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, ion adsorption and dynamics in
the double layer: a study of NaCl(aq) on graphite†

Aaron R. Finney, *a Ian J. McPherson, b Patrick R. Unwin b

and Matteo Salvalaglio *a

Graphite and related sp2 carbons are ubiquitous electrode materials with particular promise for use in e.g.,

energy storage and desalination devices, but very little is known about the properties of the carbon–

electrolyte double layer at technologically relevant concentrations. Here, the (electrified) graphite–

NaCl(aq) interface was examined using constant chemical potential molecular dynamics (CmMD)

simulations; this approach avoids ion depletion (due to surface adsorption) and maintains a constant

concentration, electroneutral bulk solution beyond the surface. Specific Na+ adsorption at the graphite

basal surface causes charging of the interface in the absence of an applied potential. At moderate bulk

concentrations, this leads to accumulation of counter-ions in a diffuse layer to balance the effective

surface charge, consistent with established models of the electrical double layer. Beyond �0.6 M,

however, a combination of over-screening and ion crowding in the double layer results in alternating

compact layers of charge density perpendicular to the interface. The transition to this regime is marked

by an increasing double layer size and anomalous negative shifts to the potential of zero charge with

incremental changes to the bulk concentration. Our observations are supported by changes to the

position of the differential capacitance minimum measured by electrochemical impedance

spectroscopy, and are explained in terms of the screening behaviour and asymmetric ion adsorption.

Furthermore, a striking level of agreement between the differential capacitance from solution evaluated

in simulations and measured in experiments allows us to critically assess electrochemical capacitance

measurements which have previously been considered to report simply on the density of states of the

graphite material at the potential of zero charge. Our work shows that the solution side of the double

layer provides the more dominant contribution to the overall measured capacitance. Finally, ion

crowding at the highest concentrations (beyond �5 M) leads to the formation of liquid-like NaCl clusters

confined to highly non-ideal regions of the double layer, where ion diffusion is up to five times slower

than in the bulk. The implications of changes to the speciation of ions on reactive events in the double

layer are discussed.
1 Introduction

Carbon–electrolyte interfaces are fundamental to the operation
of many technological devices, particularly in the areas of
energy storage (e.g., supercapacitors), ltration and sensing.1–7

More generally, understanding chemical activity in the vicinity
of interfaces is important for catalysis, corrosion and crystal-
lisation.8–12 Graphite provides a model substrate to study such
interfaces; current technological applications involving carbon
materials e.g., activated carbon, which offers a high surface-to-
volume ratio for maximum ion adsorption, are oen made up
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of more-or-less ordered microdomains of graphite.13 Improving
the design of these materials, therefore, requires an under-
standing of the graphite–electrolyte interfacial structure and
dynamics, where many details remain unresolved.14

It is at the interface between solids and liquid solutions
where changes occur to the average structure and dynamics of
charge carriers (cf. in the bulk) when the two phases come into
contact, even in the absence of a potential bias. This results in
the formation of the so-called double layer and an electric
potential difference (drop) in this region. Early models of the
double layer sought to explain the capacity for charge storage at
the interface, which can be measured as the differential
capacitance, Cd.

One such Poisson–Boltzmann based model is the Gouy–
Chapman–Stern (GCS) model (see ESI Section B for more
details†) that predicts a compact layer of surface-charge
compensating counter-ions adjacent to a charged, planar
© 2021 The Author(s). Published by the Royal Society of Chemistry
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surface, followed by a diffuse solution layer enriched in counter-
ions and depleted in co-ions.15–17 At low electrolyte concentra-
tions and with low applied surface potentials, this model
effectively predicts Cd, in simulations18 and in systems con-
taining metals,19 even if the simplied interfacial geometry it
implies is unphysical for the electrode/electrolyte interface.20

The value of Cd measured at graphite is much lower than
expected from consideration of GCS theory alone. This was
rationalised based on the material's low electron density of
states (DoS) at the Fermi level21 compared to metals, and the
potential drop across the double layer was ascribed to both ion
charge accumulation at the interface and space-charging (elec-
tron redistribution) within the solid.22–24 Assuming a GCS elec-
trolyte structure, Cd was then used to estimate the electronic
DoS of graphite.23,24

At moderate to high electrolyte concentrations—relevant to
many technical applications—experimental observations
suggest that the GCS model inadequately describes the
solution-side structure of the double layer at graphite. For
example, at 0.5 M and beyond, Cd depends upon the cation
identity, and asymmetries in the Cd–potential curves are
found.25–27 This deviation is consistent with an observed
inection point in the screening length of NaCl(aq) solution as
a function of concentration around 0.5 M from surface force
balance experiments.28 These changes have been attributed to
ion-specic adsorption,25 with possible partial charge transfer;29

however, without a detailed microscopic description of the
interface, the origin of the variations in solution behaviour
remain unclear.

Modications to Poisson–Boltzmann-based models of the
double layer were proposed to take into account ion correla-
tions, specic adsorption and steric effects.30–33 Nonetheless,
the complexity of the system favours the application of atom-
istic simulations to fully characterise the double layer structure
that results from changes to bulk electrolyte concentrations and
applied surface potentials. These methods allow for a molecular
description of how the complex interplay between ion adsorp-
tion, solvation and speciation in the double layer, coupled with
any changing mobilities for charge carriers, affects the electro-
chemical and thermodynamic properties of the interface.

Calculations at the level of density functional theory (DFT)
with implicit solvents have provided signicant insight into the
nature of charge screening in the double layer.29,34 Molecular
dynamics (MD) simulations adopting classical force elds,
however, are the preferred tool to investigate the structure and
dynamics of electrolytes in explicit solvents in contact with
graphitic surfaces.35–42 Based on DFT calculations, classical
pairwise interaction potentials were parameterised;37–39 these
capture the polarisability of the solution and carbon (in the
form of ion–p interactions) at the interface, which can play
a signicant role in structuring the double layer.43,44 Such
classes of models further indicate asymmetric adsorption of
ions, with cations likely to adsorb in preference to anions in the
case of graphite. This contrasts with metal–electrolyte inter-
faces, where ion–p interactions are absent and anion adsorp-
tion likely dominates.45 The implications of these effects on the
structure and dynamics of the double layer at graphite will be
© 2021 The Author(s). Published by the Royal Society of Chemistry
addressed in the present article by combining our own simu-
lations and experimental measurements.

Constant chemical potential MD (CmMD)46 simulations were
performed to explore the double layer in the (electried)
graphite–NaCl(aq) system. CmMD mimics open boundary
conditions; thus, maintaining a constant thermodynamic
driving force for ion adsorption at graphite, and conserving
electroneutral solutions beyond the double layer. With this
approach, we are able to relate the spatial extent of the double
layer to the nature of charge screening in this region. We
explain changes to the electrochemical properties of the double
layer by relating the screening of charge to the potential
difference across this region. In addition, we obtain a detailed
description of the local (electro)chemical potential, speciation
and mobility of ions orthogonal to the surface. The results
indicate a signicant departure from ideal solution behaviour
in regions conned to the double layer even at moderate levels
of NaCl(aq) concentration in the bulk. Our work provides much
needed molecular-level insight into the structure and dynamics
of electrolyte solutions in contact with carbon surfaces over
a wide range of concentrations.

2 Results and discussion
2.1 The structure of NaCl(aq) solutions at the graphite
surface

Simulation cells were prepared where a graphite slab,
comprising eight graphene layers, was positioned at the centre
of the simulation cell x axis in contact with NaCl(aq), such that
the system was symmetrical about x ¼ 0. All methodological
details are provided in ESI Section A.† CmMD simulations were
performed using the GROMACS (v 2018.6) MD package47 with
the Plumed (v 2.5) Plugin48 for a range of xed bulk solution
concentrations: cbNaCl ¼ 0.23–1.05 M and 1.2–9.2 M in two
system set-ups. The upper limit here signicantly exceeds the
solubility of NaCl in water, and would not be possible to prepare
experimentally, but is instructive to study computationally. The
nanosecond timescales associated with MD give rise to
vanishingly low probabilities for crystal nucleation and allow
the metastable solution state to be investigated. Within
minimal uctuations, the CmMD method successfully main-
tained the bulk concentration of cations and anions beyond the
interface (see ESI Section C†).

Concentration proles orthogonal to the surface. Concen-
trations as a function of x for species in the solution phase are
provided in Fig. 1 and also in full in Fig. S5 and S6.† Preferential
adsorption of Na+ was observed at the graphite surface over the
entire concentration range sampled, in line with the predicted
order of ion adsorption energies using the adopted force eld.37

Solvated Na+ ions directly coordinate to graphite, shown by the
narrow peak at x ¼ 1.5 nm in Fig. 1A. Maximum concentrations
exceed those in the bulk by approximately two orders of
magnitude even at the lowest cbNaCl (0.23 M). An adjacent layer of
Cl� ions was observed, separated by 0.1 nm at the peak
concentrations, and in line with other simulations.49 The Cl�

concentration in this layer also signicantly exceeds the bulk
value, although its broader width highlights a diffuse ordering
Chem. Sci., 2021, 12, 11166–11180 | 11167
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Fig. 1 Ion and water molar concentration (c) profiles from CmMD
simulations as a function of x: the distance from the centre of the
simulation cell. The graphite carbon surface (with zero applied charge)
is shown by the grey peak on the left of the x axis. (A) Provides Na+

(blue), Cl� (red) and water oxygen (Owat; black) concentrations when
the concentration of ions in the bulk is 0.23 M (solid line) and 1.05 M
(dashed line). (B and C) Provide the cation (top panel) and anion
(bottom panel) concentrations as a function of x in simulations tar-
geting the higher end of the total concentration range. The colour
scale here indicates the mean molarity of ions in the bulk. The shaded
dashed linesmark themaximum in the first sodium peak (grey) and first
two chloride peaks (green) at the highest bulk concentration. Arrows
are provided to highlight the changes in the profiles as ion concen-
trations in the bulk are increased. A 0.3 nm excluded region separates
the edge of the graphite basal plane from the ionic solution; this is due
to atom centres being used to calculate the concentration profiles.
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of the anion. Considering the adsorbed layer of Na+ to represent
an effective surface charge density, this picture of charge
screening is qualitatively consistent with the predictions of the
GCS model; with the Cl� diffuse region of the double layer
representing the counter-ion charge in solution. However, no
obvious boundary between this region and a diffuse layer is
apparent in the concentration proles, and any binary assign-
ment of surface-bound states neglects the complexity of the
dynamic adsorption in the rst ion layers.

As the bulk concentration of ions is raised (see Fig. S5†),
a clear departure from the above screening behaviour is
observed. Around cbNaCl ¼ 0.5 M, the Cl� peak narrows and
a second, diffuse layer of cations around x ¼ 2 nm emerges that
exceeds bulk ion concentrations. Fig. 1A highlights that at
cbNaCl ¼ 1.05 M, the concentration of cations exceeds that of
anions at x¼ 2–2.4 nm, and a hierarchical ordering of ions with
11168 | Chem. Sci., 2021, 12, 11166–11180
opposing charge is apparent. A more compact double layer
region is evident at the highest concentrations (see Fig. 1B and
C, with the complete data set available in Fig. S6†). In the range
cbNaCl ¼ 1–9 M, a shi in the position of the Cl� rst peak by Dx
z �0.03 nm highlights a contraction of the rst ion layers, and
the diffuse Cl� peak at 1.2 M was resolved into two clear peaks
(with a second peak emerging at x¼ 1.83 nm at around 6M bulk
ion concentrations). This is concomitant with a shiing of the
second Na+ peak away from the graphite surface, which ulti-
mately splits into a rather diffuse doublet peak which connes
the Cl� layer.

The crowded structure at higher concentrations is reminis-
cent of the double layer in molten LiCl at planar electrodes
under the constraint of a constant applied potential.50 Indeed,
in double-layer capacitors containing ionic liquids, steric
crowding at the electrode is a common feature,51,52 which has
been conrmed by atomic force microscopy (AFM).53,54 The
similar response of the double layer structure to changes in
bulk concentrations and applied surface potentials was identi-
ed in simulations over 40 years ago.18 As well as the increas-
ingly non-monotonic concentration proles (shown clearly in
Fig. S7A† on increasing cbNaCl), a shi in the ratio of maximum
Na+ : Cl� concentrations occurs around 3 M due to the nar-
rowing of the second Cl� peak (see Fig. S7B†) which represents
a signicant departure from the double layer structure at the
lowest concentrations.

Perturbations to the solvent structure were apparent, mainly
due to the presence of graphite. Three peaks are observed (see
Fig. 1A) in the water concentration proles at the lower end of
the bulk ion concentration range simulated. Solvent layers are
separated by 0.3 nm; this distance was determined for water at
clean graphite surfaces in a recent study combining simulations
with AFM measurements.55 Only limited ordering of the orien-
tation of water molecules perpendicular to the graphite surface
was observed. This is highlighted in Fig. S5,† which shows that
the peaks for water O and H atoms are approximately at the
same position in x. Maximum values of cCl at the interface
tended to be found where the densities of water oxygen atoms
are close to a minimum. Additional ion layers at the highest
concentrations induce additional complexity to the water
structure in the double layer (see Fig. S6†).

Extent of the double layer. The edge of the double layer
region on approach to the surface was marked by the position
where solutions deviate from electroneutrality; hence, hcNa(x)i
s hcCl(x)i (where angular brackets indicate the mean concen-
trations in 0.5 nmmoving windows in x). The size of the double
layer from this position to the minimum in x for the solution
phase is provided in Fig. 2A; this indicates that the double layer
contracts as the ionic strength in the bulk solution initially
increases, reaching a minimum around (cbNaCl)

1/2 ¼ 0.76 M1/2

(cbNaCl z 0.6 M). Beyond this bulk concentration, the double
layer size increases, plateauing around 2 nm above (cbNaCl)

1/2 ¼
2.4 M1/2, with some noise in the data. Overall, using this
composition measure, the double layer size is 0.6–2.2 nm. The
bulk electrolyte concentration marking a transition in the
double layer structure (0.6 M) and the size of the double layer,
within the concentration range sampled here, are in very close
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) The depth of the double layer region, d, in CmMD simulations with varying scaled bulk ion concentrations, (cb). The grey points provide
the size of the double layer in x, with error bars indicating uncertainties of one standard deviation in the data. The black line provides a moving
average for the data. Note that theminimum value of x for the solution phase (with reference to Fig. 1) was taken to be themid-point between the
carbon surface and the minimum value in ion concentration profiles: xz 1.35 nm. Also shown in the figure is the blue curve which is the Debye
length (see ESI Section B†). (B) Provides the normalised, mean interface ion concentrations (ciNaCl) in a 1.5 nm solution region close to the graphite
surface vs. the bulk concentration of ions. The black line is a fit to the data with functional form 1.8(cbNaCl)

�0.25 and error bars show uncertainties of
one standard deviation.
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agreement with the results from surface force balance
measurements which determine the screening length in
NaCl(aq) solutions between parallel plates.28

The Debye length (k�1) is the characteristic length over
which the electrostatic effect of a charge carrier in solution
decays, and is proportional to 1/(cb)1/2. This is derived from
a linearised Poisson–Boltzmann equation (see Section B† for
details), and is assumed to accurately determine the size of the
double layer at low electrolyte concentrations. Fig. 2A indicates
that k�1 decreases monotonically as cbNaCl increases. At relatively
low concentrations, one can reconcile the decreasing double
layer size from simulations by considering that increasing
charge densities close to the surface will lead to a less diffuse
double layer as contraction of the layers occurs. At high
concentrations, however, the ionic crowding near the surface
induces further perturbations to the solution away from the
interface, and the double layer size increases with cbNaCl. A
theoretical framework to predict the ‘capacitive compactness’ of
the double layer was recently presented;56 this indicates the
dependency of the size of the interfacial region upon the ion
valency.

It is instructive to consider the size of the interface region
where the solvent structure is perturbed (cf. the bulk), which
turns out to be independent of cbNaCl over the entire concentra-
tion range sampled. ESI Section D† details these measurements
which indicate an interface region that is 1.4 � 0.3 nm in size,
that is approximately 3–5 water layers from the graphite surface.
The structuring of water at planar interfaces appears to be
rather insensitive to the electrolyte concentration and, for most
practical purposes, the substrate material and surface
contamination.55

Mean ion concentrations in the double layer. NaCl concen-
trations at the interface (ciNaCl) can be measured by integrating
(cNa(x)cCl(x))

1/2 in regions of the proles in Fig. 1. To ensure a fair
comparison between different cases of bulk concentration,
© 2021 The Author(s). Published by the Royal Society of Chemistry
a 1.5 nm solution region closest to the graphite surface was
integrated, and the ciNaCl normalised by cbNaCl are provided in
Fig. 2B. The plot shows a rapid decay in ciNaCl/c

b
NaCl on increasing

cbNaCl, with concentrations at the interface converging to those in
the bulk when cbNaCl > �6 M.

At the lowest cbNaCl, the concentrations of ions at the interface
are three times greater than those in the bulk and the decay in
the relative interfacial concentrations is proportional to
(cbNaCl)

�0.25 (see Fig. 2B). While nite ion size effects clearly play
a role in the local ion concentrations in the double layer, the
total concentrations of ions in this region vary continuously
with bulk concentration and can therefore be predicted without
the need for simulations at specic concentrations. It is
important to note that the total concentrations of cations and
anions over the entire double layer region are equal, as shown in
Fig. S8,† and that signicant ordering at the highest bulk
concentrations means that, locally, ion concentrations can
signicantly exceed the bulk (see Fig. S7A†).

Electrical properties of the double layer. Even at uncharged
graphite surfaces, asymmetries in the adsorption of ions leads
to deviations from local electroneutrality, as shown by uctua-
tions in the solution charge density, r, as a function of x.
Following the Poisson equation,

d2
jðxÞ
dx2

¼ dEðxÞ
dx

¼ �rðxÞ
3

(1)

this leads to varying electric elds, E, and electric potential, j
orthogonal to the surface. In the above equation, 3 is the
permittivity of the medium (3 ¼ 303r, where 30 and 3r refer to the
permittivity of vacuum and the relative permittivity, respec-
tively). Fig. S9† provides these quantities over the full concen-
tration range. These indicate that, at the limit of large x, E(x)
and j(x) converge to zero, corresponding to the solution bulk.

A screening factor, f, can be dened as,
Chem. Sci., 2021, 12, 11166–11180 | 11169
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f ðx0Þ ¼
Ð x0
0
nClðxÞdxÐ x0

0
nNaðxÞdx

(2)

with n indicating ion number densities; nNa appears in the
denominator as cations consistently adsorb in the rst solution
layer next to the substrate. Fig. 3A provides f(x) for the entire
concentration range sampled. At the lowest cbNaCl, f(x) increases
smoothly and converges to one in the solution bulk, consistent
with screening by a diffuse anion layer. As cbNaCl increases
beyond around 0.5 M, and the compensating anion charge layer
becomes more compact, over-screening of the cation charge
occurs and f(x) > 1. Over-screening in molten salts is
a phenomenon that has been known for some time.57 In ionic
liquids at electried interfaces, over-screening was suggested as
a possible control on the electrochemical kinetics at the
interface.58

The electric potential in x due to the charge distribution of
ions (ji) can be calculated using eqn (1) and (2), noting that ri(x)
¼ e(nNa(x) � nCl(x)), where e is the elementary charge:

jiðx0Þ ¼
ðx0
0

�
� e

303tr ðxÞ ð1� f ðxÞÞ
ðx0
0

nNaðxÞ dx
�
dx (3)

The relative permittivity of the solution medium as a func-
tion of x (3tr (x)) is affected by the proximity of interfaces59–62 and
ion concentrations.63 A recent simulation study from Olivieri
et al.64 indicated that truncation of the long range water mole-
cule dipole moment correlations due to the presence of the
substrate and the electric eld anisotropy at the interface leads
to increasing 3tr away from the surface. We adopted this model
for the near-linear increase of 3tr , from a value of around 10 in
the rst solvent layer up to 71 (the bulk value of 3r for the
extended simple point charge water model65 in our simulations)
over x z 4 nm, as described in ESI† Section E—where we also
discuss alternative models and their implications for the
calculated ji(x) values.

The ji(x) curves calculated using eqn (3) are provided in
Fig. 3B. When cbNaCl T 0.5 M, the sign of ji alternates due to the
Fig. 3 Charge screening in the double layer. (A) Provides the ion charge s
(B) Provides the electric potential, j, calculated from ion charge distribut
indicates increasing bulk ion concentrations across the entire concentr
potential difference across the interface region (i.e. the PZC) as a functio
(B), are shown by the blue circles (the left y axis scale apply to these d
provided by the black circles (the right y axis scale applies here). Statistic
error bars. The dashed lines provide a moving average of the data and the
which are provided.

11170 | Chem. Sci., 2021, 12, 11166–11180
crowding of ions in the double layer. The value of ji at the
graphite surface (with zero applied charge) is called the poten-
tial of zero charge (PZC): jPZC

i . This potential difference is
shown in Fig. 3C as a function of the bulk concentration. It is
clear that the effect of increasing cbNaCl is to decrease jPZC

i with
a �0.020 � 0.003 V M�1 gradient at moderate bulk concentra-
tions. An inection point is observed when cbNaCl z 6 M, where
further increases in bulk ion concentrations result in positive
changes to jPZC

i .
The slope, (djPZC

i /dcbNaCl)T,s is related to the so-called Esin–
Markov coefficient.66 This is one of the few conventional means
to experimentally assess the extent of specic adsorption, and
would seem to provide an ideal way to relate the simulations to
experiments measuring Cd. Oen, Cd data are recorded at
widely spaced potentials, limiting the accuracy with which the
minimum in Cd—oen taken to represent PZC—is known.25,27

We therefore measured Cd of freshly exfoliated HOPG as
a function of potential over a range of concentrations, with
10 mV potential resolution, and examined the minimum in Cd

as a proxy for the PZC (jxpt; see Section A2†). With this ne
potential resolution, the Cd–jxpt curve displays two minima
within 300 mV; the global minimum becomes deeper and shis
to more negative potentials with increasing concentration
(Fig. S2†). Note that this feature remains visible at 50 mV
potential resolution (Fig. S3†), but would be lost at lower reso-
lutions, oen reported in the literature.22,23,25,27

Computational models considering the effect of asymmetric
ion adsorption indicate a shi to the PZC on incremental
changes to bulk solute concentration that follows the sign of the
preferentially adsorbing ion.50 However, these oen do not
consider the situation of electrolyte solutions in which both
cations and anions have favourable, but varying strength of
interactions with the surface. Experimental studies sometimes
attribute Cd values solely to the adsorption of ions whose sign is
opposite to the sign of the potential change relative to the Cd

minimum.25 This is a rather simple interpretation under
conditions where the bulk concentration is far beyond the levels
where alternating layers of charge emerge in the double later
creening factor, f, as a function of distance, x, from the graphite surface.
ions in the same region. The colour scale from blue to red in (A) and (B)
ation range: 0.2–9.2 M, as listed in Table S2 of ESI.† (C) Provides the
n of cbNaCl. The simulation data, taken from the difference in ji in panel
ata only), and measurements from electrochemical experiments are
al uncertainties of one standard deviation in the data are shown by the
solid lines are a linear fit to the data when cbNaCl < 3 M, the gradients for

© 2021 The Author(s). Published by the Royal Society of Chemistry
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structure. The change in the value of jxpt identied at the Cd

minimum on increasing cbNaCl (see Section A2† and Fig. 3C) is in
good agreement with the mean change in jPZC

i (cb) found from
our simulations, with a moderate negative gradient (�0.02 V
M�1) at lower concentrations. This contrasts with the linear
shi as a function of ln (cbNaCl) seen on Hg electrodes.67 The
agreement provides considerable support to the simulation
results.

The implication of eqn (3) is that increasing levels of ion
screening, with the same underlying cation density distribu-
tion, results in positive changes to jPZC

i . Conversely, if the
screening of charges in the double layer is unchanging and the
bulk concentration increases, then jPZC

i becomes more nega-
tive. In our simulations, Fig. S11† shows that at the limit of large
x,

Ð
(1 � f(x)) decreases (due to increased levels of screening in

a less diffuse counter-ion charge cloud) and, combined with
increasing cbNaCl, the relatively large negative gradient, djPZC

i /
dcbNaCl, at the lowest concentrations reduces on increasing
cbNaCl. At the highest concentrations, however, the ordering of
ions leads to a small positive change in

Ð
(1 � f(x)) on increasing

cbNaCl. This is sufficient to change the sign of djPZC
i /dcbNaCl. It

follows that, for small increases to cbNaCl, the resulting response
to the PZC can inform about the structure of the double layer.
2.2 Ion activities in the double layer

The excess density of ions in the double layer has implications
for the chemistry of this region. It is helpful to evaluate,
therefore, contributions to the electrochemical potential, m ̃i, of
ions, i, as a function of x:

m̃i(x) ¼ m0 + b�1ln ai(x) + ziej(x) (4)

here, m0 is a reference chemical potential; ai(x) and zi are the
activity and valency of species i, respectively; and, b ¼ 1/kBT,
where kB and T are the Boltzmann constant and temperature,
respectively. The total m̃ for NaCl(aq) in x can be written as,

m̃(x) ¼ m0 + b�1ln a�(x) + (2u(x) � 1)ej(x) (5)

where u is the fraction of cations and a�(x) is a position-
dependent average activity. We dene a�(x) ¼
aNa(x)

u(x)aCl(x)
1�u(x), which converges to the mean ion activity,

ab� ¼ (abNaa
b
Cl)

1/2, in the electroneutral bulk solution where u(x)¼
0.5.68 Eqn (4) and (5) therefore reduce to the standard equations
for the chemical potential (m) in a bulk homogeneous solution
where j(x)¼ 0 in the absence of an external electric potential. At
equilibrium, a�(x) and j(x) are stationary, and the electro-
chemical potentials across the double layer and in the extended
solution are equal:

b�1ln a�(x) + (2u(x) � 1)ej(x) ¼ b�1ln ab� (6)

Based on ts to the chemical potentials of ions explicitly
calculated in their own simulations and from other in silico
studies,69,70 Zimmerman et al.71,72 provided an analytical model
to calculate the mean chemical potential of solvated ions using
the adopted force eld:
© 2021 The Author(s). Published by the Royal Society of Chemistry
mNaCl ¼ m0NaCl + 2b�1ln bNaCl + 2b�1ln g� (7)

where b is the mean molality in units of mol kg�1, and g� is the
mean activity coefficient for ions; therefore, a� ¼ bNaClg�, and,

log10g� ¼ �A ffiffiffiffiffiffiffiffiffiffi
bNaCl

p

1þ B
ffiffiffiffiffiffiffiffiffiffi
bNaCl

p þ CbNaCl (8)

where A¼ 0.568m�1/2, B¼ 1.17769 m�1/2 and C¼ 0.177157m�1

(where m ¼ mol kg�1). Importantly, this model allows us to
calculate ion activities at molalities far beyond the equilibrium
saturation level of 3.7 mol kg�1.69,70,73–76 Values of ln g� and
m̃NaCl calculated using the above model are provided for the
range of bNaCl in Fig. S12.†

From CmMD simulations, the NaCl molality as a function of x
is calculated from atom density proles according to (nNa(x)
nCl(x))

0.5/(0.018nwat(x)). Molalities in the bulk (bbNaCl(x)) were
calculated from averages in the molality proles in stable
regions far from the interface. bbNaCl(x) were substituted into eqn
(8) and (7) to calculate (mNaCl � m0NaCl)/2 which equals the right
hand side of eqn (6). Note that this approach assumes equal
contribution of cations and anions to the mean ion electro-
chemical potential. The CmMD simulation technique used here
ensures accurate estimates of the bulk chemical potential of
ions—within the adopted model in eqn (7)—where cation and
anion concentrations must be uniformly equal within a small
uncertainty.

Analyses were performed using the density proles in Fig. 1,
with Fig. 4A providing the NaCl molality proles for ve
systems. These reach a maximum at x ¼ 1.6–1.7 nm: the posi-
tion close to the minimum following the rst peak in cation
concentration proles. An increasing peak around x ¼ 2 nm
matches with the increase in cation concentrations in this
region at high concentrations. Counter-intuitively, the region in
x around the maximum bbNaCl(x) corresponds to a minimum in
b�1ln a�(x) (see the shaded region Fig. 4B). This is due to
amaximum in (2u(x)� 1)ej(x) as shown in Fig. 4C. The fact that
at x ¼ 1.63 nm, u and j are at a minimum, results in the large
positive contribution to m ̃ from this term in eqn (6). Beyond
around 1 nm from the graphite surface, we nd that the
contribution of (2u(x) � 1)ej(x) to m̃ is zero, and in this region m̃

reduces to m.
An important implication of the above observation is that

the local ion molality (or concentration) at interfaces is not
a good proxy for the electrochemical potential of ions. In
systems where interfaces and extended liquid phases are in
equilibrium, this is usually not problematic, due to the equality
m ̃ ¼ mb across the boundary layer and into the bulk solution.
Although any partial charge transfer of surface-bound ions
should be considered.29,77 In some surface-driven processes at
equilibrium, knowledge of the interfacial structure might still
be essential to predict outcomes. For example, in processes like
salt precipitation, the rates for nucleation are affected by the
kinetic factors associated with the supply of ions to growing
crystalline embryos.12 Increased ion molalities close to the
surface (being around ve times the levels of the bulk, when
the bulk molality equals the equilibrium saturation level of
3.7 mol kg�1) likely mitigates the barriers to these processes. In
Chem. Sci., 2021, 12, 11166–11180 | 11171
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Fig. 4 Contributions to the electrochemical potential of electrolytes in the double layer region. (A) NaCl molalities (bbNaCl) when the bulk mean
molalities were as shown in the legend in units ofm (mol kg�1). (B) The contribution to themean ionmolal electrochemical potential (m̃) from the
first term in eqn (6). (C) The contribution of the second term in eqn (6) to m̃. The curve for the case when bbNaCl¼ 3.5 mol kg�1 is highlighted by the
bold line, and the shaded region indicates the position of the maximum peak in bbNaCl.
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non-equilibrium processes, knowledge of both the local
molality of solute species and the electric potential is essential
to determine m ̃.
2.3 Ion correlations and diffusion

Simulations at the atomic level are perfectly suited to provide
details regarding the collective arrangement and motion of ions
in the liquid near the graphite surface. In this section, we
characterise the species which emerge in the double layer at
uncharged graphite surfaces and their diffusion.

Ion speciation. We investigate ion speciation by calculating
the average rst shell coordination number, Ni–j, between atoms
i and j described in ESI Section A.† The average coordination
numbers, NNa–Cl ¼ 0.02 � 0.02; NNa–Ow ¼ 5.89� 0.05 and NCl–Ow

¼ 7.23 � 0.07 were calculated for a 1 M NaCl(aq) bulk solution
simulated for 10 ns. The structure of the solvated ions agrees
well with other simulation and experimental studies.78 A
majority of ions form solvent shared and solvent separated ion-
pairs in the bulk (represented by the peaks at rz 0.5 and 0.7 nm
in Fig. S13†).

Fig. S14† provides the average N as a function of x evaluated
using Gaussian kernel (with 0.03 nm bandwidth) probability
densities. These indicate that the average NNa–Ow(x) decreases
by a value of one from the lowest to highest sampled concen-
trations in the bulk regions as NNa–Cl(x) changes from zero to
one, with these changes becoming signicant when cbNaCl T
1 M. Interestingly, NCl–Ow(x) is far less sensitive to changes in
cbNaCl, which remain around the value identied in the bulk at
1M over then entire bulk concentration range within themodel.
The NNa–Cl(x) coordination proles in Fig. S14† A indicate
a greater number of directly coordinated ions beyond the
position of maximum densities in x for the rst ion layers.
Essentially, the increased coordination occurs in regions of the
double layer where there is a high density of both cations and
anions. The maximum in NNa–Cl(x) shis to smaller values of x
and an additional peak emerges at x � 2.2 nm as crowding in
the double layer increases. The features of these proles roughly
correspond to the proles of bbNaCl(x) in Fig. 4A, which is a good
indication that the association of ions in the double layer is due
to increased ion densities.
11172 | Chem. Sci., 2021, 12, 11166–11180
At the highest levels of cbNaCl, NNa–Cl > 2 at the maximum
positioned at x ¼ 1.75 nm, as shown in Fig. 5A. Concomitant
changes occur to NNa–Ow(x) in this region, with an additional
minimum at x ¼ 1.6 nm. The exceedingly high anion concen-
trations here affect the ability for water to fully solvate cations.
The increased Na–Cl coordination is due to the formation of
many contact ion pairs that dynamically (dis)associate on the
timescales of the simulations, leading to extended liquid-like
networks of the type identied in the inset of Fig. 5A. These
structures begin to emerge at the graphite surface in signicant
numbers when the concentration of ions in the bulk exceeded
approximately 5 M (i.e., beyond the nominal equilibrium satu-
ration level for this force eld). The networks are reminiscent of
other liquid-like ionic networks identied in simulation
studies,79 which were suggested as precursors to crystalline
phases.80,81

To analyse these structures further, we performed cluster
analyses using the method of Tribello et al.82 (see ESI Section A†
for details). Fig. 5B indicates that the effect of increasing
cbNaCl(x) is to increase the number of ion clusters (dened as
species containing more than two ions in direct contact) in the
bulk and within the double layer. In the bulk, these clusters
contain a maximum of three ions. In the double layer, however,
the clusters contain more than ten ions at the highest
cbNaCl(x), with a wide distribution in the size of the largest clus-
ters due to the rapid time evolution of ion–ion correlations.
Both the size and geometry of the networks rapidly changed
over several nanoseconds of simulation and exchange of ions
with the surrounding solution occurred. Similar liquid-like
NaCl clusters were identied in simulations beyond the limit
of solution stability (15 mol kg�1) in the bulk, where a change in
the mechanism for salt precipitation occurs.83 Some experi-
mental studies posit the existence of NaCl clusters even at
moderate saturation levels.84 Further studies are now needed to
explore the role that liquid-like clusters play on the nucleation
of NaCl at interfaces.

Diffusion in solution. The diffusion coefficients, D, for ions
were measured using the Einstein relation, described in detail
in ESI Section A.† For reference, the average D for ions
measured in simulations of bulk of 1 M NaCl(aq) was 1.14 �
0.05 � 10�5 cm2 s�1.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Ion assembly and diffusion in the double layer. (A) Average Na–Cl first-sphere coordination number (NNa–Cl) as a function of x calculated
from a CmMD simulation where cbNaCl ¼ 9.2 M. The black and red dashed lines indicate the maximum first Na and first two Cl densities in the
concentration profiles for Na and Cl highlighted in Fig. 1. Inset is a configuration of a particularly large ionic network identified within the red
dashed lines in x. The image is projected onto the yz plane; blue and cyan spheres represent Na+ and Cl� ions and the green lines highlight ions
that are directly coordinated. (B) Ion clusters observed in the bulk and double layer regions of simulations. The blue / red colour scale in the
main plot indicates increasing cbNaCl from 1.2 to 9.2 M. The surrounding panels show purple and green probability densities in the same 2D space
for clusters in the bulk and in the double layer, respectively, at the highest bulk concentrations shown by the legend. (C) Diffusion coefficients,D,
for ions and water in 0.4 nm regions at the interface and in the bulk region of CmMD simulations (indicated by the subscripts i and b in the
legends). The top panel provides the x component of D. Data have been scaled by 1 � 10�5 cm2 s�1 and error bars show uncertainties of one
standard deviation.
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D and Dx as a function of x are provided in Fig. S15; † these
indicate that the surface decreases the diffusion of ions and
water molecules within the double layer. The decrease in both
D(x) and Dx(x) on approach to the substrate is monotonic;
hence, the diffusion coefficients closest to the graphite surface
and in the bulk region have been plotted as a function of cbNaCl in
Fig. 5C for simulations sampling the higher end of the entire
concentration range. The values of D were found to decay
following an approximately exponential trend: D ¼ D0e

�lcb,
where l is the so-called decay constant. In the bulk, D0 were
1.344 and 2.396 � 10�5 cm2 s�1 and l were �0.236 and �0.386
for ions and water, respectively. A more negative l for water
indicates that increasing ion concentrations retards the
mobility of the solvent molecules moreso than solute ions. At
the interface, however, l for ions was �0.335 (D0 ¼ 0.819� 10�5

cm2 s�1): more negative than for water (l ¼ �0.221; D0 ¼ 2.248
� 10�5 cm2 s�1), which is most likely due to the increased
concentration of ions in this region and the changes to the
speciation of ions, discussed above.

Around 1 M, Di/Db ¼ 0.64 and 0.87 for ions and water,
respectively (where Di and Db are the diffusion coefficients close
to the graphite surface and in the bulk). At the highest
concentrations sampled, Di/Db ¼ 0.24 and 0.18 (for ions and
water, respectively). The arresting of particle mobilities is
largely due to decreased diffusion perpendicular to the inter-
face. The top panel in Fig. 5 provides the x component of D for
water and ions at the interface and in the bulk. At 1 M, Di

x/D
b
x ¼

0.35 for ions and this reduces to 0.03 at the maximum bulk
concentration. This reects the high charge densities close to
the graphite surface. In contrast, Di

x for water molecules is
unchanged compared to Db

x at the lowest concentration, but
beyond 9M, Di

x/D
b
x ¼ 0.09, and the high salinity interface retards
© 2021 The Author(s). Published by the Royal Society of Chemistry
the mobility of water molecules in x nearly as signicantly as for
ions.

Ion transport properties in the double layer are oen
assumed to match with those in the bulk, e.g., when calculating
z-potentials using electrokinetic ow apparatus. Diffusion
coefficients for ions in solution near the graphite surface on the
order 1 � 10�7 to 1 � 10�5 cm2 s�1 indicate an increased
viscosity in the double layer caused by the changing solution
densities in this region. While direct coordination of cations to
the graphite was evident, no specic surface-site binding was
identied, and diffusion was particularly limited perpendicular
to the graphite surface. This picture is arguably consistent with
the idea of a ‘dynamic Stern layer’.85,86 However, this term is
unhelpful,20 failing to recognise the dynamic equilibrium
between ions in the rst and adjacent solution layers. No clear
boundary (slipping plane) between the diffusion of ions in
a specically adsorbed layer at the surface and in the diffuse
region can be identied from D or Dx in Fig. S15.† We refer the
reader to a recent monograph by Döpke and Hartkamp,86 where
these effects are discussed in the context of electrokinetic
phenomena.
2.4 Graphite with applied electric charge

To consider the effect of applied electric elds, charges were
uniformly distributed to the outermost carbon atoms at the
graphite basal plane, discussed in detail in ESI Section A.†
Negatively and positively charged surfaces were simulated with
charge densities, s, in the range jsj ¼ 0.004–1 e nm2 (see ESI
Table S2†). Our approach neglects the electronic response of the
graphite to charging the material, which must be considered
when comparing to experiments. This is reasonable, consid-
ering that DFT calculations indicate that applying an electric
Chem. Sci., 2021, 12, 11166–11180 | 11173
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eld to graphite induces equal and opposite net excess s,
centered close to the edges of a graphite slab, perpendicular to
the eld direction.21

The concentration of ions beyond the double layer was
maintained in CmMD simulations (see Fig. S16†) where cbNaCl ¼
1.05 � 0.03 M. Assuming Poisson–Boltzmann behaviour, Gra-
hame's equation (see eqn (13) in ESI Section B†) provides
a direct relationship between (the effective) s and the potential
change across the double layer, Dj. Even within the monotonic
regime, Poisson–Boltzmann approximations can fail to accu-
rately predict s.86–88 These models are, therefore, unhelpful,
particularly to determine the interfacial properties of NaCl(aq)
on graphite at technologically-relevant electrolyte concentra-
tions, as discussed below.

Structural asymmetries in the double layer. Ion number
densities as a function of x in Fig. S17† show that when
increasingly positive surface charges are applied, Cl� ions were
pulled closer to the graphite surface in a less diffuse anion layer.
Concomitantly, the maximum density in the rst cation layer
decreased and was shied further away from the surface.
Despite this, a more compact double layer emerges due to
increased cation densities in a second cation layer, shown most
clearly at high values of s in Fig. 6A. When the surface charge
was made incrementally negative, the rst two cation layers
both increased in density and peaks in nNa(x) appear sharper.
The maximum in the anion density decreased and was shied
away from the graphite, although the anion layer remained
diffuse, with the density of the tails in the distribution actually
increasing (see Fig. 6B and S17†).

Structural changes were observed in the solvent layers at the
interface; these were particularly signicant when s was large,
in line with simulations elsewhere studying electried planar
interfaces.89 Fig. S18† shows that when s was large and positive,
water oxygen atoms were pulled closer to the surface and peaks
in nHw(x) appear sharper. More interestingly, when s was more
negative than approximately �0.5 e nm2, a restructuring of
water molecules was apparent at the interface, with a splitting
of the rst peak in nHw(x), as solvent molecules arrange their
hydrogen atoms towards and away from the graphite surface.

Changes to the excess ion number densities (ni �nrefi , where
nrefi are the densities when s ¼ 0) as a function of s are reported
in Fig. S19.† These highlight that the double layer undergoes an
asymmetric enrichment of charge-balancing counter-ions and
depletion of co-ions. The asymmetries can be quantitatively
evaluated by considering the excess counter-ion concentration
at the charged graphite surface. This was done by taking the
difference in ion concentrations, Dc ¼ cA � cB (where A is the
counter-ion type and B is co-ion), from the maximum in
concentration proles where Dx < 1.5 nm in the MD data.
Fig. 6C shows that Dc increases monotonically from a value of
zero when s ¼ 0; this is qualitatively consistent with the
predictions of the GCS model. At the positively charged surface,
Dc is negative when s is small. The repulsion of cations in the
rst ion layer (beyond the electrode) leads to a small decrease in
the maximum anion concentrations in the rst anion layer and
a small increase in the maximum concentrations in the second
cation layer beyond the surface (see Fig. S19†). These
11174 | Chem. Sci., 2021, 12, 11166–11180
observations are beyond the predictions of simple mean-eld
models and are due to the complex interplay of charge
screening and volumetric constraints due to nite ion size
effects at intermediate-high bulk concentrations.

Electrode charge screening. Asymmetries in the shape of the
excess solution charge densities (dened as r0(x)¼ r(x)� rref(x),
where rref is the s ¼ 0 case, reported in Fig. S20†) appear in the
rst ion layer, with a doublet peak emerging at the negatively
charged surface. Despite this, the features of the resulting E0(x)
and j0(x) curves (calculated using the Poisson equation, and
also provided in Fig. S20†) are largely symmetrical when
comparing the oppositely charged surfaces. Differences occur
in the amplitudes of the uctuations in these curves. Fig. S22A†
highlights a greater change to the electric potential across the
double layer region, Dj0, in response to applying positive
charges (cf. negative charges) at the graphite surface. The
potential difference diverges when jsj ¼ 0.1 e nm2.

To further understand the above divergence, we calculated
an electrode screening factor:

f
0ðx0Þ ¼

Ð x0
0

�
rNaClðxÞ � rrefNaClðxÞ

�
dx

�s (9)

Fig. S21† shows that, considering only ions in solution, over-
screening occurs at the positively charged surface due to the
high density of anions in the rst solution layer at the highest s.
f 0 then decays until it converges to a constant value far from the
graphite surface. Small changes to s affect themaximum in f 0(x)
and, therefore, the gradient in the screening proles as f 0

converge to their bulk values. On the negatively charged surface,
however, there is an initial over-screening that is compensated
by charges in an adjacent solution layer, leading to a minimum
in f 0 around 1.6 nm. We calculated

Ð x0
0 ð1� f 0ðxÞÞ (aer ensuring

that all f 0 proles converge to a value of one). The resulting
curves at the highest values of applied potential are provided in
Fig. S21.† A positive (negative) shi in the converged value ofÐ x0
0 ð1� f 0ðxÞÞ is found at the positively (negatively) charged
graphite surface. This is consistent with a more diffuse
screening of the positively charged surface. When all solution
atoms were included in the analyses, the same trends were
observed, as highlighted by Fig. 6D; although the data here are
noisy due to uctuations in the water density proles, particu-
larly for small values of jsj. These changes correlate with the
changes to jDj0j, presented in panel D of Fig. S22A.†

The asymmetric accumulation of ions manifests in a greater
capacity, C ¼ s/Dj0, for the surface to store ionic charge when
negative potentials are applied. Fig. 6E shows that maximum
and minimum C occur at small negative and positive values of
Dj0. This is in very good agreement with the experimental C
values (also show in Fig. 6E) calculated using the integral of
Cd(Dj0) measured for the HOPG–NaCl(aq) system when cbNaCl ¼
1M (described in ESI A†). The asymptotic behaviour of C(Dj0) is
opposite to the trends at positive/negative potential observed in
simulation studies of molten LiCl at atomically at electrodes;
however, these electrodes are not related to any specic
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The effects of applied surface charges on the double layer when cbNaCl� 1 M. (A and B) Provide ion concentrations as a function of distance
from the electrode (positioned at x ¼ 0) measured in CmMD simulations when jsj ¼ �0.92e nm�2, where s is the surface charge density. (C)
Provides the difference in the maximum ion concentrations (Dc) at the electrode as a function of s. Equivalent concentration differences, from
distributions when no surface charge is applied (Dcref), were first subtracted, and shaded areas show uncertainties in the MD data due to changes
using a smoothing window of 0.2� 0.1 nm. (D) Shows the integrals of 1� f 0, where f 0 is the electrode screening factor, calculated for all atoms in
the double layer region in solutions. (E) Provides the capacitance (C) as a function of the potential difference across the double layer after
subtracting the potential of zero charge (Dj0). Experimental data are calculated from the integral of the differential capacitance (Cd) data in panel
F for the 1 M case. (F) Provides themeasuredCd from experiments and the evaluated double layer capacitance from simulations (Cd

dl) as a function
ofDj0. The dashed blue line is amoving average over three data points (in blue) at positive/negativeDj0. This is shownmore clearly in the inset of
(F) over the range of potential differences used to measure Cd (also inset and shown by the black data points). Where shown, error bars highlight
the standard error of the mean from multiple trajectory window analyses (otherwise statistical uncertainties are of the size or smaller than the
data points), with the grey region in (F) showing the uncertainty in the mean Cd from three repeat experiments. In (E) and (F), data have been
truncated for ease of comparison between simulations and experiments.
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material.50 When Dj0 was highly negative, C is up to 2 mF cm�2

greater than when Dj0 was large and positive.
Despite the close agreement between the simulated and

experimentally determined values of C, the differential capaci-
tance data (Cd ¼ ds/dDj0; provided in Fig. 6F) show deviations
around Dj0 ¼ 0. Here, the mean simulated differential capac-
itance reaches a maximum around 11 mF cm�2 (shown inset of
Fig. 6F, with the average over the full range of potential differ-
ence sampled in the experiments being 6.1 � 1.2 mF cm�2 from
simulations). Our simulations, however, only evaluate the
contribution to the series of differential capacitance, 1/Cd ¼ 1/
Cd
dl + 1/Cd

q, associated with the double layer response to the
applied charge (Cd

dl); they neglect any contribution to Cd due to
the (re)distribution of the graphite electron density of states
associated to charging (Cd

q), which was postulated in early
studies to dominate Cd.22–24 Our results, therefore, indicate that
both Cd

dl and Cd
q contribute to the measured Cd at the chosen

electrolyte concentration around Dj0 ¼ 0. This was conrmed
by evaluating Cd

q explicitly using 1/Cd
q ¼ 1/Cd � 1/Cd

dl, as shown
© 2021 The Author(s). Published by the Royal Society of Chemistry
in Fig. S23,† which indicates that Cd
q is of the same magnitude

as Cd
dl, on average, around Dj0 ¼ 0.

Increasing the potential difference results in rapidly
increasing Cd

q, with a larger magnitude in the gradient (dCd
q/

dDj0) on the anodic branch of the Cd
q(Dj

0) curve. This means
that, at large values of s, Cd

dl dominates the measured Cd at
graphite. Indeed, the shape of Cd

q(Dj
0) matches well to experi-

mental measurements of the ‘quantum capacitance’ at gra-
phene electrodes, although the size of Cd

q is an order of
magnitude greater here at similarly large values of applied
potential.90 This is due to the proportional increase in the
electrode (electron) density of states per unit surface area that
occurs as the number of graphene layers are increased, as
determined in recent simulations at the DFT level.91 The DFT
calculations show that a Cd

q of around 10 mF cm�2 (at the
Cd
q minimum) in 6-layer graphene is increased by an order of

magnitude when jDj0j z 0.5 V, in close agreement to the
evaluated Cd

q here.
Early models used to explain the Cd at graphite implicitly

assumed monotonic behaviour in the concentration proles of
Chem. Sci., 2021, 12, 11166–11180 | 11175
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ions in solution adjacent to the electrode and an absence of
specic adsorption, through their use of the GCS model when
apportioning contributions to Cd.21–24 This was motivated by
that fact that the minimum Cd of graphite is approximately an
order of magnitude smaller than the Cd measured for metal
electrodes at comparable conditions. It was, therefore, implic-
itly assumed that Cd was dominated by Cd

q.21,22,24 Outside of the
GCS model, however, there is no reason to assume that graphite
electrodes accumulate solution charge in the same way as metal
electrodes, such that they should have similar magnitudes of
Cd
dl; indeed, this was briey considered early on.23,24

Our estimates of Cd
dl are, to some degree, force eld depen-

dent. At the concentrations adopted, however, it is likely that
other force elds, which capture (at least implicitly) the polar-
isation at the graphite surface, will determine a similar value for
Cd
dl due to the partial ‘saturation’ of the multi-layered double

layer structure at high concentrations. In addition, the possible
adsorption of airborne contaminants27 at the surface, and the
effect of steps and other surface defects in HOPG should be
considered when attempting any comparison between simula-
tions and experiments. Nonetheless, our results are consistent
with a dependence of Cd on the solution composition, reported
here and elsewhere.25,26 Asymmetries in the tails of the Cd curves
are accentuated in the simulation results, and these are
apparent also in experiments—highlighted more clearly by the
changing gradients of the Cd(Dj0) curve in Fig. S22B.† This is
a common feature in studies of ionic liquids,58 where the
anisotropic, bulky charge carriers saturate opposing surface
charge densities differently.

3 Conclusions

Little is known about the effect of concentration on the structure
and dynamics of electrolytes in molecular detail at carbon surfaces
over a wide range of bulk concentrations and how these affect the
electrochemical properties of the interface. Here, CmMD simula-
tions were applied to simulate the graphite–NaCl(aq) interface in
equilibrium with constant concentration, electroneutral bulk
solutions sampling a range of electrolyte concentrations (0.2–9.2
M). Na+ accumulation at the graphite surface in a dynamically
adsorbed rst layer (as conrmed by analyses of ion diffusion
coefficients) results in an effective positive surface charge density
that is charge-compensated by the accumulation of Cl� ions. At the
lowest bulk electrolyte concentrations, the concentration of anions
decreases exponentially (exponential t R2 ¼ 0.94 at 0.2 M), with
the double layer thickness shrinking with increasing concentra-
tion. Above 0.6 M, however, a transition in the screening behaviour
occurs, with alternating layers of cations and anions (up to four–
ve solvent layers in extent) forming before the effective surface
charge is neutralised, leading to an increasing double layer size
with concentration. The concentration for this transition is in good
agreement with experimental studies which found a minimum in
the NaCl(aq) electrostatic screening length at 0.1–0.9 M.28 The
crowding of ions, and increasing over-screening in the double layer
region, manifests in a reduction to the change in the potential of
zero charge with incremental changes to the bulk electrolyte
concentration, which was conrmed experimentally.
11176 | Chem. Sci., 2021, 12, 11166–11180
Charging the graphite surface, when cbNaClz 1 M, allowed for
evaluation of the double layer differential capacitance (Cd). That
the average over the same region of applied potential in simu-
lations (6.1 � 1.2 mF cm�2) and experiments (5.54 � 0.60 mF
cm�2) were of the same order of magnitude highlights
a problem with previous analyses of the double layer capaci-
tance (Cd

dl) of the graphite–electrolyte interface, which assumed
that a GCS model was applicable.22,24 We emphasise that
parallels cannot be drawn between the classical picture of the
compact layer capacitance at metal electrodes and the graphite
electrode; this led us to reconsider the relative contributions to
the total Cd. Estimates of Cd associated with the response of the
graphite electronic structure to charging (Cd

q), using our simu-
lated values for Cd

dl and total measured Cd, shows that Cd
q is of

a similar magnitude to Cd
dl aroundDj0¼ 0 (around 10 mF cm�2),

increasing substantially with the value of applied potential. This
is in line with recent simulations of many-layer graphene.91 The
signicance of this result is that Cd (at moderate-to-high elec-
trolyte concentrations) does not simply report on the density of
states of the graphite material, as has become the accepted
norm in much of the electrochemistry literature.

Evaluation of interfacial molalities showed increases of up to
six times the levels of the bulk solution in regions conned to
the double layer, where the solution mass densities were up to
three times the levels of the bulk (1030 kg m�3 at 1 M). Because
both cations and anions adsorb in the double layer, a complex
solution structure emerges which affects the thermodynamic
and aforementioned electrochemical properties of the inter-
face. Despite the high molalities, the mean ion activities are
reduced due to the large local electric elds present, empha-
sising the non-ideality of this region. Cluster analyses reveal the
presence of enhanced clustering at concentrations above 5 M,
which has implications for the rates of surface-driven reactions.
The clusters are reminiscent of those identied in
simulations at the limit of solution stability in bulk solutions
(�15 mol kg�1), where phase separation becomes sponta-
neous.83 Given that the clusters emerge in the metastable
solution (i.e., beyond the nominal solubility of NaCl in the bulk
and below the limit of solution stability), further investigation is
required to determine their role in salt precipitation facilitated
by surfaces.

The insight gained here for planar carbon interfaces also
applies to the wide range of activated carbon materials, which
have graphitic microdomains. Further work will be required to
understand how the structure at the planar interface is modi-
ed by the complex, conned geometry and chemical hetero-
geneity of such materials.

Data availability

GROMACS and Plumed Input and example output les,
including the force eld parameters necessary to reproduce the
simulation results reported in this paper, are available on github
(https://github.com/aaronrnney/CmuMD-NaCl_at_graphite).
The PLUMED input les are also accessible via PLUMED-NEST
(https://www.plumed-nest.org92), the public repository for the
PLUMED consortium, using the project ID: plumID:21.011.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Details on how to use and implement the CmMDmethod within
PLUMED is available on github (see https://github.com/mme-
ucl/CmuMD).
Author contributions

All authors designed the research and wrote the manuscript. A.
R. F. and I. J. M. performed the research and analyses. P. R. U.
and M. S. coordinated the research.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

The authors acknowledge funding from an EPSRC Programme
Grant (Grant EP/R018820/1). The authors acknowledge the use
of the UCL Myriad High Throughput Computing Facility (Myr-
iad@UCL), and associated support services, in the completion
of this work.
References

1 P. Simon and Y. Gogotsi, Materials for electrochemical
capacitors, Nat. Mater., 2008, 7, 845–854.

2 H. Ji, X. Zhao, Z. Qiao, J. Jung, Y. Zhu, Y. Lu, L. L. Zhang,
A. H. MacDonald and R. S. Ruoff, Capacitance of carbon-
based electrical double-layer capacitors, Nat. Commun.,
2014, 5, 3317.

3 N.-S. Choi, Z. Chen, S. A. Freunberger, X. Ji, Y.-K. Sun,
K. Amine, G. Yushin, L. F. Nazar, J. Cho and P. G. Bruce,
Challenges Facing Lithium Batteries and Electrical Double-
Layer Capacitors, Angew. Chem., Int. Ed., 2012, 51, 9994–
10024.

4 D. Cohen-Tanugi and J. C. Grossman, Water Desalination
across Nanoporous Graphene, Nano Lett., 2012, 12, 3602–
3608.

5 A. Aghigh, V. Alizadeh, H. Wong, M. S. Islam, N. Amin and
M. Zaman, Recent advances in utilization of graphene for
ltration and desalination of water: A review, Desalination,
2015, 365, 389–397.

6 H.-P. Cong, J.-F. Chen and S.-H. Yu, Graphene-based
macroscopic assemblies and architectures: an emerging
material system, Chem. Soc. Rev., 2014, 43, 7295–7325.

7 D. Mart́ın-Yerga, A. Costa-Garćıa and P. R. Unwin,
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surface d’un électrolyte, J. Phys. Theor. Appl., 1910, 9, 457–
468.

16 D. L. L. Chapman, A contribution to the theory of
electrocapillarity, London, Edinburgh Dublin Philos. Mag. J.
Sci., 1913, 25, 475–481.

17 O. Stern, Zur theorie der elektrolytischen doppelschicht,
Zeitschri fur Elektrochemie und angewandte physikalische
Chemie, 1924, 30, 508–516.

18 G. M. Torrie and J. P. Valleau, Electrical double layers. I.
Monte Carlo study of a uniformly charged surface, J. Chem.
Phys., 1980, 73, 5807–5816.

19 W. Schmickler and D. Henderson, New models for the
structure of the electrochemical interface, Prog. Surf. Sci.,
1986, 22, 323–419.

20 W. Schmickler, Double layer theory, J. Solid State
Electrochem., 2020, 24, 2175–2176.

21 N. Luque and W. Schmickler, The electric double layer on
graphite, Electrochim. Acta, 2012, 71, 82–85.

22 J.-P. Randin and E. Yeager, Differential Capacitance Study of
Stress-Annealed Pyrolytic Graphite Electrodes, J.
Electrochem. Soc., 1971, 118, 711.

23 J.-P. Randin and E. Yeager, Differential capacitance study on
the basal plane of stress-annealed pyrolytic graphite, J.
Electroanal. Chem. Interfacial Electrochem., 1972, 36, 257–
276.

24 H. Gerischer, R. McIntyre, D. Scherson and W. Storck,
Density of the electronic states of graphite: derivation from
differential capacitance measurements, J. Phys. Chem.,
1987, 91, 1930–1935.

25 P. Iamprasertkun, W. Hirunpinyopas, A. Keerthi, B. Wang,
B. Radha, M. A. Bissett and R. A. W. Dryfe, Capacitance of
Basal Plane and Edge-Oriented Highly Ordered Pyrolytic
Graphite: Specic Ion Effects, J. Phys. Chem. Lett., 2019, 10,
617–623.

26 P. Iamprasertkun, A. Ejigu and R. A. W. Dryfe,
Understanding the electrochemistry of “water-in-salt”
electrolytes: basal plane highly ordered pyrolytic graphite
as a model system, Chem. Sci., 2020, 11, 6978–6989.

27 Y. Zou, A. S. Walton, I. A. Kinloch and R. A. W. Dryfe,
Investigation of the Differential Capacitance of Highly
Ordered Pyrolytic Graphite as a Model Material of
Graphene, Langmuir, 2016, 32, 11448–11455.
Chem. Sci., 2021, 12, 11166–11180 | 11177

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc02289j


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
ju

lij
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

4.
 0

2.
 2

02
6 

12
:4

0:
59

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
28 A. M. Smith, A. A. Lee and S. Perkin, The Electrostatic
Screening Length in Concentrated Electrolytes Increases
with Concentration, J. Phys. Chem. Lett., 2016, 7, 2157–2163.

29 C. Zhan, M. R. Cerón, S. A. Hawks, M. Otani, B. C. Wood,
T. A. Pham, M. Stadermann and P. G. Campbell, Specic
ion effects at graphitic interfaces, Nat. Commun., 2019, 10,
4858.

30 I. Borukhov, D. Andelman and H. Orland, Steric Effects in
Electrolytes: A Modied Poisson-Boltzmann Equation,
Phys. Rev. Lett., 1997, 79, 435–438.

31 M. V. Fedorov and A. A. Kornyshev, Ionic Liquid Near
a Charged Wall: Structure and Capacitance of Electrical
Double Layer, J. Phys. Chem. B, 2008, 112, 11868–11872.

32 Y. Uematsu, R. R. Netz and D. J. Bonthuis, The effects of ion
adsorption on the potential of zero charge and the
differential capacitance of charged aqueous interfaces, J.
Phys.: Condens. Matter, 2018, 30, 064002.

33 J. J. Howard, J. S. Perkyns and B. M. Pettitt, The Behavior of
Ions near a Charged Wall—Dependence on Ion Size,
Concentration, and Surface Charge, J. Phys. Chem. B, 2010,
114, 6074–6083.

34 C. Zhan, Y. Zhang, P. T. Cummings and D. Jiang,
Computational insight into the capacitive performance of
graphene edge planes, Carbon, 2017, 116, 278–285.

35 D. J. Cole, P. K. Ang and K. P. Loh, Ion Adsorption at the
Graphene/Electrolyte Interface, J. Phys. Chem. Lett., 2011, 2,
1799–1803.

36 G. Jiang, C. Cheng, D. Li and J. Z. Liu, Molecular dynamics
simulations of the electric double layer capacitance of
graphene electrodes in mono-valent aqueous electrolytes,
Nano Res., 2016, 9, 174–186.

37 C. D. Williams, J. Dix, A. Troisi and P. Carbone, Effective
Polarization in Pairwise Potentials at the Graphene–
Electrolyte Interface, J. Phys. Chem. Lett., 2017, 8, 703–708.

38 G. Shi, J. Liu, C. Wang, B. Song, Y. Tu, J. Hu and H. Fang, Ion
Enrichment on the Hydrophobic Carbon-based Surface in
Aqueous Salt Solutions due to Cation-p Interactions, Sci.
Rep., 2013, 3, 3436.

39 Q. Chen, X. Li, X. Zang, Y. Cao, Y. He, P. Li, K. Wang, J. Wei,
D. Wu and H. Zhu, Effect of different gel electrolytes on
graphene-based solid-state supercapacitors, RSC Adv.,
2014, 4, 36253–36256.

40 Z. Bo, H. Yang, S. Zhang, J. Yang, J. Yan and K. Cen,
Molecular Insights into Aqueous NaCl Electrolytes
Conned within Vertically-oriented Graphenes, Sci. Rep.,
2015, 5, 14652.

41 H. Yang, J. Yang, Z. Bo, S. Zhang, J. Yan and K. Cen, Edge
effects in vertically-oriented graphene based electric
double-layer capacitors, J. Power Sources, 2016, 324, 309–316.

42 C. Zhan, Y. Zhang, P. T. Cummings and D. Jiang, Enhancing
graphene capacitance by nitrogen: effects of doping
conguration and concentration, Phys. Chem. Chem. Phys.,
2016, 18, 4668–4674.

43 G. C. Gschwend and H. H. Girault, Discrete Helmholtz
model: a single layer of correlated counter-ions. Metal
oxides and silica interfaces, ion-exchange and biological
membranes, Chem. Sci., 2020, 11, 10304–10312.
11178 | Chem. Sci., 2021, 12, 11166–11180
44 G. C. Gschwend, A. Olaya and H. H. Girault, How to polarise
an interface with ions: the discrete Helmholtz model, Chem.
Sci., 2020, 11, 10807–10813.

45 O. M. Magnussen, Ordered Anion Adlayers on Metal
Electrode Surfaces, Chem. Rev., 2002, 102, 679–726.

46 C. Perego, M. Salvalaglio and M. Parrinello, Molecular
dynamics simulations of solutions at constant chemical
potential, J. Chem. Phys., 2015, 142, 144113.

47 B. Hess, C. Kutzner, D. van der Spoel and E. Lindahl,
GROMACS 4: Algorithms for Highly Efficient, Load-
Balanced, and Scalable Molecular Simulation, J. Chem.
Theory Comput., 2008, 4, 435–447.

48 G. A. Tribello, M. Bonomi, D. Branduardi, C. Camilloni and
G. Bussi, PLUMED 2: New feathers for an old bird, Comput.
Phys. Commun., 2014, 185, 604–613.

49 L. Chen, Y. Guo, Z. Xu and X. Yang, Multiscale Simulation of
the Interaction and Adsorption of Ions on a Hydrophobic
Graphene Surface, ChemPhysChem, 2018, 19, 2954–2960.

50 J. Vatamanu, O. Borodin and G. D. Smith, Molecular
dynamics simulations of atomically at and nanoporous
electrodes with a molten salt electrolyte, Phys. Chem. Chem.
Phys., 2010, 12, 170–182.

51 A. A. Kornyshev, Double-Layer in Ionic Liquids: Paradigm
Change?, J. Phys. Chem. B, 2007, 111, 5545–5557.

52 J. Vatamanu, O. Borodin, M. Olguin, G. Yushin and
D. Bedrov, Charge storage at the nanoscale: understanding
the trends from the molecular scale perspective, J. Mater.
Chem. A, 2017, 5, 21049–21076.

53 R. Hayes, N. Borisenko, M. K. Tam, P. C. Howlett, F. Endres
and R. Atkin, Double Layer Structure of Ionic Liquids at the
Au(111) Electrode Interface: An Atomic Force Microscopy
Investigation, J. Phys. Chem. C, 2011, 115, 6855–6863.

54 M. Zhang, S. Duan, S. Luo, Y. Zhong, J. Yan, G. Liu, B. Mao
and Z. Tian, Structural Exploration of Multilayered Ionic
Liquid/Ag Electrode Interfaces by Atomic Force Microscopy
and Surface–Enhanced Raman Spectroscopy,
ChemElectroChem, 2020, 7, 4936–4942.

55 M. R. Uhlig, S. Benaglia, R. Thakkar, J. Comer and R. Garcia,
Atomically resolved interfacial water structures on
crystalline hydrophilic and hydrophobic surfaces,
Nanoscale, 2021, 13, 5275–5283.
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