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The nanostructuring of electrodes is a common way of
increasing electrocatalytic activity. Yet, the fact that the
presence of insulating material in nanostructured composites
can have a positive effect on efficiency was an unexpected
recent finding. The rate enhancement has been linked to
different electric fields at the insulator and metal interfaces,
facilitating enhanced transport of reaction products into the
bulk electrolyte. In this article, we further uncover the origin of
the rate enhancement with parameter studies and simulations.
We experimentally investigate various parameter dependencies
of the alkaline Hydrogen Evolution Reaction (HER) on well-
defined nanometer-sized Au arrays embedded in a silicon

nitride insulating layer. We find a significant enhancement of
the HER for all experimental conditions and opposite activity
trends with pH, electrolyte concentration and the cationic
species compared to a continuous Au electrode. Using a mean
field model, we quantify the electrostatic interfacial pressure
above the Au and the insulator patches. Combining the double
layer simulations with rate equations, we demonstrate that all
parameter variations can be consistently explained by the fact
that the double layer structure above the insulator patches is
much less rigid than above the metal islands and is independ-
ent of the applied potential.

Introduction

The use of composite, non-homogeneous, or nanostructured
surfaces as catalysts is a promising approach in applied electro-
catalysis, as they often show a strongly altered electrocatalytic
behavior compared to homogeneous surfaces.[1–4] The improved
activity is often ascribed to synergistic effects that lead to more
favorable energetics of adsorbed reaction intermediates,[5,6]

allow for bifunctional catalysis,[1,2] or cause changes in the
structure of the double layer or to non-covalent interactions
between hydrated cations in the OHP and adsorbed OH.[3,7–10] A
model system for fundamental studies of such composite
electrodes is the alkaline Hydrogen Evolution Reaction (HER),
which is also of enormous importance for water electrolysis,
and which we further consider here.

The HER is a two-electron transfer reaction consisting of
electrochemical (Volmer, Heyrovsky) or chemical (Tafel) elemen-
tary steps. In alkaline media, these steps are given by Eqs. (1–3),
respectively:

Volmer : H2Oþ e� þ* ! Had þ OH� (1)

Heyrovsky : H2Oþ Had þ e
� ! H2 þ OH

� þ* (2)

Tafel : 2Had ! H2 þ 2* (3)

Here * denotes a free adsorption site. There are multiple
examples in the literature showing that HER kinetics can be
altered significantly on laterally structured interfaces[3,4,11–3]

compared to bare metal surfaces. Danilovic et al.[2] showed that
the coverage of various metal surfaces by metal-oxide particles
(in particular Ni(OH)2 nanoparticles) can enhance the HER
kinetics significantly. The authors explained the enhancement
by a bifunctional role of the metal/particle interface, which
promotes the water dissociation. McCrum et al.[14] further
elucidated the role of the supporting (transition-)metal for the
hydroxide binding strength. They reported a volcano shaped
curve for the HER activity as a function of the hydroxide
adsorption energy, which makes the OHad binding energy of
the support an additional descriptor. Ledezma-Yanez et al.[8]

proposed another explanation for the observed enhancement
of Ni(OH)2 decorated metal surfaces: They demonstrated that
the introduction of the metal-oxide changes the point-of-zero-
charge of the surface, which, in turn, alters the double layer
rigidity, thereby lowering the energy barrier necessary for the
reorganization of the interfacial water layer and, thus, facilitates
the transport of hydroxide ions into the electrolyte bulk.
Despite these various studies and attempts to explain the
enhancement of alkaline HER rate by metal-oxide particles on
metal catalysts, the mechanism is still debated in the
literature.[1,2,8,15,16]

Recently, we have demonstrated another way to increase
electrochemical reaction rates, namely by using nanostructured

[a] Dr. T. L. Maier, L. B. T. de Kam, T. Angerer, Prof. Dr. K. Krischer
Nonequilibrium Chemical Physics, Department of Physics,
Technical University of Munich,
85748 Garching, Germany
E-mail: krischer@tum.de

[b] Dr. M. Golibrzuch, Prof. Dr. M. Becherer
Nano and Quantum Sensors, Department of Electrical and Computer
Engineering, Technical University of Munich,
85748 Garching, Germany

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/celc.202400109

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH. This
is an open access article under the terms of the Creative Commons Attri-
bution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

Wiley VCH Mittwoch, 29.05.2024

2411 / 349871 [S. 151/161] 1

ChemElectroChem 2024, 11, e202400109 (1 of 11) © 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH

ChemElectroChem

www.chemelectrochem.org

Research Article
doi.org/10.1002/celc.202400109

http://orcid.org/0000-0002-2664-1127
https://doi.org/10.1002/celc.202400109


electrodes consisting of electroactive metal islands surrounded
by insulating material.[3] In particular, we have shown that the
HER rate on electrodes consisting of a well-defined array of Au
structures embedded in a silicon oxide insulator layer is strongly
enhanced compared to the corresponding non-structured bare
metal surfaces.

In this manuscript we further explore the properties of such
nanostructured electrodes, whereby the silicon oxide insulating
layer is replaced by a silicon nitride insulating layer because of
its much better stability in alkaline solutions. By varying several
properties of the electrolyte, in particular the cationic species,
cation concentration, and the pH, we uncover the unique role
of metal/insulator interfaces and elaborate a novel reaction
mechanism of alkaline HER. In addition, we use advanced
double layer models and the concept of electrostatic pressure,
which can be considered a measure of the rigidity of the double
layer, to derive a qualitative model for the HER current density
on metal/insulator interfaces. The results of the simulations
capture all experimentally observed trends and, thus, support
the proposed mechanism. Overall, we illustrate how electrodes
consisting of lateral metal/insulator interfaces allow to tune the
properties of the double layer as well as to exploit the different
chemical micro-environments on the different materials.

Results and Discussion

HER Activity Dependence on Electrolyte Properties

In the following, we compare the activity of HER from water
reduction of a bare polycrystalline gold surface (continuous)
with a nanostructured gold surface (nanostructured). The nano-
structured electrodes consist of a silicon-based substrate, whose
surface is covered by arrays of metal nano-islands embedded in
an insulator (silicon nitride) layer. This results in a laterally
structured surface that is exposed to the electrolyte. The
diameter of the circular nanostructures is 75 nm, their center-
to-center distance 150 nm. A schematic intersection of the
nanostructured electrode is shown in Figure 1(a) and an
exemplary SEM image depicting the top view of an array of
nanostructures in Figure 1(b). Exemplary CVs of the two
electrode types can be found in SI.1.

The nanostructuring creates a large metal/insulator inter-
facial length, which can yield strongly altered rates of electro-
catalytic reactions. In a previous paper we reported that the
gold/silicon oxide interface exhibits a drastically increased HER
rate compared to a bare gold surface.[3] The strongly enhanced
rate occurs also at gold/silicon nitride interfaces, cf. SI.2, which
we use here due to the superior stability of silicon nitride in
alkaline solution. Note that silicon nitride is also terminated by
OH groups when in contact with an aqueous electrolyte.[17] In
addition, this enhancement is not only limited to Au-based
catalysts, but is also present for Cu and Pt based catalysts, cf.
SI.3. In this section we discuss how the increased rate depends
on several electrolyte properties. From these results we
elaborate an altered HER mechanism, which occurs at the
metal/insulator interface.

Dependence on the Cationic Species

First, we compare the alkaline HER rate of the continuous and
nanostructured Au electrodes when the cationic species present
in the electrolyte are changed. Figure 2(a) shows linear scan
voltammograms (LSVs) of the two systems in alkaline medium
with various alkali metal cation species in solution (0.1 M AMOH
with AM=Li, Na, K, Cs; pH 13 for all electrolytes).

The HER activity of the continuous Au layer electrode
(Figure 2(a) top) depends significantly on the nature of the
cation species and increases in the following order: Li<Na<
K<Cs. Thus, the activity increases systematically down the
periodic table, i. e. with decreasing degree of solvation of the
ions. This behavior is known from Refs. [6, 9, 10] and traced back
to a differing net cation concentration at the electrode surface,
which originates form different sizes of the solvated cations.[9]

The trend of the nanostructured electrode (Figure 2(a)
bottom) behaves completely differently: First, we note that it
exhibits a higher HER activity compared to the continuous layer
in all four electrolytes. This higher activity is of kinetic origin, cf.
SI.4. In addition, the „activity order“ is changed, it is ranked
from lowest to highest: Cs<Na�Li<K. A similar trend can also
be found in neutral electrolyte, cf. SI.5.

Let us analyze the HER activities more quantitatively.
Figure 2(b) shows the Tafel analysis of the considered data. The
upper panel displays the Tafel slopes for two electrode types

Figure 1. (a) Schematic cross section of the investigated nanostructured electrodes. The size of individual circular structures is d=75 nm. The pitch of the
nanostructure array (center distance) is p=150 nm. (b) Exemplary SEM image of a nanostructure array. White: Gold structures, Dark: silicon nitride surface
surrounding the gold structures.
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and the various cationic species, the lower panel depicts the
corresponding exchange current densities j0. We can make the
following observations: (1) The Tafel slopes of all the different
electrode/cation combinations are rather similar with values
around 120 mVdec� 1 (cf. dashed line in the figure). This slope is
well in accordance with results found in the literature for gold-
based electrodes in alkaline media.[9,10] This suggests that on
continuous and nanostructured Au electrodes and for all
cationic species considered here, the HER rate is determined by
the first electron transfer step, i. e. the Volmer step. (2) The
comparison of the determined exchange current densities
(Figure 2(b) bottom) shows that there is a huge difference of
HER kinetics between the continuous Au layer and the nano-
structured electrode.

Figure 2(a) reveals a complicated dependence of the HER on
the type of electrode (nanostructured or continuous electrode)
and the nature of the cation. This can be disentangled by
comparing the HER activity on the continuous and the nano-
structured electrodes individually for each cation. Therefore, we
introduce a „cationic enhancement factor“ FAM, which is defined
as the ratio between j0 of the nanostructured electrode and j0 of
the continuous layer for a specific cationic species AM, cf.
Eq. (4):

FAM ¼
j0;AM nanostructuredð Þ

j0;AM continuousð Þ
(4)

FAM thus yields directly the enhancement of the HER rate on
the nanostructured surface compared to the continuous
electrode for the given cationic species. From the data (Fig-
ure 2(b) bottom) we derive the following enhancement factors:
FLi � 40, FNa � 23, FK � 23, and FCs � 12 (see orange arrows in
the figure) which follow a systematic trend:

FCs < FK � FNa < FLi (5)

Thus, FAM increases with increasing degree of solvation.
Consequently, the HER activity at the metal/insulator interface
shows the opposite trend with the cationic species as the
continuous Au layer.

In the later section „HER current on nanostructured
interfaces“, we discuss a model that reproduces this reverse
cation trend and suggests that its origin is due to a
combination of the acidic nature of the SiOH groups and the
different electrostatic pressures across the metal and insulator
surfaces.

Dependence on the Electrolyte pH

Next, we consider the activity of the two electrode types when
varying the electrolyte pH. Figure 3(a) shows LSVs obtained in
an alkaline electrolyte (pH 13, 0.1 M KOH) and in a buffered
neutral electrolyte (pH 7, 0.18 M KOH+0.12 M H2PO4

� /HPO4
2� ).

Figure 2. Dependence of the HER activity on the cationic species. (a) LSVs in 0.1 M AMOH electrolyte (pH 13) for different alkali metal cations (AM=Li, Na, K,
Cs) and electrode systems: A continuous gold layer (top), and a nanostructured electrode with a large metal/insulator interface (bottom). (b) Tafel slopes (top)
and exchange current densities j0 (bottom) of the two electrode systems for various cationic species. For all cationic species the Tafel slopes are rather similar,
while the exchange current density is significantly larger for the nanostructured electrode.
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Note that the electrode potential is given vs. the RHE scale. In
this scale, the equilibrium potential of the HER is at the same
potential, however, the point-of-zero-charge (PZC) is at a higher
RHE potential for pH 13 than for pH 7, as its position is approx.
the same in SHE scale.[8]

First, we consider the behavior of the continuous layer
electrode (Figure 3(a) yellow lines): To attain a certain reaction
current, a larger overpotential is necessary at pH 7 than at
pH 13 (see orange arrow in the figure). This behavior is known
from the literature for bare Au electrodes[9] and traced back to a
lower net concentration of cations at the electrode surface in
neutral media.[9]

Contrary, for the nanostructured electrode (Figure 3(a)
green lines) both curves lie rather close to each other and even
exhibit an opposite trend. To draw a given reaction current
slightly less overpotential must be applied at pH 7 than at
pH 13 (cf. orange arrow).

Dependence on the Bulk Cation Concentration

Last, we investigate the behavior of the HER activity of
nanostructured electrodes on the (bulk) cation concentration.
We analyze the activity in buffered neutral electrolytes for
different (bulk) concentration of cations. Here we choose K as
the cationic species present in solution. All electrolytes
investigated exhibit a similar pH of 7. The exact composition of
the electrolytes is given in SI.6.

Figure 3(b) shows the logarithmic scaled LSVs of the nano-
structured electrode in the mentioned electrolytes. The non-
faradaic current present at 0 VRHE has been subtracted from the
data beforehand. Clearly, the highest activity is obtained in the
most diluted electrolyte, i. e. with the lowest concentration of K

cations in solution, while the lowest activity is found for the
strongest electrolyte.

An opposite trend is found in the literature for bare Au
surfaces. Here, the highest HER activity is found for the
strongest electrolyte, i. e. the electrolyte with highest concen-
tration of cations (at moderately alkaline pH).[9] Thus the trend
observed for nanostructured electrodes is, again, opposite to
the behavior known from a continuous layer electrode.

Altered Reaction Mechanism of the HER at Metal/Insulator
Interfaces

Based on our experimental results, we now present a HER
mechanism occurring at the metal/insulator interface. This
mechanism differs from the HER mechanisms known from the
literature. In the subsequent section, we develop a theoretical
model of the HER current at the metal/insulator interface, which
supports the hypotheses made here.

At the metal/insulator interface, the HER rate is larger
compared to HER rate at the metal surface. All data shown in
the previous section can be interpreted consistently, when
assuming that the HER enhancement at the metal/insulator
interface is caused by a combination of two factors:
(I) The hydrogen adsorption process is altered due to the

presence of silanol (SiOH) groups on the insulator surface.
(II) The charge transfer through the double layer is enhanced

because the double layer above the insulator surface is less
rigid.

Figure 3. (a) Comparison of HER activity of the continuous Au electrode (yellow) and nanostructured Au electrode (green). The graph compares LSVs
conducted in neutral medium (solid lines, 0.18 M K+ +0.12 M H2PO4

� /HPO4
2� , pH 7) and alkaline medium (dashed lines, 0.1 M KOH, pH 13). The HER rate on

nanostructured electrodes shows a reversed dependence on the pH. (b) LSVs of a nanostructured electrode in electrolytes at various (bulk) cation K+

concentration. All electrolytes have a pH value of 7. The data is IR-corrected. The exact composition of the electrolytes is given in SI.6. The highest HER rate is
obtained in the most dilute electrolyte.
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Altered Hydrogen Adsorption Mechanism

In the Volmer step, water is reduced resulting in an (adsorbed)
hydrogen atom and a hydroxide ion, cf. Eq. (1). At the metal/
insulator interface, though, hydrogen atoms may be adsorbed
by dissociating silanol groups (SiOH) present on the insulator
surface according to Eq. (6):

SiOHþM* þ e� ! SiO� þM� Had (6)

This process may occur either directly, as written, or may be
mediated by one or more water molecules present above the
electrode surface. This would give a Grotthuss like lateral
transport of protons across the electrode surface from the
insulator to the metal catalyst surface. A schematic of the
process is shown in Figure 4(I).

Note that this adsorption process does not necessitate a
dissociation of a water molecule above the catalyst surface.
According to Koper and co-workers,[9,10] cations in the double
layer reduce the activation barrier of water dissociation in the
classical Volmer step. However, the dissociation of silanol
groups rather than water molecules is a different mechanism
and should go along with an altered cation trend.

Enhanced Hydroxide Ion Transfer through the Double Layer

At the metal/insulator interface, the Volmer step is then
completed by the re-protonation of the silanol group (water
reduction above the insulator surface), cf. Eq. (7), and the
subsequent transfer of the hydroxide ion from the electrode
surface through the double layer into the electrolyte bulk, cf.
Eq. (8):

SiO� þ H2O! SiOHþ OH� ðsurfaceÞ (7)

OH� ðsurfaceÞ ! OH� ðbulkÞ (8)

The transfer of hydroxide ions from the electrode surface to
the electrolyte bulk thus takes place above the insulator surface,
rather than above the metal surface. This process is illustrated
schematically in Figure 4(II).

We suggest that the rate enhancement of HER from water
reduction observed for nanostructured electrodes is due to the
spatial separation of proton adsorption and water dissociation.
At the metal/electrolyte interface, the entire applied voltage
drops across the double layer. On the other hand, at the
insulator/electrolyte interface, most of the applied voltage
drops across the insulator layer. The electric potential at the
insulator surface then depends mostly on the charge from SiO�

groups present on the surface and is in general much lower
than the potential at the metal surface. Consequently, we
expect that the electrolyte at the insulator/electrolyte interface
is less polarized and has a lower cation concentration than the
highly negatively charged Au nanoislands, i. e. the double layer
is less „rigid“. This lower rigidity, in turn, should facilitate the
Grotthuss mechanism and, after water reduction above the
insulator surface, improve the subsequent transfer of OH� to
the electrolyte bulk. As already mentioned before, the removal
of hydroxide ions from the electrode surface can limit the HER
current.[8,18] Our system provides a local tuning of this double
layer rigidity and enables a fast charge/ion transfer into the
electrolyte bulk, independent of the applied potential, or the
choice of the actual HER catalyst (cf. SI.3).

Theoretical Model of the HER Current Based on the
Electrostatic Pressure

The metal/insulator interface shows a strongly altered HER
activity for various electrolyte properties compared to a
continuous metal interface.

In this section, we develop a theoretical model for the HER
current on heterogeneous metal/insulator interfaces based on
the concept of electrostatic pressure and by using a double
layer model from Huang et al.[19] and Iglic et al.[20] (see Methods).
We will see that the various dependencies on experimental
parameters can be consistently described theoretically on the
basis of the proposed HER reaction mechanism presented in
the previous section.

Figure 4. Scheme of the proposed mechanism enhancing the HER at metal/
insulator interfaces: (I) Altered hydrogen adsorption process. The adsorbed
proton stems from a dissociated silanol group on the insulator surface.
(II) Water reduction and enhanced OH� transport into the electrolyte at the
insulator/electrolyte interface due to the lower rigidity of the double layer
above the insulator surface.
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Silanol Coverage

According to the proposed mechanism, silanol groups (SiOH)
are a reactant in the first process of the modified Volmer
reaction, cf. Eq. (6). Consequently, the measured current should
scale with the surface coverage fSiOH of silanol groups on the
insulator surface (in particular at the metal/insulator interface).
In neutral to alkaline media, the surface coverage is given by
fSiOH ¼ �nSiOH= �nSiO� þ �nSiOHð Þ, with �n denoting the respective sur-
face number density. The surface coverage changes with the
pH, as the sites deprotonate with increasing pH according to
the equilibrium reaction Eq. (9):

SiOHþ OH� )* SiO� þ H2O (9)

By simulating the double layer with the above mentioned
double layer model we determine fSiOH. The simulation results
giving the actual dependencies of fSiOH on the pH, the cationic
species and the bulk cation concentration are shown in SI.8.
From the simulations we obtain that more strongly hydrated
cations (large effective size) and smaller bulk cation concen-
trations yield the highest fSiOH. The current we measured
experimentally is indeed higher under circumstances where fSiOH
is also higher. Moreover, we can now explain the reversed pH
trend we measured for metal/insulator interfaces, cf. Figure 3(a):
At a lower pH, the concentration of SiOH is higher, resulting in
a higher current density.

Spatially Varied Electrostatic Pressure at the
Electrode/Electrolyte Interface

Next, we quantify the rigidity of the double layer by using the
pressure P due to electrostatic forces in the double layer, which
was previously considered in Refs. [21–24]. The pressure

gradient at a distance x from the electrode is given by
Eq. (10):[24]

@P
@x ¼ 1FE þ e0 e � 1ð ÞE

@E

@x (10)

for a relative permittivity ɛ that depends on the concentration
of dipoles and the electric field E. 1F ¼

P

i
nizie is the free

charge density due to ions in the electrolyte. Eq. (10) can be
integrated to yield the pressure at the reaction plane at x ¼ xrp,
given by Eq. (11):

P xrp
� �

¼ P0 �
Z ∞

x2

@P
@x dx (11)

Here P0 is the pressure in the bulk of the solution which we
set to P0=1 atm. The reaction plane is somewhere in the Stern
layer, i. e. xrp < x2. Because the pressure is constant for x < x2
(1F is zero), the pressure at the reaction plane is simply
P xrp
� �

¼ P x2ð Þ.
We use the above mentioned double layer model to

calculate E, 1F and ɛ and consequently the pressure P above a
metal (here Au) surface and above an insulator surface. The
effective sizes of cations (including solvation shells) are
specified using size factors γAM. Larger γAM means a larger
degree of solvation. For the insulator, we assume that the
applied potential ϕ0 drops completely over the insulator layer,
meaning that the double layer structure is not affected by
changes in the applied potential. This is a reasonable
assumption as the actual thickness of the insulator layer is
much larger than the thickness of the corresponding Helmholtz
layer.

Figure 5 shows the calculated pressure above the metal
(yellow) and the insulator (purple) surfaces plotted against the

Figure 5. Simulated electrostatic pressure P in the electrolyte above the metal (Au) surface (yellow) and above the insulator surface (purple) plotted against
the electrode potential ϕ0 for (a) various effective cation sizes γAM and for (b) different cation bulk concentration c

b
AM . The pH is 13 in both plots. For (a), we use

cbAM =10 mM and for (b), we use γAM=4. The pressure above the insulator surface is always lower than the pressure above the metal surface. In addition, the
pressure above the insulator stays constant with decreasing potential, while the pressure above the metal increases.
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electrode potential ϕ0 for (a) various cation sizes γAM and
(b) different bulk concentration of cations cbAM. By comparing
the pressure at the insulator surface to the pressure at the
metal surface, we can immediately see that the pressure at the
insulator is an order of magnitude lower, for all cathodic
potentials. The pressure force that hydroxide ions need to
overcome to be transferred to the electrolyte bulk is thus
indeed smaller at the insulator surface than it is at the metal
surface. Consequently, water reduction and the subsequent ion
transfer may be favored at the insulator surface rather than at
the metal surface.

Another important observation is that the pressure in-
creases with decreasing potential at the metal surface. On the
other hand, it remains constant at the insulator surface.
Consequently, the rejecting pressure force seen by OH� ions
becomes larger at the metal surface with decreasing potential,
while it is independent of the potential at the insulator surface.
Thus, the rate of OH� transfer should decrease with decreasing
electrode potential at a metal surface, while it is unaffected at
the insulator surface. This shows the great advantage of metal/
insulator interfaces compared to bare metal surfaces. The
reaction rate does not become ion transfer limited, even at far
negative potentials. This explains why the Tafel slope for
nanostructured Au electrodes is the same as for continuous
gold electrodes, cf. Figure 2(b). Despite the alteration of the
proton adsorption process, the adsorption step is still rate-
limiting.

Dependence of the Electrostatic Pressure on Cation Size, Bulk
Concentration, and pH

A larger effective cation size γAM yields lower pressures above
the insulator, cf. Figure 5(a). The reason is that weakly solvated
cations simply pack more tightly, allowing for a larger cation
concentration at the surface, which increases the pressure. A
lower bulk cation concentration cbAM also gives a lower pressure,
cf. Figure 5(b), as a smaller net cation concentration is expected
at the surface. A lower pH decreases the surface charge at the
insulator (see SI.8) and consequently decreases the local
pressure above the insulator. On the other hand, a lower pH
also shifts the equilibrium potential of the HER closer to the
pzc. This, in turn, is accompanied by a lower surface charge on
the metal islands and thus by a lower pressure that again
enables faster ion transport through the double layer into the
bulk electrolyte.

Altogether, the conditions at which we experimentally
measure larger HER activities on metal/insulator interfaces
(lower pH, larger solvated cations, lower cation bulk concen-
tration) correlate with lower pressures in the double layer above
the insulator.

HER Current on Nanostructured Interfaces

On the basis of the pressure, we finally elaborate a simple
model for the HER current on nanostructured surfaces. We will

see that the experimentally observed trends can be theoret-
ically reproduced.

According to Marcus theory, the activation energy DGz of

an electrochemical reduction reaction depends on the over-
potential η and the reorganization energy λ as given in
Eq. (12):[25,26]

DGz ¼
ðlþ ehÞ2

4l
(12)

Here e is the elementary charge and η is the overpotential.
The reorganization energy is typically on the order of electron
volts.[25] In standard Marcus theory, λ is considered to be the
reorganization of the dielectric due to the change in charge on
the reactant.[25,26] From Ledezma-Yanez et al.[8] we know that the
transfer of hydroxide ions from the electrode surface to the
electrolyte bulk may be a crucial parameter for alkaline HER
activity. Thus, in the context of HER, we replace λ by a more
general „reorganization“ energy Λ, which also takes into
account any steric forces encountered by ions being transferred
through the double layer,1 cf. Eq. (13):

DGz ¼
ðLþ ehÞ2

4L
(13)

As a simple model, we now consider a linear dependence of
the reorganization energy on the electrostatic pressure in the
electrolyte, as given by Eq. (14):

L ¼ C1eþ C2ðdH2OÞ
3P (14)

where ðdH2OÞ
3 is roughly the volume of a water molecule. C1e

can be considered to be the reorganization energy in the
absence of steric forces. C2 is unitless, and can be seen as
representing the number of water molecules that have to be
reorganized. Here, we choose C1=6 V such that L > ehj j with
some margin over the range of the studied parameters, and
C2=3 so that C2ðdH2OÞ

3 is roughly the volume of a solvated
hydroxide ion.

Now, we use P and fSiOH calculated from the double layer
model, and simulate the cathodic current density j with an
Arrhenius-type Ansatz, cf. Eq. (15):

j ¼ � AfSiOHe
� bDG
z (15)

Here A is a constant factor and b ¼ 1= kBTð Þ the inverse
temperature. Because electron transfer and double layer
reorganization are assumed to be spatially separated, we use
the potential at the metal surface to calculate the overpotential
η, but we use the pressure at the insulator surface to compute
Λ and consequently DGz.

1Note that a linear Ansatz for DGz would later give similar trends, but we
choose the form of Eq. (12) to interpret new concepts in terms of the
existing theory.
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Figure 6 shows the dependence of the simulated current
density j as a function of the applied electrode potential ϕ0 for
(a) various cation sizes γAM and for (b) different bulk concen-
tration of cations cbAM. The cation concentration trend observed
experimentally for nanostructured electrodes, cf. Figure 3(b), is
qualitatively well reproduced. For different ion sizes, the current
increases in the order of scaling factors FAM, cf. Eq. (5) and
Figure 2(b). Note that the measured current in Figure 2(a)
bottom is a superposition of the current from the inner part of
the Au islands, which behave as a continuous Au surface and
where HER occurs through water dissociation, and current from
the metal/insulator interface regions, where HER occurs through
the varied reaction process. Therefore, the differences in current
with cationic species (Figure 2a) are less pronounced than in
the simulation (Figure 6a).

However, these theoretical predicted dependencies agree
well with the trends observed in the experimental data, and
support our thesis of a modified HER mechanism at the metal/
insulator interface.

Conclusions

In conclusion, we presented here a novel mechanism for the
Hydrogen Evolution Reaction from water reduction at a metal/
insulator interface. The mechanism comprises two processes: (I) A
modified hydrogen adsorption mechanism, in which silanol
groups on the insulator surface act as the proton donors. (II) The
water reduction and subsequent hydroxide ion transfer occurs
above the insulator surface, where the electrostatic pressure is
much smaller than above the metal surface. These processes
correspond to the reaction Eqs. (16) and (17), respectively:

SiOHþM* þ e� ! SiO� þM� Had (16)

SiO� þ H2O! SiOHþ OH� ðbulkÞ (17)

The mechanism was deduced from the strongly altered
behavior of nanostructured electrodes compared to continuous
metal layers when changing several electrolyte properties, such
as the cationic species, the cation concentration or the pH value
of the electrolyte. With a theoretical model of the HER current
based on the electrostatic pressure the experimentally observed
trends were reproduced. The use of metal/insulator interfaces
tunes the electrode properties in such an advantageous way
that the alkaline HER rate can be enhanced by a factor of 40 on
the given nanostructured surface.

While we demonstrated the strongly enhanced activity for
the alkaline HER on Au/silicon nitride nanostructured surfaces,
the principles governing reaction rates at metal/insulator
interfaces do not depend on the system under consideration
and thus should be applicable to other electrocatalytic reactions
as well. The composite interfaces allow for a lateral tailoring of
the double layer properties and, thus, reaction conditions. The
usage of insulators as a proton source for hydrogenation
reactions is an easy method to solve drawbacks stemming from
fundamental properties of electrochemical interfaces in alkaline
media. Equally important is the possibility to adjust the electro-
static pressure, i. e. the rigidity of the double layer, above the
insulator surface by varying the insulator surface charge. This
can be done independently of the applied voltage and, thus,
independently of the pressure above the catalyst. Hence, the
mechanism discussed here should be transferable to other
reactions such as the oxygen evolution reaction and the oxygen
reduction reaction. In conclusion, knowledge of these funda-
mental processes opens up novel design possibilities for
efficient electrocatalysts in the future.

Figure 6. Simulated current density j plotted against electrode potential ϕ0 for (a) various cation sizes γAM and (b) different bulk cation concentrations c
b
AM . The

current density is normalized to the largest absolute value in the plotted potential range, j jmax j . Conditions are the same as for the experimental data: For (a),
the pH is 13 and cbAM =0.1 M, cf. Figure 2(a). For (b), the pH is 7 and we choose γAM=4, cf. Figure 3(b). The experimental trends are well reproduced.
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Experimental Methods

Electrode Fabrication

The metal arrays on the electrodes investigated in this work are
produced by Lift-off Nanoimprint Lithography.[3,27,28] More informa-
tion about the fabrication procedure is given in the references. The
surface area covered by the nanostructure array expands over
5×5 cm2. The silicon substrates used for nanostructuring are
prepared from a commercial silicon wafer (n-doped, FZ: (111), 1–
10 Ωcm, Si-Mat Silicon Materials, Germany), which came already
covered by a LPCVD silicon nitride (Si3N4) layer with a thickness of
17 nm. This layer is isotropically etched in an reactive ion etching
process to the desired thickness of 12 nm.

Electrochemical Measurements

The electrochemical cell used for the experiments is a custom-built,
air tight three-compartment cell made of PCTFE. Its front is covered
by a glass cover window made from hardened mineral glass. The
three compartments (resp. containing working, reference and
counter electrode) are separated from each other by a proton
conducting membrane (NafionTM, Chemours, USA) to avoid cross-
contamination between the compartments. The reference electrode
used is a commercial Mercury/Mercurous Sulface (MSE) reference
electrode (International Chemistry Co. Ltd., Japan) which contains
saturated K2SO4 solution. The measured electrode potential in MSE
scale is converted in SHE scale using an offset of 0.64 volt.[29] We
use a coiled gold-wire as the counter electrode.

All electrolytes used here are mixed from suprapur grade salts and
18.2 MΩcm DI-Water (Elga Purelab, Veolia Water Technologies,
Germany). The electrolytes are saturated with Ar gas (purity 5.0,
Westfahlen, Germany) prior the electrochemical experiments.

Linear sweep voltammetric scans and cyclic voltammetric scans are
conducted with a scan rate of 50 mVs� 1. The Tafel analysis is
performed by analyzing the logarithmic plotted data of the scans.
The fits were obtained in a potential window between � 0.25 VRHE
and � 0.4 VRHE. Tafel slopes and exchange current densities given
here are averages over three individual measurements (i. e. electro-
des).

Surface Determination

All measured currents are normalized to the active surface area of
the respective electrode. The electrochemical active surface area of
the Au-based electrodes was determined via the OH desorption
current in 0.1 M H2SO4 (suprapur grade, Merck) in cyclic voltam-
metric experiments. As an upper potential limit 1.75 VRHE was
chosen, as it has been found to be the approximate potential at
which a „monolayer-like coverage“ is achieved.[30] The transferred
charge during the subsequent gold oxide reduction process was
divided by 390 μCcm� 2, which is the well accepted specific surface
charge value for Au surfaces.[29,31] In the SI.7, exemplary CVs of a
continuous Au-layer electrode in 0.1 M H2SO4 in the Au oxidation
region and the determined charge transferred during the AuOx
reduction process as a function of the upper turning potential is
shown.

The surface area of the individual electrodes was determined before
and after the HER experiments. It turned out that the change
during the experimental procedure never exceeded 5%.

Computational Methods

Double Layer Model

We model the local reaction conditions in the electric double layer
by using the double layer model from Huang et al.[19] and Iglic
et al.[20] In this model, the electric potential ϕ is described by a
modified Poisson-Boltzmann equation given by Eq. (18):

�
@

@x e0e xð Þ
@ϕ
@x

� �

¼
X

i

zieni xð Þ (18)

Here ɛ0 is the vacuum permittivity, ɛ the relative permittivity, e the
elementary charge, and zi and ni are the charge number and
number density of species i in the electrolyte, respectively. We
include protons, hydroxide ions, alkali metal cations AM, anions X,
and water molecules: i 2 Hþ; OH� ; AM; X; H2Of g. An overview of
the parameters in the model can be found in SI.10.

The relative permittivity ɛ depends on the local electric field
E ¼ � @ϕ=@x and number density of (polarizable) water molecules
nH2O via Eq. (19):

e xð Þ ¼ e∞ þ
pnH2O xð Þ
E xð Þ

L bpE xð Þð Þ (19)

with e∞ the optical permittivity, p the dipole moment, and
L yð Þ ¼ coth yð Þ � 1=y the Langevin function. To find p consistent
with the bulk permittivity of water ew � 78:5, we note that E ¼ 0 in
the bulk. From Eq. (19) it then follows that ew ¼ e∞ þ

1
3 bp2nw, or

that p is given by Eq. (20):

p ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3 ew � e∞ð Þ

bnw

s

(20)

with the bulk number density of pure water nw=55.5 M×NA.

The finite size of ions in the electrolyte is accounted for by
considering a lattice with lattice spacing dH2O, the effective diameter
of a water molecule. This effective diameter is calculated such that
nw= (dH2O)

� 3 which yields dH2O�3.1 Å. Ions may occupy multiple
lattice sites; their effective (i. e. including solvation shell) sizes are
specified using the relative size factor given by Eq. (21):

gi ¼
di
dH2O

� �3

(21)

with di the effective diameter of species i. Ions with a high degree
of solvation such as Li+ have a large effective size; weakly solvated
ions like Cs+ have a small effective size. Drab et al.[32] inferred from
bulk permittivity data that gAM þ gX � 7:5 for NaCl electrolytes.
Because the solvation shells of ions are not fixed, it is difficult to
connect values of γ to the actual size of ions. Here, we investigate
cation size trends qualitatively by considering gAM ¼3, 4, 5, 6, which
are considered to be in the range of the cations used experimen-
tally.

Using these size factors, the number densities ni are written as a
fraction of the lattice site density nmax= (dH2O)

� 3 (¼ nw) via Eq. (22):

ni ¼ nmax
ciVi xð ÞP
j gjcjVj xð Þ

(22)
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where nbi is the bulk number density of species i and ci ¼ nbi =nmax.
Θi are Boltzmann factors, defined as given in Eq. (23):

Vi xð Þ ¼
exp � bzieϕ xð Þð Þ; for i 2 Hþ; OH� ; AM; Xf g

sinh bpEðxÞ
bpEðxÞ ; for i ¼ H2O

8
<

:
(23)

Note that if Vi � Vj for all j, ni approaches a saturation limit
concentration of nmax=gi .

As potential reference, we choose the point of zero charge (PZC) of
gold, which was measured to be EPZC,Au=0.2 VSHE for the electrodes
considered in this work.[33] A potential with respect to this PZC can
be converted to a potential with respect to RHE as given in Eq. (24):

ϕðvs: RHEÞ ¼ ϕðvs: PZCÞ þ EPZC,Au þ 59 mV� pH (24)

The boundary conditions to Eq. (18) are specified as follows. First, in
the solution bulk, ϕ ¼0 V vs. PZC. At the electrode, the boundary
conditions are specified on the plane of closest approach for ions at
distance x2 from the electrode surface. Here, we consider
x2 ¼ dAM=2, as we only consider potentials negative of the point of
zero charge of gold and so the plane of closest approach is set by
the size of the cations. The potential at x2 is denoted ϕ2 ¼ ϕ x2ð Þ.

Metal Boundary Condition

Between the electrode surface and x2, there are no free charges, so
the potential profile is linear. For metal surfaces at potential ϕ0, the
boundary condition is then given by Eq. (25):

� E x2ð Þx2 ¼ ϕ2 � ϕ0 (25)

Insulator Boundary Condition

Van Hal et al.[34] derived the surface charge at insulator surfaces
with acidic surface OH groups as given by Eq. (26):

s ¼ � e�nsil
Ka

Ka þ cbHþexp � beϕ0ð Þ
(26)

Here cbHþ is the bulk concentration of protons (although it is small in
alkaline medium, it gives the same result as when rewriting the
fraction in terms of cbOH� ). �nsil ¼5×10

18 m� 2 is the areal density of
silanol (SiOH and SiO� ) sites and Ka ¼10

� 6 M is the acid dissociation
constant for silanol – these values are used for silica by van Hal
et al.;[34] silicon nitride should behave similarly. Together with
Eq. (25) and s ¼ e0e 0ð ÞE 0ð Þ ¼ e0e x2ð ÞE x2ð Þ, the boundary condition
for silica surfaces is finally given by Eq. (27):

e0e x2ð ÞE x2ð Þ ¼ � e�nsil
Ka

Ka þ cbHþexp � be ϕ2 þ E x2ð Þx2ð Þð Þ
(27)

The fraction fSiOH of protonated silanol sites is calculated as:

fSiOH ¼ 1 �
� s=e

�nsil

� �

Details on the numerical implementation of the model can be
found in SI.9.
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