
Nitrile Groups as Build-In Molecular Sensors for Interfacial Effects at
Electrocatalytically Active Carbon−Nitrogen Materials
Linda Feuerstein, Ekin Esme Bas, Dorothea Golze, Thomas Heine, Martin Oschatz,
and Inez M. Weidinger*

Cite This: ACS Appl. Mater. Interfaces 2025, 17, 23996−24004 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Electrocatalytic reactions are influenced by various
interfacial phenomena including nonspecific interaction forces. For
many examples, their contributions to the catalytic cycle have yet to
be identified. Noncovalent interactions between the electrode and
the electrolyte can be described by the local electric field
environment at the interface and are experimentally accessible
based on the Vibrational Stark Effect. We herein present a carbon-
based C2N-type electrocatalyst that is active for the hydrogen
evolution reaction and that contains nitrile functions as Stark
reporter groups. With this system, we expand the range of
electrocatalytically active systems suitable for electrochemical Stark
spectroscopy while taking a step away from pure model systems.
The stretching mode ν(C�N) was analyzed via experimental and
calculated Raman spectroscopy, revealing a defect character of the inherent CN groups. The ν(C�N) peak position was
furthermore studied via in situ electrochemical Raman spectroscopy. At noncatalytic conditions, a linear dependence between an
applied electric potential and ν(C�N) peak shift is observed, resulting in a red-shift at a more negative potential. At catalytic
conditions, deviations from the linearity occur, and a semipermanent blue-shift of the CN peak is observed after electrocatalysis,
implying a restructuring of the electrochemical double layer and therefore a change in the local electric field environment due to the
catalytic turnover and the associated interfacial processes.
KEYWORDS: Raman spectroscopy, electrochemical double layer, carbon−nitrogen material, Vibrational Stark Effect, hydrogen evolution,
local electric fields

■ INTRODUCTION
The course of a chemical reaction under ambient conditions is
mainly controlled by molecular interactions of the involved
chemical species. Next to covalent bonding, weaker forces such
as H-bonds, dipole−dipole, and van der Waals interactions
mainly determine the kinetically favored route and the reaction
rate. In order to quantify and compare these noncovalent
forces as well as to estimate interaction and stabilization
energies, a universal unit needs to be defined. Instead of a full
quantum-mechanical treatment of the whole system, the
description of the chemical environment by means of an
electric (vector) field has proven to be a suitable and versatile
approach for unifying the different types of interaction forces
into one quantity, as suggested by Fried and Boxer.1,2 More
specifically, the transposition of a quantum-mechanical
description into an electrostatic one is performed, where the
molecule under consideration is represented by a dipole (or

collection of dipoles) within an electric field F , created by
all charges and dipoles of the chemical environment, resulting

in the interaction energy = ·U F .1,2 For example, this

concept was successfully applied to demonstrate the working
principles of enzymatically catalyzed reactions. It was shown
that large electric field environments of up to 1.4 V/Å are
present within the active sites of enzymes, created by the
functional groups of the encoded amino acids.3,4 In addition,
the favorable effect of polar solvents on SN1-type organic
reactions,5,6 as well as the influence of an oriented external
electric field that is applied in field-assisted electrostatic
catalysis, can be accurately explained using the electric field
language.7−10

Electrochemical catalysis is the basis for many modern
energy conversion technologies, and an external electric field is
omnipresent here in the form of a polarizable electrode that
creates an electrostatic field across the electrode−electrolyte
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interface. This field is screened by the charges present in the
electrochemical double layer (ECDL), mainly the Helmholtz
layer, which reaches thicknesses on the order of 100−101 Å. At
voltages around 1 V, which are common in practice, the
magnitude of the resulting electric field can therefore be
roughly estimated at 0.1 to 1 V/Å in most electrochemical
systems.11,12 Upon closer examination, the effective electric
field environment for each individual system is strongly
determined by the exact composition of the ECDL. The
dipoles (their magnitude and orientation) modulate the
incident electric field from the electrode and generate local
electric fields. Many mechanistic investigations on electro-
catalytic charge-transfer reactions highlight the importance of
the formation of energetically stabilized intermediates for
catalytic efficiency.13−15 In contrast, the mechanistic influence
of these local electric fields and the contributions originating
from the electrostatic effects of the charged electrode, the
solvation field of the ECDL, and noncovalent interactions of
the present species within the interfacial region is not fully
understood yet and much less frequently discussed.16−20

Monitoring and characterizing these conditions and clarifying
both beneficial and hindering effects on the performance of
electrocatalytic systems are a key focal point in current energy
conversion research.21−26

A major problem in analyzing electric field effects on
reaction dynamics is that local electric fields are difficult to
measure and can also change during the reaction. One method
to study local electric fields is based on the vibrational Stark
effect (VSE).1,27 The VSE describes the interaction between
the local electric field and the vibrational energy levels of a
molecule within that field, resulting in an experimentally
observed vibrational frequency shift Δν. In the conventional
physical description of the linear VSE, Δν is expressed by the
scalar product of the local electric field vector F and the
difference dipole moment of the respective vibration:1,27

= ·F (1)

On this basis, in situ vibrational spectroscopy on
heterogeneous systems containing Stark reporter groups is a
versatile tool for investigating electric field effects at the solid−
liquid interface.17,26,28−33 By what is sometimes called
“electrochemical Stark spectroscopy,” the vibrational frequency
shifts of surface-bound species are measured as a function of
applied potential via in situ spectroscopical techniques such as

Raman, infrared (IR), or vibrational sum frequency generation
(SFG) spectroscopy.17,28−35 Here, the −C�N triple bond
functionality has proven to be a strong Stark reporter group
because the characteristic group frequency of the stretching
vibration ν(C�N) falls within a spectral range where few
other signals are found, typically at around 2220−2250 cm−1.
Recent discussions have been opened regarding an alternative
interpretation of the observed vibrational frequency shifts,
which highlight the influence of “through-bond effects” on the
peak positions of Stark reporter groups as opposed to
“through-space effects” based solely on electrostatic fields.31−33

Arguably, applying potential to an electrode could lead to
inductive effects caused by the electrode through electron-
donating (+I) or -withdrawing effects (−I) similar to the
picture drawn for functional groups in classical organic
chemistry.32 Accordingly, these electroinductive effects could
provide a different explanation for peak shifts in the context of
electrochemical systems.

To date, most studies on electrode−electrolyte interfaces are
focused on model systems, often featuring noble metal surfaces
functionalized with self-assembled monolayers (SAMs) con-
taining nitrile groups.17,26,28−32,35,36 Furthermore, interest has
expanded to study energy conversion reactions with electro-
chemical Stark spectroscopy including electrocatalytic reac-
tions such as hydrogen evolution reaction (HER) and carbon
dioxide reduction reaction (CO2RR).

29,34,37 However, studies
in this area have also concentrated on model systems, which
are far from practical implementation in future energy
conversion technologies due to the high costs associated
with noble-metal-based systems.

Recently, a metal-free nitrogen-rich carbon-based electro-
catalyst of C2N-stoichiometry was introduced, which shows
promising electrocatalytic behavior for HER and the nitrogen
reduction reaction (NRR).38,39 The synthesis strategy follows a
simple fabrication approach by which the precursor hexaaza-
triphenylene hexacarbonitrile (HAT-CN) condenses via its
nitrile functions by thermal treatment to form the amorphous
and highly porous carbonaceous material C-HAT-CN-XX (XX
is the condensation temperature in °C) with a porous and local
2D structure. Its properties such as the nitrogen content and
the degree of condensation are controllable via the carbon-
ization temperature. It was shown previously that the material
synthesized at 700 °C (C-HAT-CN-700) contains numerous
nitrile functionalities due to incomplete condensation of the
precursor molecules, as is shown in Figure 1.39 As a result, this

Figure 1. Synthesis of amorphous, carbonaceous C-HAT-CN-700 by thermal treatment of the HAT-CN precursor at 700 °C, leading to the C2N-
framework with inherently bound nitrile groups due to incomplete condensation. Displayed according to Walczak et al.39.
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article presents an intriguing combination of two research
fields: On the one hand, it is a promising electrocatalyst
relevant for technological application; on the other hand, it is
of interest in electrochemical Stark spectroscopy owing to the
inherently bound nitrile groups.
In this work, we investigate the character of the CN groups

bound at the C2N-framework of the metal-free carbon-based
electrocatalyst C-HAT-CN-700 using both Raman spectrosco-
py and first-principle simulations. Furthermore, we use in situ
electrochemical Raman spectroscopy to monitor the spectro-
scopic behavior of the ν(C�N) peak under both noncatalytic
and HER conditions, and we discuss possible processes and
effects at the solid−liquid interface as origins of the observed
frequential shifts during electrochemical measurements.

■ RESULTS AND DISCUSSION
Describing structural binding motifs in amorphous systems
such as C-HAT-CN-XX is both challenging and essential for
the accurate interpretation of spectral data. In order to
understand the chemical environment of incorporated nitrile
moieties that are of interest in electrochemical Stark spectros-
copy, Raman spectra of the HAT-CN precursor and of the
carbonized material C-HAT-CN-700 were recorded. The
spectral window around 2250 cm−1, relevant for analyzing
vibrational modes of the nitrile group, is shown in Figure 2a.
The full experimental Raman and infrared (IR) spectra,
including the in-plane vibrations of the C2N-framework
between 1100 and 1700 cm−1, are shown in Figure S1.
The precursor material HAT-CN exhibits prominent bands

with two resolved maxima at 2240.8 and 2253.3 cm−1,
respectively, which are assigned to the stretching vibration
ν(C�N). DFT calculations reveal that the molecule has six
different vibrational modes in the respective frequency range
with a high contribution of the −C�N bond stretching. The

calculated Raman spectrum displaying the nitrile stretching
vibrations is shown in Figure 2b and the full spectrum in
Figure S2. The modes can be divided into two groups with
slightly different frequencies described as symmetric and
antisymmetric stretching, νs(C�N) and νas(C�N), depend-
ing on their relative phase toward each other. The two most
intense vibrations are exemplified in Figure 2c.

The Raman spectra of the carbonized material C-HAT-CN-
700 show a less intense peak in the same region that can be
assigned to nitrile groups that are present in the material due
to incomplete condensation when forming the expanded C2N-
network. The peak maximum is shifted to lower wavenumbers
by 20 cm−1 with respect to the νs(C�N) peak in the precursor
molecule and is found at 2220.8 cm−1. In order to determine
the nature of the nitrile groups within the amorphous material
and interpret the experimental spectra, an apt structural
description of the network is needed. The Raman spectra of a
variety of model structures were calculated (see Figure S3). It
was found that the structure size did not have a strong
influence on the peak position when the nitrile functions are
bound as terminal (“outer”) groups at the oligomers. However,
when “defect sites” were included, which represent an
incomplete condensation of the network leading to “inner”
nitrile groups, their vibrational frequency was red-shifted by 3.8
cm−1 and 9.4 cm−1 compared to the calculated νs(C�N) and
νas(C�N) modes of HAT-CN, respectively. Furthermore,
both the symmetric and antisymmetric stretching modes of the
inner nitrile groups have similar vibrational frequencies, around
2248.0 cm−1. These findings stand in good accordance with the
experimental spectrum of C-HAT-CN-700 that shows only
one broader peak, which can be well fitted with one band of
Gaussian shape. Therefore, it is concluded that the observed
ν(C�N) peak can be assigned to several stretching modes of

Figure 2. (a) Experimental Raman spectra of HAT-CN (top, 640 nm excitation wavelength) and C-HAT-CN-700 (bottom, 405 nm excitation
wavelength), (b) calculated Raman spectra of HAT-CN (top) and calculated normal modes of C2N-3c model structure with “inner” CN groups,
and (c) visualization of the symmetric, νs(C�N), and antisymmetric C�N stretching vibrations, νas(C�N), in HAT-CN (top) and model
structure of the condensed material C2N-3c (bottom).
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nitrile groups that have defect character and are embedded
within the amorphous C2N-network.
As a next step, electrochemical in situ Raman spectroscopy

was carried out on C-HAT-CN-700, and the nitrile stretching
vibration was investigated by varying the applied potential in
the KCl electrolyte (0.1 M), as shown in Figure 3. When
lowering the applied potential, the ν(C�N) band position
shifts toward lower wavenumbers, resulting in a red-shift by in
total (−11 ± 3) cm−1 over the measured potential range of 1.5
V. Afterwards, the spectra at 0.4 V vs Ag|AgCl were measured
again. It is observed that the peak is located again near the
original wavenumber at (−2.0 ± 2.6) cm−1, which proves the
reversibility of the process. By plotting the peak shift vs applied
voltage, a linear trend is obtained with a slope of 7.73 cm−1

V−1. The corresponding response currents are listed in Figure
S4. In comparison with literature, similar slope values between
5.1 and 8.0 cm−1 V−1 are found for electrochemical systems
based on 4-mercaptobenzonitrile with CN reporter
groups.17,30,31 Interestingly, the obtained slope here not only
shows the same sign but also its magnitude is in good
accordance with literature values. Interpreting the observed
frequency shift as a Stark shift raises intriguing considerations,
which will be discussed further in the following.
First, a linear Stark shift is generally observed as the scalar

product of the vector of the local electric field and the
difference dipole moment that is directed along the CN
bonding axis according to eq 1. By approximating the short-
ranged local electric field as perpendicular to the plane of the
extended C2N-framework, an orientation of the CN groups
out-of-plane is required in order to receive a non-zero scalar
product and therefore to observe Stark shifts. Considering the
calculated model structures, it is found that neighboring
“inner” nitrile functionalities display a dihedral angle of >90°
due to sterical hindrance, forming a nonplanar system as
shown in Figure S5. In addition, “outer” CN groups display
dihedral angles of up to 71°. The chemical structure of the
investigated system therefore meets the geometrical prereq-
uisite for a measurable VSE. To continue with this, the theory
of Smith and White,40 with extension by Hildebrand et al.,28,30

allows the conversion of the experimentally obtained slope into
the Stark tuning rate that describes the band shift per change in
electric field strength (unit: cm−1 per V cm−2). However, this
approach requires atomically precise knowledge of the
chemical environment around the Stark reporter groups.

Therefore, the frequency-to-field calibration is not straightfor-
ward for structurally less defined systems such as amorphous
C-HAT-CN-700, and further investigations in this direction
are beyond the scope of this work. Second, local electric fields
are strongly influenced by the composition of the ECDL that
builds the solvation field at the electrode surface in accordance
with the applied potential. In order to check the influence of
the counterions within the ECDL, the peak position of the CN
groups is investigated depending on the ionic strength of the
KCl electrolyte. As shown in Figure S6, no peak shifts are
observed in different ionic strengths at the same applied
potential. Thus, the impact of the solvation field does not seem
to be the cause of the observed peak shift during electro-
chemical measurement. Third, electroinductive effects
(“through-bond effects”, conceptually depicted in Figure 4)

are likely to have a non-negligible influence on the peak
position in addition to electrostatic effects. It remains a widely
discussed question to what extent these two effects contribute
to observed peak shifts in electrochemical Stark spectroscopy,
and there is indication in literature that the electrode’s
inductive effects seem to contribute to a larger percentage to
observed frequency shifts at fully conjugated systems.31,33

Since the CN groups in the here investigated system are
directly bond to a conjugated system and the magnitude of the
slope of 7.73 cm−1 V−1 is rather large compared to literature
values obtained for aliphatic systems,28 it can be concluded
that a combination of both electrostatic and electroinductive
effects is expected to cause the observed red-shift.

C-HAT-CN-700 was found to promote HER in the HCl
electrolyte (0.1 M), and the respective linear sweep
voltammetry (LSV) curve is shown in Figure S7. These

Figure 3. (a) Raman spectra of C-HAT-CN-700 in KCl electrolyte (0.1 M) under different applied potential and (b) ν(C�N) peak shift Δν ̃ =
ν−̃ν ̃0 with respect to the initial band position ν ̃0 at 0.4 V as a function of applied potential.

Figure 4. Schematic illustration of the possible inductive effect (±I
effect) of the electrode on the CN functional group.
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findings are in line with previous results by Zhang et al. on the
electrocatalytic performance of this type of material.38

Exchanging the electrolyte from KCl to HCl changes the
electrochemical properties of the system under negative
applied potential since the much lower pH value favors the
HER. Analogue in situ Raman measurements are conducted in
HCl electrolyte, and the results are shown in Figure 5. Note
that the decreasing spectral quality under a high negative
potential and when going back to the starting potential is due
to H2 gas bubbles that prevent good laser focus from the
Raman microscope. Additionally, the measured currents at the
same applied potential vary strongly between experiments, as
shown in Figure 5c, which correlates with the large standard
deviation in Raman peak shifts at lower potentials.
The obtained frequency shifts no longer display a linear

dependency over the full potential range between 0.4 and −1.1
V. A linear shift in peak position is present for potentials from
0.4 to −0.8 V where no catalytic currents are observed albeit
with a lower slope of 2.65 cm−1 V−1 compared to that
determined in KCl electrolyte. Below −0.8 V, the catalytic
current increases, and the peak does not red-shift further. A
possible explanation for the lower slope within the precatalytic
region could be found in the exchange of K+ to H+. The
presence of H+ ions could possibly lead to potential-induced,
successive protonations of the pyrazinic nitrogen at the C2N-
framework, and consequently, the previously discussed electro-
inductive effect of the electrode is weakened leading to an
overall lower peak shift of the ν(C�N) mode. At the catalytic
regime below − 0.8 V, the largely increased current density due
to faradaic processes could compensate for both an electron-
pushing effect of the electrode and the higher electric field

caused by the more negative applied potential due to a higher
ohmic drop. A similar trend has been reported in the literature
where constant peak positions are observed under electro-
catalytic conditions.29,36

Interestingly, when measuring again at the initial potential of
0.4 V after catalysis, a blue-shift by (3.9 ± 1.7) cm−1 toward
higher wavenumbers is observed with good reproducibility.
The same frequency shift was observed when the system was
kept at a constant potential of −1.1 V for 2 h, and afterward,
the starting potential was measured again as shown in Figure
S8. The peak shift is semipermanent and seems to red-shift
back toward its original position over an observed time scale of
up to 4 h (see Figure S9). No shift was observed when the
potential did not reach HER conditions; therefore, it can be
concluded that these two events (hydrogen evolution and peak
shift) are correlated, indicating that the catalytic process leads
to a conditioning of the electrode, which manifests in a
temporary ν(C�N) blue-shift. Both the magnitude of the shift
and the time dependence of the back-shift varied strongly for
each experiment. However, the peak position and relative
intensity measured at the dry catalyst material before and after
catalysis remain unchanged (Figure S10). Several reasons for
the observed phenomenon are plausible and are discussed in
the following:

First, the observed shift could originate from structural
changes of the catalyst during HER. Zhang et al. proposed a
structural change that includes the electrochemical removal of
the CN groups leaving radicals at the elimination position.38

They assumed a reduction of nitrogen content by 5.4−6.6%
due to the electrochemical etching of CN groups resulting
from the activation of the materials during electrochemical

Figure 5. (a) Raman spectra of C-HAT-CN-700 in HCl electrolyte (0.1 M) under different applied potential, (b) position of the ν(C�N) band
maximum as a function of applied potential (blue) and after catalysis (orange), and (c) average current densities recorded at each potential. *Only
two spectra were measured at −1.1 V due to strong gas evolution and a loss of spectral quality.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.5c02366
ACS Appl. Mater. Interfaces 2025, 17, 23996−24004

24000

https://pubs.acs.org/doi/suppl/10.1021/acsami.5c02366/suppl_file/am5c02366_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c02366/suppl_file/am5c02366_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c02366/suppl_file/am5c02366_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c02366/suppl_file/am5c02366_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.5c02366?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c02366?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c02366?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c02366?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c02366?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


cycling over a wide voltage range prior to catalytic turnover.
However, under the conditions chosen in the present
investigations, a comparison of the normalized Raman spectra
of the dry catalyst material before and after the electrochemical
treatment (shown in Figure S10) did not show any significant
change. The signal intensity of the CN peak of the dry material
at 2229 cm−1 does not change before and after the treatment,
so the removal of nitrile groups cannot act as an explanation
under the conditions of the present spectroscopic measure-
ment. Furthermore, the reversibility of the peak shift back to
the initial position over time cannot be adequately explained
by a permanent structural change such as the complete
elimination of a functional group. Alternatively, the blue-shift
could be explained following the previously mentioned
argumentation regarding electrochemical Stark spectroscopy.
However, the influence of electroinductive effects can be ruled
out in this case because the ν(C�N) peak before and after
catalysis is recorded at the same applied potential of 0.4 V. It is
therefore very likely that the origin of the observed blue-shift
after HER-catalysis can be primarily attributed to electrostatic
effects, as described by the VSE in eq 1. Specifically, a
restructuring of the ECDL during catalysis and the resulting
change in noncovalent interactions affect the local electric field
environment at the interfacial layer and are monitored by the
Stark shift of the nitrile groups as reporter groups. From a
mechanistic point of view, the electrochemical conversion
process can be split into different steps, each having an impact
on electric fields and vice versa. Presumably, the consumption
of H+ during the reaction generates a proton concentration
gradient through the ECDL. To verify this assumption, the
influence of the H+ concentration on the CN peak position was
measured over a large HCl concentration range (Figure S11).
Although no clear trend is apparent, there could be a small
correlation between a lower H+ concentration and an observed
red-shift. Consequently, the H+ consumption during the HER
should be considered as an additional influencing factor for the
peak shifts observed at lower applied potential. However, since
the opposite peak shift is observed after the measurement, a
possible H+ depletion in the ECDL due to the HER does not
seem to provide a conclusive explanation for the observed
blue-shift. In addition, proton mass transport via the Grotthuß
mechanism is considered to be very fast, so a concentration
gradient due to HER is assumed to vanish quicker than the
time scale over which the back-shift after the measurement is
observed. Finally, the production of H2 at the electrode surface
also influences the composition of the interface. The
production of gaseous H2 is observed in the microscopic
images during catalysis (see Figure 6). Some bubbles are still
visible in the microscopic image after catalysis, and the image
remains furthermore blurry, which could be due to nonvisible
nano- and microbubbles. The process of H2 evolution, starting
from the formation of the surface-bound diatomic hydrogen

molecule by faradaic processes, the formation of nano- and
microbubbles, until the detachment of gaseous H2 from the
electrode, and the influence of these (uncharged!) H2 species
on the local electric field is not widely understood yet.
However, they could be the origin of the blue-shift of the
experiment. The time scale as well as the high standard
deviation of the ν(C�N) peak positions at different points in
time after the measurement would support this hypothesis
because the H2 detachment from a highly porous electrode
surface is considered to be a rather random process.

■ CONCLUSIONS
In this work, we studied the nitrogen-rich carbon material C-
HAT-CN-700 that displays electrocatalytic activity for HER in
the context of electrochemical Stark spectroscopy. Supported
by experimental and calculated Raman spectra, we concluded
that inherently bound nitrile groups display a defect character,
as they are bound as “inner” groups within the C2N-
framework. Using electrochemical in situ Raman spectroscopy
in KCl electrolyte, it was demonstrated that these groups act as
molecular sensor groups displaying a linear dependency
between applied potential and peak shift of the stretching
modes ν(C�N) found at ca. 2230 cm−1. Both the influence of
the local electric field in the classic interpretation of the
observation as a Stark shift and the role of the electrode as an
electron donor displaying an inductive effect were discussed
with the conclusion that both effects are likely to contribute to
the observed frequency shift. Yet, clear disentanglement of
both contributions is not achieved at this point. Further in-
depth knowledge of the bonding structure within the
amorphous system and the exact composition of the
heterogeneous interface on a subnanometer scale would be
required here. When changing electrolyte to HCl in order to
favor HER, the CN sensor groups indicated an alteration of the
heterogeneous interface. Here, the linear dependency is
decreased at precatalytic conditions, possibly due to
potential-induced protonation that can be considered as the
first crucial step within the HER-catalytic cycle and requires
multiple Lewis-basic sites to be present at the active centers.
Additionally, a semipermanent reverse peak shift (blue-shift) is
observed after the HER-catalysis that indicates a temporary
conditioning of the electrode due to the catalytic turnover. We
discussed several mechanistic influences as possible origins of
this effect. The modulation of the electric field environment at
the interfacial region, presumably due to noncovalent
interaction with dissolved or gaseous H2, was found to fit
the time scale as well as the high variance of the observed
phenomenon.

Overall, the electrochemical Stark shift study on the metal-
free and amorphous C-HAT-CN-700 electrocatalyst with
nitrile sensor groups gives intriguing insight into the
complexity of the mechanism behind an electrocatalytic

Figure 6. Microscope image of C-HAT-CN-700 (black dots) on carbon paper support electrodes (light gray strands), (a) in HCl electrolyte (0.1
M) at 0.4 V, (b) in HCl (0.1 M) at − 1.1 V during HER (bubble formation); (c) in HCl at 0.4 V after the measurement where the image is very
blurred possibly due to a film of H2 nano- and microbubbles attached to the electrode. Scale bar = 20 μm.
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process and can be used to identify changes at the electrode−
electrolyte interface prior to catalytic turnover. Moreover, to
give a perspective, multiple factors such as nonspecific
interactions, mass transport phenomena, gas evolution, and
time-dependent changes within the system need to be
considered for a high-performing and technologically relevant
system that go beyond the classic kinetic cycle based on
covalent bonding and intermediate formation.

■ MATERIALS AND METHODS
Material Synthesis. All chemicals were used as received. HAT-

CN as well as HAT-CN-700 were synthesized according to previously
reported procedures.38,41 In short, C-HAT-CN-700 was synthesized
using 200 mg of HAT-CN for carbonization in a horizontal tubular
furnace at 700 °C for 1 h under Ar gas flow. The heating ramp was set
at 2 °C min−1.

Electrochemical Measurements. Electrode preparation was
conducted following the protocol by Zhang et al.38 In short, a
catalyst ink was prepared by dispersing 1 mg of C-HAT-CN-700 in
100 μL of absolute ethanol (>99.8%, purchased from Fisher
Chemical) and 20 μL of Nafion dispersion (5 w/w% in water and
1-propanol, purchased from Thermo Fisher Scientific), followed by
sonification for 30 min. The blank sample was prepared without the
C-HAT-CN-700 material. The ink was drop-casted onto a carbon-
paper support electrode (Toray Carbon Paper, purchased from
Thermo Fisher Scientific) with a diameter of 1.2 cm and dried at 80
°C for 4 h.

Electrochemical measurements were carried out at a Vertex.One
potentiostat (Ivium Technologies) in a three-electrode setup. KCl
(Grüssing GmbH) and HCl (VWR Chemicals) electrolytes were
prepared using Milli-Q water (<0.055 μS cm−1). A Pt-wire was used
as the counter electrode, and all potentials given in this work were
measured against an Ag|AgCl|KCl (3 M) reference electrode. The
electrolyte was purged with argon gas for 15 min prior to the
measurements, and linear sweep voltammetry (LSV) curves were
conducted with continuous gas flow. Current densities were
calculated from the response currents divided by the nominal
(geometrical) surface area of the electrode that is exposed to the
electrolyte and equals 0.64 cm2.

Raman Spectroscopy. Raman spectroscopical measurements
were performed at a confocal Raman spectrometer (S&I Monovista
CRS+) with a liquid nitrogen-cooled detector. If not stated otherwise,
an excitation wavelength of 405 nm (Toptica Top mode diode laser)
at 2.748 mW and 1500 g/mm holographic grating was used. A 640
nm laser (LASOS diode pumped solid state laser) was used for HAT-
CN spectra due to high fluorescence background. The laser was
focused onto the sample using a Nikon 20x objective (0.35 NA, 20
mm WD) and an x-y-stage (Scan IM 200 × 200, Mar̈zhaüser GmbH
& Co. KG, Germany). In situ spectra were received by
chronoamperometric measurements with applied potentials from 0.4
to −1.1 V in steps of 0.3 V and 4 × 180 s accumulation time. The
experiment was repeated 3 times in KCl (0.1 M) and 4 times in HCl
(0.1 M). Only three spectra could be measured at −0.8 V and two
spectra at −1.1 V due to loss of spectral quality due to the gas
evolution. All Raman spectra shown are baseline-corrected, calibrated
with respect to acetonitrile and toluene reference Raman spectra.
Normalization is carried out in relation to the highest peak intensity.

Attenuated Total Reflectance Fourier Transform Infrared
(ATR-FTIR) Spectroscopy. FTIR spectra were recorded with a
Bruker Tensor II instrument in ATR mode using a diamond crystal
and Pt stamp. A total of 256 scans were accumulated with a resolution
of 2 cm−1. Background spectra were subtracted, and absorbance
spectra were gained with automatic ATR correction.

DFT Calculations. The normal-mode frequencies for all six
molecules were obtained via normal-mode analysis using the FHI-
aims package.42 We used the settings that we previously identified as
optimal for carbon-based materials43 and which we briefly summarize
here. For the DFT calculations, we used the Perdew−Burke−
Ernzerhof (PBE) exchange-correlation functional44 in combination

with the Tkatchenko−Scheffler dispersion correction.45 Numerical
atom-centered orbitals of tier2 quality were used together with “tight”
numerical settings.42 After a tight geometry optimization, 6N
structures were formed by shifting each atom N by 0.001 Å in the
± x, ± y, and ± z directions. The DFT forces were calculated for each
of these shifted structures to construct the mass-weighted Hessian
matrix, which was evaluated numerically via central finite differences.
The obtained normal modes for all six molecules are shown with blue
bars in Figure S3.

To confirm that the symmetric (νs(C�N)) and antisymmetric
(νas(C�N)) C�N stretching vibrations at ≅2251 cm−1 and ≅2257
cm−1 are Raman active, we computed the Raman intensities for the
molecules HAT-CN, C2N-1, and C2N-2. The Raman spectra are
shown in Figure S3 (solid red lines). The polarizability tensors are
calculated for each of the 6N displaced structures via density
functional perturbation theory (DFPT)46−48 as implemented in the
CP2K program package.49 For the DFPT calculations, we employ the
PBE functional45 in combination with Goedecker−Teter−Hutter
pseudopotentials50−52 and the DZVP-MOLOPT-SR-GTH basis
sets.53 For each normal mode, the Raman intensity was computed
from the first derivative of the polarizabilities with respect to mass-
weighted normal mode displacements, employing a central finite
difference scheme. The unpolarized (total) intensities are reported for
an incident laser wavelength of 405 nm, and the final spectra were
broadened using Lorentzian broadening. For detailed information on
the generation of normal-mode frequencies and Raman intensities,
please refer to ref 43. All input and output files of the calculations are
available on Zenodo database.54
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