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Abstract: The electrical double-layer plays a key role in
important interfacial electrochemical processes from catalysis
to energy storage and corrosion. Therefore, understanding its
structure is crucial for the progress of sustainable technologies.
We extract new physico-chemical information on the capaci-
tance and structure of the electrical double-layer of platinum
and gold nanoparticles at the molecular level, employing single
nanoparticle electrochemistry. The charge storage ability of the
solid/liquid interface is larger by one order-of-magnitude than
predicted by the traditional mean-field models of the double-
layer such as the Gouy—Chapman—Stern model. Performing
molecular dynamics simulations, we investigate the possible
relationship between the measured high capacitance and
adsorption strength of the water adlayer formed at the metal
surface. These insights may launch the active tuning of solid—
solvent and solvent—solvent interactions as an innovative
design strategy to transform energy technologies towards
superior performance and sustainability.

Introduction

The key to understand and control interfacial electro-
chemical phenomena such as electrocatalysis and corrosion
lies in revealing the molecular structure of solid/liquid
interfaces. Many electrochemical processes are governed by
the identity, distribution, and interactions of participating
species at and near the electrode surface. These species
include charged or polarized reactants, intermediates, and
products, which are significantly affected by the large electro-
static fields present in the corresponding electrical double-
layer (EDL) at the solid/liquid interface."! How reactants,

intermediates, and products are surrounded by solvent
molecules potentially affects their stabilization, accumula-
tion, orientation, and interaction towards the solid surface.
Hence, the dynamic assembly of electrolyte constituents in
the solid/liquid interface region directs faradaic as well as
non-faradaic processes. Thus, besides obvious implications for
applications based on EDL charging, for example, super-
capacitors, EDL characteristics determine vital functions of
several technologies. Accordingly, possibilities to utilize in-
sights into double-layer structures may range from high-
performance fuel cell electrodes to designed formation of the
passivating solid-electrolyte-interfaces in lithium ion batteries
ensuring stable operation.

The first model of the double-layer structure was devel-
oped more than a century ago.”! Since then, it underwent
several modifications to explain experimental results more
precisely (a detailed overview is given in the Supporting
information).”) However, no general model exists, yet, that
covers all experimental findings. This is due to the fact that
the double-layer structure and its capacitance are controlled
by several factors, including electrode material, electrode
morphology, the presence of surface adsorbed species, and the
interaction and orientation of water molecules at the inter-
face."™!

To elucidate the effect of these factors, a microscopic
understanding of solid/liquid interfaces in the context of
experimentally observed electrochemical-capacitive behavior
is required. This particularly concerns nanomaterials since
their high surface-to-volume ratio is advantageous for many
applications. Especially regarding material’s design, the
intriguing question arises if and how nanoscaling can further
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affect the intrinsic specific capacitance per area of a material.
However, the required explicit characterization of double-
layer capacitance is complicated for nanoparticles: They must
be processed to complete electrodes for conventional electro-
chemical measurements, often including additives and result-
ing in ensemble effects and uncertainties about the electro-
chemical active surface area.” " To address this issue, we use
single entity electrochemistry as a new and powerful tool to
investigate differently shaped platinum (PtNPs) and gold
nanoparticles (AuNPs). In the “nano-impact” method, an
enhanced current is measured, which is caused by individual
nanoparticles that stochastically collide with an ultramicroe-
lectrode.” "% During capacitive nano-impacts, the EDL at the
electrode or at the colliding nanoparticle is perturbed. The
resulting charging-discharging processes give rise to transient
current-time events.'*""”) These signals can be analyzed to
gain direct insights into the electronic properties of the
impacting particles."*1¢]

Herein, we exploit these experiments to extract physico-
chemical information about the EDL structure and capaci-
tance. As the EDL rearrangement is measured while the
collision takes place, information on both the colloidal and
electrically contacted nanoparticle can be derived. We use
non-spherical, high surface area PtNPs and AuNPs in aqueous
solution to demonstrate the versatile applicability of these
studies for different nanomaterials in industrially relevant,
but still poorly understood contexts. In combination with
molecular dynamics (MD) simulations, the gained fundamen-
tal insights in EDL formation may open up new strategies to
guide the smart and efficient development of new and
improved electrodes for future renewable energy technolo-
gies. At this, influencing the properties of the solvent adlayer
at the solid will be substantially involved, since its interaction
with the metal surface and the adjacent solvent layer, and the
ions dissolved therein can modulate EDL capacitance.

Results and Discussion

A carbon fiber ultramicroelectrode was submerged into
a 5.0 mM sodium citrate buffer (pH 3.2) saturated with Ar,
before 30 nm PtNPs were injected close to the electrode by
a micropipette. Immediately after injection, the electrode was
potentiostated at +0.05 V vs. Ag/AgCl,3 M KCI (+0.45 V vs.
RHE) for 20s. Distinct current spikes of about one milli-
second duration were observed in the recorded chronoam-
perogram (Figure 1). Control experiments in the absence of
nanoparticles did not contain such features (Figure 1, inlay).
This confirms that the spikes are due to charge transfer
between a particle and the electrode during the stochastic
collision events.

This potential is chosen such that faradaic reactions are
avoided (see Figure S3). Hence, the transferred charge
reflects the capacitive charging associated with either charg-
ing of the impacting nanoparticle or perturbation of the
electrode double-layer by the particle.'"*1”)

We propose that charge transfer happens because the
potential of a nanoparticle in solution is different from that of
the electrode. As soon as a nanoparticle establishes electrical

Angew. Chem. Int. Ed. 2022, 61, €202112679 (2 of 8)

Research Articles

An dte

Chemie

Internatic

Current / pA

-100

0 5 1|0 15 20
Time /s

Figure 1. Representative chronoamperogram for nano-impact meas-
urements recorded at a potential of +0.05 V vs. Ag/AgCl (+0.45 V vs.
RHE) in 5.0 mM sodium citrate buffer saturated with Ar in the
presence of 30 nm PtNPs. The inset shows the control experiment in
the absence of PtNPs.

contact to the potentiostated electrode, its potential equili-
brates to the applied potential (Figure 2).' If the potential of
the nanoparticle in the solution is more positive than that of
the potentiostated electrode, then a flow of electrons from the
electrode to the nanoparticle occurs, which results in a neg-
ative spike. By applying a more positive potential at the
electrode, the impact of the nanoparticle and consequent
potential equilibration results in a flow of electrons from the
particle to the electrode. In this case, a positive spike is
detected. No charge is transferred if the applied potential is
equal to the nanoparticle potential before collision that is its
intrinsic potential in the solution.

As shown in Figure 2, at low applied potentials, negative
spikes are detected, that means, a flow of electrons from the
electrode to the NP occurs. Shifting the applied potential to
more positive values leads to a steady, nearly linear decrease
of the detected negative spike charge, and eventually a change
in the sign of the spike.

Furthermore, we ran these experiments using gold and
platinum working electrodes to investigate the changes of the
transferred charge as a function of the applied potential. If the
capacitive spikes are due to perturbation of the electrode
EDL, a different behavior should be observed for different
electrode materials. Conversely, if the charging of the EDL of
the impacting nanoparticles is the origin of observed spikes,
identical charge vs. potential behaviors are expected.

To allow a direct comparison, we performed the analysis
over a range of potentials, in which the spikes were well-
resolved from the background noise and faradaic reactions
were avoided at either of the working electrodes as well as
nanoparticles. Hence, we conducted the data analysis over the
range of —0.30V to +0.05V vs. Ag/AgCl (+0.10V to
+0.45 V vs. RHE). As can be seen in Figure 3, the results for
different electrodes: carbon, platinum and gold are nearly
identical. Accordingly, we conclude that the observed current
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Figure 2. Representation for equilibration of the nanoparticle potential (Eyp) with the working electrode potential (Eyg) upon nanoparticle collision
during nano-impact experiments and representative current—time transients recorded at different applied potentials as mentioned on each graph
vs. Ag/AgCl, in 5.0 mM sodium citrate buffer saturated with Ar in the presence of 30 nm PtNPs.
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Figure 3. Mean transferred charge vs. applied potential during 30 nm PtNP impacts at a) carbon, b) platinum, and c) gold ultramicroelectodes in
5 mM citrate buffer saturated with Ar; error bars show the standard deviation. (Related chronoamperograms can be found in Figure S4).

spikes originate from (dis)charging the EDL of individual
PtNPs while impacting the working electrode and being
subjected to the applied potential.

As derived in the Supporting Information, the slope of the
charge vs. potential plot represents the differential capaci-
tance of the PtNPs’ EDL, which is equal to a specific
capacitance of about 300 uFcm 2 This is about 15 times
higher than the values usually reported for single crystal
platinum (20 pF cm2).” Such a high specific capacitance for
metal-water interfaces demonstrates a large divergence from
the classical models for the EDL (discussed in the Supporting
Information) as well as from typical results of classical
molecular dynamics.”>"! This may originate from porosity or
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curvature effects® (considering the mesoporous structure of
the used raspberry-like nanoparticles evidenced by TEM,
Figure S5), or from specific adsorption effects at the surface
of the nanoparticles. To elucidate this issue, we next studied
particles of different sizes and morphologies. This was done
for nominally 50 nm raspberry-like PtNPs and 18 nm (edge
length) cubic nanoparticles (PtNCs) using a platinum working
electrode (Figure 4). As it is summarized in Table 1, an almost
identical capacitance value is obtained for the different
nanoparticles. This highlights that the observed large value
of the EDL capacitance is neither caused by the morphology
nor porosity of the nanoparticles.
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Figure 4. Mean transferred charge vs. applied potential for a) 50 nm
raspberry-like PtNPs and b) 18 nm cubic PtNCs impacting a platinum
electrode in 5.0 mM sodium citrate buffer de-aerated with Ar; error
bars represent the standard deviation. Insets show TEM images of the
respective nanoparticles (Related chronoamperograms can be found in
Figure S8).

Table 1: Summary of size, measured charge vs. potential slope and
capacitance of the used nanoparticles (mean =+ standard deviation).

Research Articles

Nanoparticle Surface area [cm?®  Slope [fF] Capacitance [uFcm ™
PENP 30 nm  2.1(+0.4)x10°° 6342 301 +61
PtNP 50 nm  4.9(+1.1)x107° 14947 303467
PtNC 18 nm  1.9(£0.2)x107" 6+1 312466

[a] Details regarding the calculations of the nanoparticles’ surface area
can be found in the Supporting Information.

Capping agents, which show strong specific adsorption to
nanoparticles,” might also contribute to the measured high
capacitance. However, the very similar capacitances mea-
sured for citrate-capped PtNPs and 3-mercaptopropionic
acid-capped PtNCs indicate that the nature of these capping
agents has no major influence on the capacitance (structure
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formulae of both capping agents are shown in the Supporting
Information).

It should be also noted that, although reduction of native
surface oxides may contribute to the absolute measured
charge, an interference with the determined capacitances is
not expected. This is an electrochemical process rapidly
completed when applying sufficient potentials and, hence, its
contribution would be constant in the whole investigated
potential range, not affecting the measured charge differences
upon varied potential steps. Moreover, as it has been shown in
Figure S3, hydrogen under potential deposition (H-UPD)
could not be detected on the PtNPs in the citrate buffer,
possibly due to the strong specific adsorption of citrate anions
on Pt.?2 Therefore, H-UPD also cannot interfere with the
determined capacitances.

Having ruled out other alternatives, the one order-of-
magnitude deviation of the EDL capacitance from the values
predicted by classical Helmholtz or GCS models is likely
attributable to specific interactions of the solvent with the
platinum surface. As can be seen in Figure 5, utilizing AuNPs
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Figure 5. Mean transferred charge vs. applied potential for 46 nm
spherical AuNPs impacting a platinum electrode in 5.0 mM citrate
buffer de-aerated with Ar; error bars represent the standard deviation
(Related chronoamperograms can be found in Figure S8).

instead of PtNPs under otherwise identical experimental
conditions, we measured a capacitance of 120430 uFcm 2.
This demonstrates capacitances significantly exceeding clas-
sical assumptions also for gold in aqueous electrolytes, but
roughly half of the value measured for platinum. A similar
conclusion has been reached from recent cyclic voltammetry
experiments performed by Koper etal.®! at macroscopic
single crystal electrodes. They reported anomalously high
capacitance values for platinum, and to a lower extent for
gold single crystals. The authors proposed that these capaci-
tance enhancements resulted from increased ion accumula-
tion in the Helmholtz layer beyond purely electrostatic
considerations, which leads to an appreciably more efficient
electrostatic screening of the surface charge than predicted by
mean-field theories. Merging these previous results with our

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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experimental findings, thus, suggests that high capacitances
are not specific to NPs.

In the following, we examine the role of the water
networks formed in contact with Pt and Au for possibly
promoting increased ion concentrations in the Helmholtz
layer by means of classical MD simulations (computational
details can be found in Supporting Information and Fig-
ure S10). The properties of the water adlayer on a metal
surface result from a complex balance between metal-water
and water-water interactions. As proposed by Limmer et al."!
for platinum/water interfaces and shown here for a gold/water
interface (see Figure 6(a) for an illustration), strong binding
of water molecules to the metal surface leads to an ordered
water adlayer (highlighted in green in the Figure), which has
unfavorable interactions with the adjacent water layer
(denoted air/water-like layer in the Figure, see also
Ref. [23]). Adlayer water molecules preferentially orient with
their oxygen atoms pointing towards the metal surface and
the hydrogen atoms being parallel to it, resulting in a lack of
donor sites for hydrogen bonding with the adjacent water
layer. This induces local hydrophobicity at the water-water
interface between adlayer and air/water-like layer, exhibiting

(a) Metal, Adlayer, Air/water-like layer

0 2 4 6 8 10 12
distance z (A)

Figure 6. a) MD snapshot illustrating the characteristic water configu-
ration above Au(100) surface. The adlayer (adsorbed on top of the
gold surface) and the adjacent air/water-like layer are highlighted in
green and orange, respectively. b) The excess free energy to form

a cavity of 3 A radius as a function of distance away from the Pt(111),
Pt(100) and Au(100) surfaces. The dashed line defines the distance of
closest approach of the 3 A cavity to the adlayer and the circle
illustrates the cavity’'s shape (not of real dimension). Platinum profiles
are reproduced from Ref. [5].
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enhanced water density fluctuations.”**>! The magnitude of
water density fluctuations depends on the strength of the
water adlayer binding to the metal surface regulated by the
commensuration between the water network and the distance
and size of atoms forming the metal surface. It can be
evaluated from the simulations by monitoring the number of
water oxygen centers within an observation volume, here
a 3 A radius sphere (see Methods section). The probability to
find zero oxygen centers within the sphere defines the free
energy cost to form a cavity in the liquid (du,(z)). Figure 6 (b)
compares the ou,(z) profiles as a function of the distance (z)
between the cavity center and the adlayer in contact with
Pt(100), Pt(111) and Au(100) surfaces. The minimum value
for the free energy cost to form a cavity at z =3 A, that is,
right after the adlayer, indicates that the adlayer is almost
disconnected from the adjacent air/water-like layer, while
being strongly bound to the metal. The lower du,(z) value in
the minimum found for platinum with respect to gold
indicates that this effect is amplified at platinum/water
interfaces. It demonstrates that the binding strength of the
water adlayer to the surface and hence its hydrophobicity
towards the adjacent water layer are more pronounced on
platinum than on gold. This conclusion is in line with the
binding energies of a single water molecule on these metals as
estimated by Michaelides et al.*!

The cavities formed in the liquid can accommodate small
solutes and ions. In case of ions (or other hydrophilic solutes),
the total solvation free energy may be decomposed into two
steps:?”! (i) creating a cavity in the liquid, with an associated
free energy cost to distort the water hydrogen-bond network
and (ii) filling the cavity with the ion, with an associated free
energy gain due to favorable ion-water interactions. Solvation
free energy is then obtained as the sum of these two free
energy terms. Larger water density fluctuations can lower the
free energy cost of step (i) by increasing the probability of
cavity formation in the liquid, thus favoring ion adsorp-
tion.>?*2! Accordingly, the stronger binding of the water
adlayer at platinum vs. gold can lead to increased ion
accumulation in the Helmholtz layer region and thus, the
larger capacitances measured for platinum.

So far, classical MD simulations only reported capacitan-
ces in the range of 5-10 pFem™ for aqueous electrolytes.”!
However, a very recent study on gold-aqueous sodium
chloride interfaces demonstrates the influence of the param-
eterization of the electrostatic parameters on the electrode/
electrolyte properties and shows that larger differential
capacitances up to about 125 uFcm™ can be obtained for
strongly metallic electrodes by changing the width of the
Gaussian charge distribution used to represent the atomic
charges of the gold surface.” The high capacitance is
attributed to the specific adsorption/solvation that the ions
adopt at the interface with a strongly metallic Au electrode. In
agreement, another recent theoretical study on Au nano-
particles has found that specific ion adsorption provides
significant effects on the induced polarization of the polar-
izable nanoparticle surface,® which has substantial effects on
the electrostatic surface potentials and work function®! and,
thus, on the EDL capacitance.

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Moreover, an additional process likely contributes to the
high discharging currents measured for impacting nanopar-
ticles, i.e, the desorption of chemisorbed water molecules
(which would require large developments to be included in
the classical MD). Considering that PtNP collision events
observed in the low potential region (Figure 3, 4) give rise to
cathodic (negative) spikes, it can be concluded that the
colloidal PtNPs in solution are at positive potentials com-
pared to their potential of zero charge (PZC).”? According to
experimental and computational studies of platinum single
crystal surfaces, adlayer water molecules are expected to be
chemisorbed to positively charged surfaces, while they desorb
at potentials negative of the PZC.*** Hence, the surface of
the colloidal PtNPs in solution is likely covered by chem-
isorbed water molecules.”**! When these NPs hit the
potentiostated electrode, the electrical double-layer is quickly
discharged. This refers to a change of electron density on the
metal surface and respective structural reorganization at the
solution side of the interface.™ Due to the applied potential
being negative of the PZC, this may induce desorption of
chemisorbed water molecules. As a consequence, the work
function of the metal surface increases, which corresponds to
an increase of its PZC.Pl Thus, additional current flows to
adjust the surface charge of an impacting PtNP as coverage
with chemisorbed water molecules is reduced. This is similar
to current flowing when surface reconstruction occurs, where
a surface structure transitions to another one with a different
work function.P!

For experimental assessment, impacts of PtNPs were
investigated in a potential range positive of the PZC, where
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desorption of chemisorbed water is not expected, +0.20 V to
+1.00 V vs. Ag/AgCl (+0.60 V to +1.40 V vs. RHE). As it
can be seen in Figure 7, these conditions result in a capaci-
tance value of about 60 uFcm 2 This is 5 times lower than
that for the potential range of —0.30 V to +0.05V vs. Ag/
AgCl (+0.10V to +0.45V vs. RHE). For more positive
potentials, the chemisorbed water does not desorb and only
EDL (dis)charging causes the flow of current. Investigation of
the impacts of AuNPs in a more positive potential range did
not give rise to any spikes exceeding the noise level due to the
lower capacitance of AuNPs in this range. From the potential
value at which zero charge is transferred between impacting
NPs and electrode, the potential of colloidal PtNPs in solution
is estimated to be about +0.5V vs. Ag/AgCl (+0.9V vs.
RHE).

Therefore, based on nano-impact experiments and MD
simulations, the unexpectedly high capacitance of colloidal
PtNPs and AuNPs originates from two contributions: (1) pre-
ferred ion solvation near the electrode surface; and (2) de-
sorption of chemisorbed water. The degree of commensur-
ability between metal atom distances and distances of water-
water hydrogen bonds within the adlayer modulates the
balance of metal-water and water-water interactions and thus
determines the strength of the water adlayer binding to the
metal surface. This, in turn, dictates the local hydrophobicity
of the water adlayer towards the adjacent air/water-like layer;
and therefore, the probability to solvate and accumulate ions
in the Helmholtz layer. Also, the contribution of water
desorption depends on the chemisorptive interaction of water
molecules and the metal surface. Therefore, a larger capaci-
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Figure 7. Representation for reconfiguration of NPs’ EDL (ion accumulation, water desorption) at (left) negative and (right) positive potentials vs.
PZC, and related mean transferred charge vs. applied potential during 30 nm PtNP impacts in 5 mM citrate buffer saturated with Ar; error bars
show the standard deviation. Red balls represent oxygen atoms, white balls hydrogen atoms, orange balls cations and purple balls anions.

Angew. Chem. Int. Ed. 2022, 61, €202112679 (6 of 8)

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
~~

tance is measured for platinum than for gold nanoparticles as
the water molecules bind more strongly to Pt than to Au
surfaces. While contributions of the nanoscale dimension or
the capping agent of the used metal particles to the high
measured capacitances cannot be excluded, they are not
evidently indicated by our experimental data.

Conclusion

To improve our understanding of solid/liquid interfaces at
the molecular level, we studied platinum and gold nano-
particle/water interfaces using nano-impact electrochemistry.
This technique is shown to be a new and powerful tool to gain
physico-chemical information about structural effects on the
EDL capacitance of nanomaterials, without possible artifacts
due to film porosity or additives. Further, it opens new
possibilities to characterize colloidal NPs, as shown here by
estimating their potential in solution. The charge storage
ability of the double-layer is found to increase by about one
order of magnitude with respect to the predictions based on
traditional mean-field models. The large capacitance mea-
sured for platinum and gold surfaces is proposed to arise from
strong interactions between the metal surface and the water
adlayer. These promote water chemisorption and ion accu-
mulation at the interface. The lower capacitance value
measured for gold is ascribed to weaker binding of the water
adlayer to gold vs. platinum surfaces, the latter being
quantified by solvent density fluctuations analysis from
classical MD simulations. Based on our findings, we propose
that actively tuning solid/solvent and solvent-solvent inter-
actions formed by the water adlayer may emerge as a promis-
ing approach for the development of improved sustainable
energy conversion and storage technologies.
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