occurs over a broad distribution of storage sites that characterize sodium adsorption and the corre-
sponding changes in the HC structure. These storage sites are filled as the electrochemical reac-
tions proceed, with certain chemical environments being more energetically favorable and, conse-
quently, manifesting earlier in the sequence. The slope in the potential-capacity curve reflects the
contribution of various sites to the overall sodium storage, with the first and steeper gradient in-
dicative of adsorption at surface defect sites (Figure 3 and Figure 4) and the subsequent and shal-
lower gradient representing sodium adsorption at intralayer defect sites, e.g. the defect-assisted
intercalation process described above. It is noteworthy that while some high-binding energy stor-
age sites may initially show greater sodium uptake due to their higher reactivity and thermody-
namically favorable nature, desorption from these sites is consequently less favorable, as observed
by the decrease in the slope capacity region during the second cycle (Figures 1(b) and S1). This
emphasizes the importance of balancing thermodynamic and kinetic considerations when design-

ing sodium storage systems.
2.3. Sodium intercalation and pore filling during the plateau region

To understand the changes occurring during the plateau region, Ap(r) is again deconvo-
luted into broad and sharp components. These are shown in Figure 5, subtracting fully sodiated
HCs with those sodiated to the end of the slope region. New correlations arising during the plateau
region observed in the broad component of the Ap(r) in Figure 5(a) are attributed to the formation
of sodium metal clusters with average radii of 8, 10, and 16 A for HC-1100, HC-1400, and HC-
2000, respectively. The cluster radii are evident from the spatial extent of the correlations at larger
interatomic distance . Sodium metal clusters were simulated as spherical clusters in a BCC ar-
rangement with introduced disorder. Figure S33 shows simulated p (1) for clusters of varying radii,
while Figure S34 provides a detailed comparison of correlations at large interatomic distances

across HCs. The observed Na—Na correlations are consistent with pore filling and subsequent
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cluster formation during the plateau region with larger clusters forming in HCs prepared at higher
pyrolysis temperatures.”?! Furthermore, the size of the clusters closely matches the largest pore
sizes that are filled for each HC,>! suggesting that the correlations observed in the broad compo-
nent of the Ap(r) originate from the largest sodium clusters. Although PDF analysis is primarily
sensitive to pair correlations arising from the largest clusters, we expect a cluster size distribution

for each HC that matches the distribution of filled pore sizes.
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Figure 5. a) Broad component of the Ap(r) for all HCs for the end of the plateau region. The black dashed
curves represent the calculated Na-Na correlations for sodium metal clusters (Ui, = 0.5) of 16, 10, and 8
A radius, corresponding to HC-2000, HC-1400, and HC-1100, respectively. The same plot without the sodium
clusters models to enhance the clarity of the experimental data shown in Figure S33. b) Corresponding sharp
component for all HCs with their corresponding fits of the expanded C—C correlations model in black. All
curves have been offset for clarity. The curves without an offset and in absolute units can be found in the SI.
¢c) WAXS patterns for HC-2000. Note the appearance of a new peak during the plateau region, corresponding
to sodium metal, annotated by an arrow.

In Figure 5(b), we show that fitting Ap(7)sparp t0 the rexpandea model adequately accounts

for the sharp component during the plateau region. In Figure 2(c), we show that the C—C bond
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distance increases at the start of the plateau region and remains unchanged during the plateau re-
gion, suggesting no further reduction of the carbon during the plateau region. In contrast, as the
HCs approach full sodiation, there is significant metallic sodium cluster formation which requires

electron transfer to the sodium.

Finally, WAXS (Figures 5(c), S36, S37) unveils a distinctive peak near q = 2.06 A™! at full
sodiation for all HCs, corresponding to BCC Na metal (110) peak and consistent with the litera-

21 providing definitive evidence of the crystalline and metallic nature of the sodium clusters.

ture,
Together with the increasing interlayer spacing observed during the plateau region (Figure 4) from
WAXS, and the filling of the pores during the plateau region from operando SAXS, this suggests
simultaneous intercalation and pore filling with the formation of clusters during the plateau region.
We hypothesize that the Na—Na correlations for sodium clusters in the Ap(7)proqq in Figure 5(a)
obfuscate the weaker Na—C correlations for sodium intercalation due to the stronger scattering

from Na—Na pairs compared to Na—C.

Our study indicates that during the plateau region, there is simultaneous sodium intercala-
tion and pore filling, with the relative contribution of these mechanisms depending on the HC
microstructure. At lower pyrolysis temperatures, the combination of larger interlayer spacing,
lower volume fraction of pores, and smaller pore volumes results in Na intercalation being the
dominant storage mechanism.!*>! A larger contribution from intercalation is consistent with fewer
pores filling during the plateau, as we previously reported.!**! Furthermore, smaller sodium clusters
formed at lower pyrolysis temperatures are consistent with the preferential filling of smaller

[25

pores.?°! At higher pyrolysis temperatures, smaller interlayer spacing and larger volume fraction

and pore volumes make it more difficult for sodium ions to intercalate. This produces a higher
fraction of sodium stored in closed pores as metallic clusters, consistent with the Na—Na correla-

tions in Ap(7) proaa as well as our previous findings from XAS and operando SAXS experiments.

2.4. Sodium storage mechanisms in hard carbon anodes
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Combining insights from the local structure characterization and DFT calculations pre-
sented here with our previous operando SAXS, XAS, Raman spectroscopy,>> and other studies in
the literature,'>"!”- 224l we propose a new 3-stage general mechanism for sodium storage in HC
anodes: (1) surface adsorption, (2) defect-assisted intercalation, and (3) simultaneous intercala-
tion/pore filling. This mechanism, shown schematically in Figure 6, clarifies the sequence of stor-
age processes, the coexistence of mechanisms within capacity regimes, the influence of micro-
structure on sodium cluster size, and the role of defect-assisted intercalation versus conventional

intercalation.

Pore filling

Surface adsorption ~——> Defect-assisted intercalation —_— .
® Intercalation

Low Pyrolysis Temperature High Pyrolysis Temperature

E vs Na/Na* (V)

T T T #_.
20 40 60 80 100
S0S (%) SoS (%)

Figure 6. Schematic representation of the microstructure-dependent sodium storage mechanism for hard car-
bons synthesized at different pyrolysis temperatures. The circles represent sodium atoms whereas the black
lines represent graphene layers. The orange circles represent sodium ions adsorbed in surface defect sites and
edges, the green circles represent sodium ions adsorbed in defect sites that are in between graphene layers
and in pores. The blue and purple circles represent sodium atoms intercalating between graphene layers and
filling and clustering in the pores, respectively.

At first sodiation, initial sodium adsorption occurs at highly reactive surface defect sites of
HC, resulting in a high voltage slope region due to a wide distribution of adsorption energies.
During the second gradient of the slope region, sodium ions insert between the graphene layers to
reach intralayer defect sites and defect sites within pore walls, producing an increase in interlayer
spacing. This mechanism describes the sodium insertion required to reach defect sites, or “defect-

assisted intercalation”, which is distinct from the conventional intercalation mechanism. The two
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sequential storage mechanisms that occur during the slope region are corroborated by the observed
interlayer spacing shift, expansion of C—C bonds, Ap(7")proaa> and DFT calculations which indi-
cate sodium adsorption and insertion in the layers. Within the plateau region, sodium ions simul-
taneously intercalate between graphene layers and fill the pores with the formation of metallic
sodium clusters in the pores. The ratio between pore filling and intercalation, as well as which
pores are preferentially filled, depends on the specific HC microstructure. At higher pyrolysis tem-
peratures, larger pores are available and preferentially fill through the formation of larger sodium
clusters.[?> For these HC microstructures, pore filling is the dominant sodium storage mechanism

when compared with intercalation.

To conclude, sodium storage in hard carbon occurs in 3 different stages, with the last stage
having two processes occurring simultaneously: adsorption on reactive surface sites, insertion and
adsorption at intralayer defect sites and on pore walls, and intercalation between layers and na-
nopore filling occurring simultaneously. Based on these findings, we suggest the following design
strategies to maximize the sodium storage capacity of HC. The presence and speciation of defects
within graphitic domains are crucial for initiating sodium insertion and pore filling. Moreover, the
sodium insertion capacity in the slope region depends on the defect concentration and defect type.
However, the defect concentration should not be too high because of the high binding energy of
sodium on these sites, which may be responsible, in part, for the irreversible capacity by trapping
adsorbed sodium. Additionally, the formation of a SEI during the first cycle contributes signifi-
cantly to irreversible capacity due to the reduction of electrolytes at specific moderate potentials.
The irreversible adsorption at high-energy surface defects and the formation of the SEI are con-
sistent with the lower electrochemical reversibility observed in the slope region compared to the
plateau region for all HCs (Figure 1b and S1). The capacity in the plateau region depends on the
nanopore volume and distribution and interlayer spacing. Hence, the capacity in this region can be
increased by optimizing the pore size distribution while maintaining an interlayer spacing that does
not inhibit diffusion. To improve the capacity and initial Coulombic efficiency of HC materials,
several design strategies should be considered: morphological engineering, pore engineering, de-
fect engineering, heteroatom engineering, and electrolyte engineering. These approaches can col-
lectively enhance the capacity and reversibility of sodium storage in HC. This study not only sheds

new light on the intricate sodium storage mechanisms in HC anodes but also provides a robust
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framework for understanding and optimizing the performance of sodium-ion batteries for grid-

scale energy storage, low-cost, and low-speed EV applications.

3. Experimental Procedures

3.1. Materials

Three different hard carbons were provided by Phillips 66 Company. To prepare the samples, a
refinery heavy stream was converted into an oxidized intermediate. HC-1100°C and HC-1400°C
were further carbonized in a laboratory tube furnace (SentroTech) by holding at the desired set
point (1100°C and 1400°C respectively) for 2 h with a nitrogen flow at 500 sccm. HC-2000°C was

carbonized in a vacuum graphitization furnace (Centorr Vacuum Industries) at 2000°C for 15 min.
3.2. Electrochemical measurements

The working electrodes were prepared by mixing 90 wt% of HC, 5 wt% of carbon Super P (Alfa
Aesar >99%) as a conducting material, and 5 wt% of polyvinylidene (PVDF, MSESupplies >99.6
%) as a binder in N-Methylpyrrolidone (NMP, MSESupplies >99.9%, anhydrous). The resulting
slurry was cast on aluminum foil (MTI >99.3%) using a 200 um doctor blade. The film was first
dried at 100°C using a hot-plate for approximately one hour and then vacuum-dried overnight at
100°C to fully remove NMP. The electrode film was punched into 14 mm diameter disks for the

coin cells.

The coin cells (CR2032-type) were assembled using the HC electrode as a working electrode and
metallic sodium (Alfa Aesar 99.8%) as a counter electrode. The separator used was a glass micro-
fiber filter (Whatman, GF/B, 0.68 mm thickness). The electrolyte was 1 M NaPF6 (Alfa Aesar
>99%) in ethylene carbonate (Sigma-Aldrich >99%, acid <10 ppm, H20<10 ppm) and dimethyl
carbonate (Sigma-Aldrich >99%, acid <10 ppm, H2O<10 ppm) (1:1 vol%). The cells were gal-
vanostatically charged and discharged in a voltage range of 0—2 V versus Na+/Na using a potenti-
ostat (Biologic VSP-300) at a current density of 15 pA mg™! at room temperature. At the end of the
discharge the voltage was held constant at 0 V until the current decayed to 1.5 pA mg™.

Coin cells were discharged to desired voltage points, immediately disconnected, and disassembled
inside an Ar-filled glove box (<0.5 ppm H>O, <1 ppm O>). The sodiated HC was scraped off the
aluminum foil, and then stored and sealed with epoxy in 1.5 mm OD quartz capillaries to prevent

both Oz and moisture exposure. The capillaries were transported to the NSLS-II and measured.
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3.3. X-ray pair distribution function

X-ray total scattering of the sodiated electrodes was measured at the NSLS-II (Brookhaven Na-
tional Laboratory) at beamline 28-ID-1. These measurements were performed at an X-ray energy
of 74.465 keV (0.1665 A) with a 2D PerkinElmer detector (2048 x 2048 pixels, 200 x 200 um?
each) placed 28.3 cm from the sample. The electrodes were measured in sealed 1.5 mm quartz
capillaries for a total exposure time of 1230 s (30s scan x 41 scans) per sample under ambient
temperature and pressure. A diode mounted on the beamline was used to measure the X-ray trans-
mission, which was corrected for dark current. Samples were monitored for beam damage by al-
ternating measurement positions and exposure times. Polarization and geometric corrections were
applied to the raw data, which was reduced using the pyFAI package. Data was corrected by trans-
mission and the scattering from the empty capillary was subtracted from the sample measurements.
PDFGetX3 was used to obtain the S(q) and pair distribution function in G(r) space, with correc-
tions for sample self-absorption, detector oblique incidence and Compton and Laue scattering. The
g-range for the Fourier transform was qmin = 0.26 Al to qmax =21.2 A-!. PDFgui was used to refine
the G(r) for the pristine HCs and to simulate the G(r) for the different models. CeO; was used as a
calibrant and it was refined to obtain the qaamp=0.027 A™! and instrumentation broadening of

Qbroad=0.015 A" from beamline (Figure S34).
3.4. DFT calculations

Spin-polarized DFT calculations were conducted using the Vienna Ab-initio Simulation Package
(VASP) to evaluate sodium adsorption behavior in pristine and defected graphene/graphite models,

13531 The carbon electrode

as proxies of hard carbon electrodes with various types of local defects.
surfaces were modeled as both monolayer and bilayer graphene sheets. For simulating bulk-like
intercalation, the graphite model was employed. Semi-local Perdew-Burke-Ernzerhof (PBE) ex-
change-correlation functional, and a PAW representation of the wavefunction with a kinetic energy
cutoff of 450 eV was used in all simulations.[*”! The Brillouin integration was performed using a
3x4x1 I'-centered Monkhorst-Pack grid.[#11 To capture the long-range dispersion forces between
the graphene layers, an empirical DFT-D3 (BJ) energy correction was added [** and the simulation

cells were fully relaxed to reach the energy and force thresholds of 10 eV and 107 eV/A.

The sodium incorporation energy (£;) is evaluated using the following equation:
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Ei = Engyc — Ec — NEpg

Where Enq+c denotes the total energy of the carbon electrode with the incorporated sodium, either
on the surface or between the graphene layers, Ec is the energy of the sodium-free graphene/graph-
ite sheet, En, is the energy of a metallic sodium (i.e. referenced to sodium metal), and # is the
number of sodium atoms incorporated. To calculate E; as a function of doo2-spacing, initial graphite
structures with various d-spacings are generated, and a sodium ion is embedded within the inter-
layer. The graphite layers in contact with the sodium ion are fixed in the z-coordinate, while the

other interlayers are allowed to relax.
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