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ABSTRACT: Linking structural and compositional features with the
observed electrochemical performance is often ambiguous and
sensitive to known and unknown impurities. Here an extensive
experimental investigation augmented by computational analyses is
linked to the electrochemical characterization of in situ nitrogen-doped
tetrahedral amorphous carbon thin films (ta-C:N). Raman spectros-
copy combined with X-ray reflectivity shows nitrogen disrupting the
sp> C—C structure of the reference ta-C, supported by the observations
of graphitic nitrogen substitution in X-ray absorption spectroscopy.
The surface roughness also increases, as observed in atomic force
microscopy and atomic-level computational analyses. These changes
are linked to significant increases in the hydrogen and oxygen content
of the films by utilizing time-of-flight elastic recoil detection analysis.
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The conductivity of the films increases as a function of the nitrogen content, which is seen as a facile reversible outer-sphere redox
reaction on ta-C:N electrodes. However, for the surface-sensitive inner-sphere redox (ISR) analytes, it is shown that the
electrochemical response instead follows the oxygen and hydrogen content. We argue that the passivation of the required surface
adsorption sites by hydrogen decreases the rates of all of the chemically different ISR probes investigated on nitrogenated surfaces
significantly below that of the nitrogen-free reference sample. This hypothesis can be used to readily rationalize many of the

contradictory electrochemical results reported in the literature.

B INTRODUCTION

ambiguously understood to date. In particular, there is a

Amorphous carbon (a-C) and its high sp*>-bonded, carbon-
containing variant, the so-called tetrahedral amorphous carbon
(ta-C), have recently received renewed attention as candidate
electrode materials in various applications.'~® They have been
utilized in biomolecule detection to measure, for example,
dopamine (DA),” as corrosion protection layers,® and as a
robust platform to realize more complex carbonaceous sensing
materials.”'® Despite their many attractive properties, such as a
wide potential window, low background current, readily
functionalizable surfaces, and generally favorable interaction
with various cell types,' their sometimes inherently low
conductivity and chemical reactivity, especially in the case of
ta-C, have posed some challenges in their electrochemical
applications.'" Thus alloying ta-C films with nitrogen to
increase their conductivity'”~'* and electrochemical perform-
ance™'**" has been widely attempted. Likewise, the addition
of nitrogen to amorphous carbon films with a lower sp’
fraction and their resulting electrochemical performance have
recently been addressed.”’ ~>* Although some very detailed
investigations about the electronic, structural, and chemical
effects that N has on a-C have been reported,”° the
electrochemical behavior of nitrogenated a-C films remains
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drastically different behavior between outer-sphere redox
(OSR) probes, which are practically insensitive to surface
chemical properties but “react” to changes in the electronic
properties of electrode material, and inner-sphere redox (ISR)
probes, which are highly sensitive to surface chemistry. For
example, Behan et al.”® observed that the reaction kinetics of
the OSR probes increased as a function of increasing nitrogen
content, whereas the opposite trend was noted for the ISR
probes. Similar unexplained results can be widely found in the
literature for a-C thin films."

To understand this behavior, researchers have sketched
various models that would explain these observations by
invoking effects caused by differently bonded nitrogen or how
the presence of nitrogen affects the local chemical environment
of the a-C films.”' > Density functional theory (DFT) studies
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Figure 1. Summary of physical characteristics. (a) Surface elemental composition as measured by XPS (Figure S1 and Table S1 in the Supporting
Information). (b) TOF-ERDA elemental compositions integrated from the depth regions shown in Figure 2. Open symbols refer to values outside
experimental resolution. (c) XRR density and Raman carbon I,/ ratio plotted as a function of the TOF-ERDA nitrogen content.” (d) Sheet
resistance and AFM root-mean-square (RMS) roughness (Rq) plotted as a function of TOF-ERDA N (at %). See Figures S2—S4 in the Supporting

Information for XRR, Raman, and AFM results.

have also been used to address these issues”> but with no
notable breakthroughs. As a note, we point out here that the
model structures typically used, for example, in ref 22, where
model graphene clusters were utilized, have been rather
unrealistic and do not really adequately represent the structural
complexity of amorphous carbon and its surfaces.”>”’~*" We
argue that one of the main reasons that the behavior of the ISR
probes on nitrogenated amorphous carbon films has remained
elusive is that most, if not all, of the investigations have
concentrated solely on investigating the concentration and
behavior of nitrogen in a-C and disregarded other atmospheric
species, most notably oxygen and hydrogen. The oxygen
content has frequently been measured (as in ref 22) and the
C/O ratio has been given, but the cooperative effects of O, H,
and N have, to the best of our knowledge, never been
addressed. As we will show in this Article, this appears to be
the key phenomenon that can provide the so-far missing
explanation for the drastically different behaviors of the OSR
and ISR probes on amorphous carbon materials. Even though
there exist some investigations tackling the behavior of ISR
probes on oxygen-functionalized, well-defined carbon surfaces
in considerable detail,””*" these results cannot be straightfor-

wardly extended for amorphous carbon surfaces, which exhibit
considerably more heterogeneous and complex surface
features.”’” Likewise, there exist some investigations that try
to take into account detailed chemical effects induced by both
N and O, for instance, in the case of the reduced graphene
oxide—carbon nanotube—Nafion-modified glassy carbon elec-
trode used for the oxygen reduction reaction, but again, these
results do not resonate well with the present case of nanoscale
a-C thin films owing to the drastically different structures.’’
Thus to fill the above stated gaps in the current knowledge,
we have alloyed ta-C with nitrogen (ta-C:N) in situ by adding
N,(g) to the deposition plasma of pulsed filtered cathodic arc
discharge (PFCVA) to obtain thin films with three different
nitrogen contents. These films have been subsequently
characterized with sheet resistance measurements, atomic
force microscopy (AFM), X-ray reflectivity (XRR), Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS), X-ray
absorption spectroscopy (XAS), and time-of-flight elastic recoil
detection analysis (TOF-ERDA). Furthermore, the films were
electrochemically investigated by utilizing two OSR probes
(Ru(NH;)¢**/3* and IrCl&™/37) and four ISR probes (DA,
ascorbic acid (AA), uric acid (UA), and paracetamol (PA))
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Table 1. Sample Naming Conventions Based on N (at %) as Measured by TOF-ERDA, XRR Thickness, Roughness, and
Density, Raman Spectroscopy Ip/I; Ratio,”> and AFM Roughness R, (nm)“

p-FCVA TOF-ERDA XRR Raman®® AFM

sample name N, pressure (mTorr) N (at %) thickness (nm) density (g cm™) Iy/Ig Ry (nm)
ta-C <0.0005 <0.1 27.7 3.02 0.17 0.17
ta-C:4.2N 0.01 4.2 28.6 2.86 0.26 0.25
ta-C:5.8N 0.10 5.8 28.1 2.83 0.30 0.24
ta-C:9.0N 1.00 9.0 28.5 2.73 0.38 0.21

“The reference ta-C sample (no N,(g)) was deposited under a cryo-pump below 5 X 1077 Torr pressure.

using cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). Finally, computational results, utilizing the
machine-learning (ML)-derived interatomic potential (Gaus-
sian approximation potential (GAP)) optimized for carbon,
have been exploited to rationalize structural changes in
amorphous carbon films due to decreased C* ion energies in
the deposition plasma, that is, increasing N,(g) pressure.”” By
investigating the concentrations of all three elements (O, H,
and N) in the films and correlating these with the
electrochemical performance, we are, for the first time, able
to explain the drastic differences in the behavior of OSR and
ISR probes on a-C thin-film electrodes. Because nitrogen
alloying is widely used to modify the electrical and electro-
chemical properties of amorphous carbon and other carbona-
ceous nanomaterials, these cooperative chemical effects are
likely to be extremely important for a wide variety of
applications and materials.

B RESULTS AND DISCUSSION

Physical Characterization. A summary of the XPS,
Raman, TOF-ERDA, sheet resistance, XRR, and AFM results
is shown in Figure 1 and Table 1. As can be seen from Figure
la, XPS shows a clear increase in the amount of nitrogen as a
function of the increased N, partial pressure during the
deposition process. What is interesting is that it also shows a
marked increase in the oxygen concentration, which appears to
more or less follow the increase in the N content until the
highest N fraction in the films is reached. At this point, the O
content has markedly decreased below that of N, most likely
due to the saturation of the film by N, which “blocks” the other
alloying elements from accumulating in the films, at least in
high quantities. To have more information about the elemental
depth distribution in the films, including that of hydrogen, a
TOF-ERDA investigation was carried out, and the results are
summarized in Figure 1b. They clearly show the remarkable
increase not only in the amount of O as a function of the
increased N content but also in the amount of H in the films.
The concentration of H follows the increasing N content very
closely and reaches a maximum of ~6 at % H in the bulk
before decreasing again, likely due to N saturation effects back
to the level found in reference ta-C. The sudden increase in the
H and O content that follows the changes in nitrogen
concentration seen here is previously unreported in the
literature. The subsequent saturation effect, however, is
consistent with Spaeth et al.,>* who investigated ta-C:N films
with N at % in the range from 10 to 30 at % N and reported H
and O contents below 3 at % for all samples.

By combining the rather surface-sensitive XPS analyses with
TOF-ERDA, which provides elemental depth profiling
throughout the whole film, as seen in Figure 2, we can obtain
information from the surface and the bulk regions of the films.
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Figure 2. TOF-ERDA elemental depth profiles integrated from raw
histograms displayed in Figure SS (Supporting Information). The
vertical lines show the integration area for quantitative elemental
compositions shown in Figure 1 and tabulated in Table 1.

On the basis of these TOF-ERDA results, the following can be
stated: (i) The overall concentrations of H and O increase with
increasing N content both on the surface and in the bulk until
saturation is reached at the 1 mTorr N, sample, where their
concentrations drastically decrease. (ii) The H and O
concentrations appear significantly higher closer to the surface
of the films, which is especially notable for the reference ta-C
when compared with XPS. Because the deposition chamber is
pumped by a cryo pump (<S5 X 1077 Torr) and the reference
ta-C sample contains significantly less H and O, it is likely that
a major origin of H and O in the films is atmospheric (most
likely water vapor).

Thus when incorporating pure N into amorphous carbon
films, one cannot ignore the role of other atmospheric species,
namely, O and H. This will have a major impact on the
electrochemical behavior of the films, as shown later. Raman
and XRR results in Figure lc and Figures S2 and S3
(Supporting Information) show a steady increase in the I,/
I ratio, which is attributed to an increase in the carbon sp
clustering size with added nitrogen.” Increasing the N content
is also correlated with the decrease in sp* carbon bonding.”>**
This is further supported here by the clear decrease in the mass
density of the film as a function of the increased N, pressure
during deposition, similar to that observed in ref 34.
Furthermore, these changes are accompanied by a major
increase in the conductivity of the film, as shown in Figure 1d.
Furthermore, from Table 1, it can be seen that the film
thickness remains similar in all samples, whereas the density
appears to slightly decrease. Thus etching of the ta-C surface
by high-energy nitrogen plasma species, as suggested in ref 35,
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Figure 3. Atomic structure variation of a-C as a function of the carbocation incident energy. With increased energy there is a transition from (1 eV)
graphitic glassy-like carbon to (5 eV) sp?/sp® clustered patch-like a-C, to (10 eV) sp*-rich ta-C. The right side of each panel shows a S A deep slice
through the simulated films reported in refs 29 and 36, where red, orange, yellow, and blue atoms indicate sp, spz, sp3, and five-fold coordinated
environments, respectively. The left side shows the in-plane averaged fractions of sp, sp?, and sp® hybridization through the film thickness. The tick
length for thickness is 10 A and is in scale with the right side. Mass densities in the bulk are estimated as 1.62, 2.70, and 3.30 g/cm’ for 1, 5, and 10
eV, respectively. See Figure S7 in the Supporting Information for 20 and 100 eV deposition energies.

is not certain here because the combined changes in thickness
and density are small. Finally, the surface roughness values, as
measured by AFM, increase slightly, and the surface top-
ography becomes more patch-like (Table 1, Figure S4 in the
Supporting Information).

Computational Modeling of Amorphous Carbon. It
can be expected that the N,(g) introduced into the plasma
decreases the incident energy of the carbon ions reaching the
surface,”” as indicated by the decrease in the density and the
increase in the surface roughness shown in Table 1. Samples
were also deposited in argon gas, and the density trend was
measured by XRR to further demonstrate this trend
independent of any specific carbon—nitrogen interactions
(Figure S6, Supporting Information). Because the results
with Ar were consistent with those of N, we can qualitatively
utilize our recent extensive computational studies on the
growth of a-C films deposited with a wide range of different
energies™® to explore the likely structural changes that this
decrease in plasma energy may induce for a-C films. These
simulations are based on the ML-derived interatomic potential
that can provide us with close to DFT accuracy at a fraction of
the computational cost.’*™** This enables us to carry out
dynamic growth mechanism studies involving several thousand
atoms, which is essential to capture the nonperiodic and
chemically rich structure of amorphous carbon. Figure 3 shows
the evolution of the a-C structure as a function of the
deposition energy and the relative fractions of sp, sp®, and sp’
hybridizations in the films. The sp® fraction is positively
correlated with the mass density, assuming that the films
consist of low amounts of species other than carbon.

As can be seen from Figure 3, as the deposition energy
decreases, the fraction of sp’>-bonded carbon significantly
decreases, the structure becomes less dense, and the surface
roughness increases. As shown in ref 36 and on the 1 eV panel
in Figure 3, low-density films may contain a large amount of
highly reactive sp-bonded carbon at the surface and less so, but
still a sizable fraction, in the bulk. The sp fraction in the bulk
rapidly decreases as the density (deposition energy) increases
and is negligible at high deposition energies. Reactive sp motifs
may remain present right at the surface; however, these can be
expected to passivate in experimental samples due to (i) in situ
annealing by ions and electrons, (ii) reactions with added
deposition gases, and (iii) ex situ reactions with atmospheric
compounds.”” Furthermore, films deposited in the range of $
eV exhibited distinct regions of diamond likeness (high sp*) or

graphite likeness (high sp?), making the film structure patch-
like, as visible in Figure 3. In the experimental results, this
patch-like surface topography is also evident in the AFM
rasters (Figure S4, Supporting Information) and is consistent
with what has been suggested to take place with the increase in
nitrogen content in ta-C films in ref 25. On the basis of the
previous analysis, these computational studies are in qualitative
agreement with XRR, Raman, and AFM results from this study
and with the observations reported in the literature.”
Therefore, we can conclude that as the kinetic energy of the
species reaching the film surface decreases due to collisions
with nitrogen molecules in the deposition chamber, the
structure of the a-C films (i) becomes less dense, (ii) exhibits
a higher albeit still small surface roughness, (iii) shows
clustering of the sp>-bonded carbon phase, and (iv) presents
additional reactive carbon motifs that may readily form
chemical bonds in situ during deposition or ex situ under
atmospheric conditions. Compared with dissociated and
ionized N species present during plasma pulses, any further
in situ saturation with undissociated N, molecules during
deposition can be unfavorable at room temperature, implying a
possibly nitrogen-starved deposition environment, especially
for the intermediate N, pressures of 0.01 and 0.10 mTorr.
Hence subsequent exposure to the atmosphere is likely to
induce the incorporation of H and O species into the structure.
The comparison of the simulated depth distributions of carbon
sp’, sp% and sp in Figure 3 to elemental N, O, and H depth
distributions observed by TOF-ERDA in Figure 2 agrees with
this hypothesis.

Lastly, it is important to realize, while considering the
chemical and electrochemical properties of the a-C thin films,
that the surface of these films is always sp*-rich with practically
identical electronic and chemical structures regardless of the
amount of sp® in the bulk of the films, as previously shown
both experimentally*”*’ and computationally.””*® Whereas the
thickness of this surface layer depends on the deposition
energy (see Figure 3), its properties, to a large degree, do not.

Of course, the previously discussed trends remain mainly
qualitative because the effect of N is not explicitly taken into
account. However, as shown by the XPS and TOF-ERDA
results, to have a realistic view of the films, one should also
include O and H in these simulations in addition to N, making
the system at least a quaternary one. There is ongoing work in
our groups to proceed toward these large-scale multi-
component computational studies. In the meantime, we have
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See Figures S9 and S10 in the Supporting Information for normalized spectra of C 1s, N Is, and O 1s.

utilized computational models like those previously shown
combined with the DFT level of theory to create functionalized
surfaces to study the effects of various surface groups on the
biomolecule adsorption in smaller scale systems.”" We will
subsequently use some of these results to rationalize the
electrochemical results later on.

X-ray Absorption Spectroscopy. The previous discus-
sion summarizes the structural changes seen in ta-C films with
the addition of nitrogen and gives information on the
elemental composition of the ta-C:N films. To better
understand the changes in the chemistry and bonding,
specifically, further high-resolution XPS and XAS studies
were carried out. It was, however, promptly noted that the high
amounts of N, O, and H present in the films convolute the
XPS high-resolution spectra, shown in Figure S8 in the
Supporting Information. Hence, the XAS spectra of C 1s, N 1s,
and O 1s were inspected in an attempt to deconvolute any
trends. The degree of detail provided by XAS can be higher
than that of XPS because whereas XPS observes photo-
electrons excited to the continuum, XAS directly probes the
allowed transitions at a given energy by differentiation of the
incident photon energy, making the measurement and spectra
generation more direct and simpler. In this work, we utilized
our extensive investigations (see Sainio et al.**) on the general
C 1s, N 1s, and O 1s peak attributions for carbon
nanomaterials.

The absolute and normalized intensity XAS C 1s spectra in
total electron yield (TEY) mode shown in Figure S9
(Supporting Information) indicate that the major differences
between the reference ta-C and the most heavily N-doped ta-
C:9.0N film are observed in their functional groups after the
sp* 7 peak up to the carboxyl peak around 288.7 V. In this
area, one clear peak is observed at ~286.7 eV, which in the
literature, is often assigned for the ketone group. However,
because both XPS and ERDA indicate a clear increase in the N
content and because the same region after the sp® 7* peak can
also be assigned to carbon—nitrogen bonding, as discussed in
literature,”** we do not believe the former interpretation to
be the only correct one here. The absolute intensities of N 1s
and O 1s spectra in TEY mode shown in Figure 4 also indicate
that the amount of nitrogen is continuously increased during
the deposition, whereas the oxygen content seems to increase
for only the intermediate steps (ta-C:4.2N and ta-C:5.8N) but
is similar for the reference ta-C and ta-C:9.0N. Thus on the

basis of these observations, the peak seen at ~287 eV is more
likely related to the increase in CN bonding. Furthermore, the
decrease in oxygen functional groups from the intermediate
samples to the ta-C:9.0N is seen at 288.7 eV, where the
carboxyl intensity is markedly decreased. Relatively minor
differences between the samples were also seen in their sp*
network characterized by the sp* 7* peak at 285.3 eV, which
remained intact and did not broaden, and the changes in the
peak intensities were small. The ta-C:9.0N sample with the
highest nitrogen pressure during deposition had a notably
higher sp> 7* intensity than its counterparts, and some changes
in the sp® content were observed, as the reference ta-C had the
highest and ta-C:9.0N had the lowest sp® content. These
differences were nevertheless rather subtle and hard to
interpret because the sp® content in these films is likely a
result of C—C, C—0O, C—H, and C—N bonds, as also suggested
in ref 35.

Hence, to have more insight into the chemistry of the
incorporated nitrogen, the absolute intensities of N 1s and O
Is spectra were analyzed using both the TEY and the highly
surface-sensitive Auger electron yield (AEY, sensitive to the
first 1 to 2 nm of the sample surface) modes. (See the TEY in
Figure 4 and the AEY in Figure S.) They confirm the basic
chemical trends already observed by TOF-ERDA and XPS.
More specifically, on the basis of N 1s, the successive increases
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Figure S. Absolute intensity XAS spectra in auger electron yield
(AEY) mode, with labeled peaks for N 1s spectra.™**
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Table 2. EIS Results”

electrochemical impedance spectroscopy S mM Ru(NH;),

Nicholson’s method®® k% (cm s7!) Matsuda parameter”* A

N (at %) a R, (Q) Cq (uF cm™) K (cm s71)%*
ta-C 0.91 + 0.001 589.7 + 27.6 0.33 + 0.01 0.003 + 0.000
taC:4.2N 0.98 + 0.02 54 + 0.5 5.67 + 0.11 0.28 + 0.03
taC:S5.8N 0.97 + 0.02 6.7 +£ 0.5 545 + 0.18 0.22 + 0.02
taC:9.0N 0.94 + 0.05 6.3 + 1.0 6.15 + 0.43 0.24 + 0.04

1 mM Ru(NH;), 1 mM IrClg 1 mM Ru(NH;)s 1 mM IkClg
0.009 + 0.000 0.005 + 0.000 0.7 +£ 0.0 04 + 0.0
0.282 + 0.020 0.023 + 0.001 20.7 £ 1.5 1.7 £ 0.1
0.222 + 0.036 0.021 + 0.001 15.8 +£ 2.0 1.6 + 0.1
0.246 + 0.026 0.028 + 0.002 194 + 2.9 21 +02

“Nicholson’s method rate constant (k°) and Matsuda parameter (A) were averaged from 100, 200, 300, and 400 mV/s scan speeds. The values and
errors displayed are averages and standard deviations of three measured electrodes, respectively.

a)

T T T

CPE
300 400 mv/s 1 71400 | 5 mM Ru(NH,), 1
0.15 M H,S0, s 4 ta-C:9.0N
200 T ta-C:9.0N 1200 E‘R(tm’r_’}uﬁhml ® ta-C:5.8N i
_____ ta-C:5.8N el ¢ ta-C:4.2N
[ e ta-C:4.2N 1000 [ "t
< 100 - ta-C 1
2 S soof
£ ol ] £
= £
S Y 600l
-100 + J
400
&
-200 | T ool ampf e,
15
-300 | | . . L 0 ) : )
-2 -1 0 1 2 0 500 1000 1500
Potential (V vs. Ag/AgCl) Z,ea ()

Figure 6. (a) 0.15 M H,SO, water window cyclic voltammetry scans at 400 mV/s scan speed. (b) Nyquist plots of EIS measurements obtained in S
mM Ru(NH;) in 1 M KCI with the inset showing the high-frequency range. Results from fitting the data with the modified Randles equivalent
circuit are shown in Table 2. The measurable charge-transfer resistance R, represents both electron transfer and transport resistances.

in the N content increases the pyridinic and nitrilic types of
CN bonding for all of the ta-C:N samples. There is no direct
evidence of other types of CN bonding (such as pyrrolic), but
those cannot be completely ruled out either. Furthermore, ta-
C:9.0N deposited at the highest N, pressure also begins to
exhibit more noticeable nitrogen substitution of carbon in
graphite, that is, graphitic CN bonding already at room
temperature. These increases in CN bonding observed in N 1s
are accompanied by increased ketone and carboxyl functionals
in O 1s for the intermediate ta-C:4.2N and ta-C:5.8N, whereas
for ta-C:9.0N, the oxygen functionalities decrease back to
levels and peak shapes similar to those of the reference ta-C, as
the N saturation presumably “blocks” elements from entering
the films. The increase and the subsequent decrease in oxygen
functionalities observed in C 1s and O 1s are in agreement
with previous reports.* Other oxygen functional groups (such
as aldehydes) appear to have similar amounts through the
whole data set.

Similar to the previous conjecture about a nitrogen-starved
deposition environment, here we also observe two different
types of N-doping environments seemingly related to the
amount of N during deposition. In the first system, there is an
inadequate amount of N, and the N bonding happens either at
the edge sites of the newly formed a-C film or at the defect
sites, resulting in a pyridinic or nitrilic type of bonding. More
important and interesting is the second system, where a
sufficient amount of N enables the graphitic bonding of N to
the C lattice. This is potentially interesting for other doping
purposes, such as with N doping in graphene at low
temperatures.

To summarize, the Raman, XRR, and AFM results were in
agreement with the changes seen in the computational
structure models of a-C (Figure 3) when the deposition
energy was decreased by the addition of a gas into the
deposition. This approach was, however, not able to directly
account for the changing amounts of N, O, and H content and
their respective bonding configurations. The elemental
composition trends observed by XPS and XAS for N, O, and
H were in agreement with the TOF-ERDA results. Moreover,
the bonding changes detected by the high-resolution XPS and
XAS were less obvious owing to the serious multicomponent
convolution effects induced by the presence of N, O, and H in
the a-C. To reach an unambiguous interpretation about the
nature of nitrogen and oxygen bonding in these disordered
carbon films, further investigations supported by computa-
tional work are required to acquire local chemical information.
Finally, it is to be noted that similar mass density changes were
also evident in films deposited with Ar instead of N. This
provides strong evidence that the structural changes observed
in a-C, which are here linked to the subsequent alloying by
atmospheric compounds, are also relevant for a wider range of
disordered carbonaceous materials, even without the intro-
duction of reactive gases, such as nitrogen, into the deposition
chamber.

Electrochemical Characterization. After thorough struc-
tural and chemical analyses of the films, we proceeded to carry
out electrochemical studies. Potential windows of the different
ta-C:N films were measured in sulfuric acid, and the electron-
transfer kinetics was studied using two different OSR probes,
one with positive charge (Ru(NH,;)s**/**) and one with
negative charge (IrCl,>™/37). In addition to different charge
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states, these OSR probes have very different formal potentials,
around —150 and ~750 mV vs Ag/AgCl for Ru(NH,)s*"/3*
and IrCls*™/37, respectively. This means that the surface charge
of the electrode will most likely be negative in the first case and
substantially positive in the second case, as the potential of
zero total charge (PZTC) as measured in inert HCIO, for ta-C
electrodes identical to the ones used here is ~70 mV vs Ag/
AgCl.47 Nitrogen will, of course, affect the value of PZTC to
some degree, but it is not expected to shift it enormously. The
use of two widely distinct probes and differently charged
surfaces will thus give us a more general view of the OSR
behavior in these electrodes, including possible electrostatic
effects.

The electrochemical results are summarized in Table 2.
Figure 6 shows the effect of N on the width of the potential
window. As can be seen, the oxygen evolution reaction (OER)
at the anodic end is not markedly influenced by the nitrogen
addition, whereas the overpotential for the hydrogen evolution
reaction (HER) at the cathodic end significantly decreases as
nitrogen is added. The ta-C:N films with 4 and 6 at % N have
practically identical HER onset potentials, but there is a
significant decrease with further addition to 9 at % N and
subsequent saturation of the films with nitrogen. This type of
behavior at the cathodic end with N addition has been
previously explained simply by the increased conductivity
caused by the added nitrogen.'® However, owing to the
presence of oxygen and hydrogen in the films, as shown by the
XPS and TOF-ERDA results, the present case is likely not so
simple. It is quite likely that the combined contributions from
the N, H, and O affect the interaction strength of protons with
the surface of the thin-film electrodes and thus the overall
kinetics of the HER reaction. It has been suggested that an
increased number of functional groups (both O- and N-based)
on the carbon surface decreases the adsorption of H (in terms
of both the adsorption strength and the surface coverage) from
the gas phase compared with the nonfunctionalized materi-
al*®* although opposite trends have also been reported.”’
There are likely to be similar effects on the proton adsorption
from the solution and subsequent discharge in this case. More
importantly, the strong interaction of the hydrogen present in
the nitrogen-doped ta-C films with the reactive sp® surface
motifs”” will also likely decrease the adsorption energy of the
hydrogen from the solution side, which is often associated with
increased HER activity and thus lower overpotential.”"** The
case of the highest nitrogen-containing film (ta-C:9.0N) seems
to contradict the previously described trend, as it has fewer
oxygen functionalities (XAS) and a lower amount of hydrogen
(ERDA) compared with the other nitrogenated a-C films, and
it still has the lowest overpotential for HER. However, at the
same time, it also has the highest amount of sp*-bonded
carbon, and it is the only film having graphitic nitrogen based
on XAS, making it very different from the reference a-C and
the lower nitrogen-containing films. Thus it is not straightfor-
ward to rationalize these complex phenomena, and it certainly
requires further extensive experimental and computational
studies, which are out of the scope of the present investigation.

The results from the CV measurements (Table 2 and Figure
S11 in the Supporting Information) show that with both OSR
probes, the electron-transfer kinetics increases and becomes
practically reversible already with the smallest addition of N in
comparison with pure ta-C. Heterogeneous electron-transfer
constants at formal potential determined by utilizing the so-
called Nicholson method™® are shown in Table 2. To obtain a

further quantitative measure of the electrochemical reversibility
for the different ta-C:N films, we also calculated the values of
the parameter A, proposed by Matsuda and Ayabe.”* (See the
Supporting Information for details.)

The results shown in Table 2 confirm that with the
Ru(NH;)¢*"/3 redox probe, all of the ta-C:N films exhibited
reversible electron-transfer kinetics, and with IrClﬁz_/ S they
were at the higher end of the quasireversible region. With both
probes, the electron-transfer kinetics was substantially slower
with the unalloyed ta-C.

The EIS measurements (Figure 6 and Table 2) done by
using Ru(NH;)¢>*/3* provided information that is consistent
with the CV results, showing that the charge-transfer resistance
decreased drastically with even the smallest addition of N and
stayed approximately constant after that as nitrogen content
was further increased. As was pointed out in ref 11, the charge-
transfer resistance in the case of OSR reactions on ta-C films
actually consists of two parts: (i) electron transfer at the
electrochemical interface and (ii) electron transport through
the film. (See Figure 6 for the corresponding equivalent
circuit.) This is based on the fact that the surface regions of the
a-C thin films are always practically identical both electroni-
cally and structurally regardless of the differences in the
amount of sp>-bonded carbon in the bulk of the film.>**%
Therefore, the electronic coupling strength between the OSR
molecule and the a-C electrode is also likely to remain
unchanged. On adding nitrogen to the films, the rate constant
becomes practically the same as that for the 7 nm thick ta-C
without N addition reported in ref 11, which was there taken
to represent the electron-transfer resistance of ta-C without
any additional transport contributions. Thus on the basis of
this, we can expect that the increase in the reaction rate of the
OSR probes is mainly caused by the increased conductivity of
the films and the following decrease in the electron-transport
resistance upon the addition of N instead of any drastic
changes in the electron-transfer rates. This increased
conductivity of nitrogen-doped ta-C was evident based on
the sheet resistance measurements and can be computationally
justified based on the increase in the density of states (DOS)
of the material around the Fermi level, as previously shown by
us.”" We cannot, however, completely rule out the possibility
that the presence of nitrogen in the film surface region would
also influence the surface DOS to a degree that it would
increase the electronic coupling between the reactant and the
electrode surface and thus affect the electron-transfer step. No
electrostatic effects were seen despite the different charge
states of the electrode surfaces during the measurements with
Ru(NH,)¢**/3 and IrCl> /3", Finally, it was shown that the
capacitances of the ta-C:N films were somewhat larger than
that of ta-C, and they experienced slightly more ideal capacitive
behavior, as the a value was closer to one. (See Table 2.)

The electrochemical behavior was further characterized with
four different ISR probes at physiological pH: two negatively
charged probes (AA and UA), one neutral probe (PA), and
one positively charged probe (DA). This was done again to
assess the possible electrostatic effects in addition to specific
chemical interactions. The peak potential data of the ISR
probes are summarized in Figure 7. It is evident that with all of
the analytes, the oxidation peak potential shifts anodically
when nitrogen is incorporated into the ta-C film, implying a
significant decrease in the overall rate of the reaction. Thus the
behavior is completely opposite to that observed with the OSR
probes. Similar phenomena for a-C thin film electrodes have
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Figure 7. Inner-sphere redox (ISR) probe anodic peak potential (E,,,)
at 500 mV/s scan speed as measured in PBS as a function of
elemental compositions (N, O, H) by TOF-ERDA. ISR probe E,,
values are shown as averages with standard deviations as error bars (N
= 3). See Figure S$13 and Table S2 in the Supporting Information for
the CV scans and tabulated values.

also been observed, for example, in ref 23, but they have
remained unexplained until now. In contrast with the OSR
probes, the ISR probes are highly surface-sensitive and often
require adsorption onto the electrode surface for the reactions
to occur.” The fact that we have, in addition to nitrogen,
oxygen on the sample surfaces is typically assumed to enhance
the adsorption of many of the ISR probes, as is the case, for
example, with DA.*"*°

Our previous computational results’' indicate that the
adsorption strength of DAQ, which is the oxidation reaction
product of DA, increases as the surface of the ta-C electrode
becomes negative. This can take place, for example, because of
the presence of oxygen functionalities (most notably —COOH
and ketones) on the film surface at physiological pH. This
interaction would then result in a cathodic shift in the
oxidation potential of DA on the a-C thin-film electrodes, as
shown in ref 57. Likewise, AA has been shown to experience a
similar cathodic shift in its oxidation potential in the presence
of similar oxygen functionalities.”> Moreover, our recent
investigations show that PA also experiences a cathodic shift
in its oxidation potential upon oxidative treatment of single-
wall carbon nanotube (SWCNT) network electrodes.”®
Because an opposite trend is seen here in all of the previously
discussed cases, some species other than oxygen in the system
must cause this inhibition of the reaction on the nitrogenated
electrode surfaces. Furthermore, the response of nitrogenated
amorphous carbon films toward DA oxidation was recently
investigated by Behan et al.>> Their results indicated that there
was a slight increase in the oxidation current of DA (but no
change in the oxidation potential) on nitrogen-containing film
in comparison with nitrogen-free film: The I, value increased
linearly as a function of the scan rate, and the peaks were
symmetric, pointing toward the weak adsorption of reaction
species on the surface of nitrogenated a-C electrodes. The
authors™ also reported that their films contained oxygen in
addition to nitrogen in a similar or slightly higher amount. The
hydrogen content was not reported, but the fact that the films
were annealed at 900 °C under a N, atmosphere after
deposition for 1 h indicated that most (if not all) of the

atmospheric contaminants were removed. Finally, a cathodic
shift in the oxidation peaks of AA, DA, and UA on a nitrogen-
doped graphene-modified glassy carbon electrode was reported
by Sheng et al.”’ As in the previously discussed investigation,
also in this case, the nitrogen-doped graphene contained
oxygen along with nitrogen, and no information about the
hydrogen content was given. On the basis of the fabrication
process including annealing at 800 °C under an Ar
atmosphere, one can however, assume that the hydrogen
content was at least not very significant.

Thus the fact that we have considerably high hydrogen
loading in our films, as shown by TOF-ERDA (Figure 1 and
2), provides us at least a partial answer. Hydrogen is known to
passivate, for example, boron-doped diamond (BDD)
surfaces,”’ and on the basis of our calculations, it exhibits a
large adsorption strength on different sites on amorphous
carbon surfaces.” Thus it is expected that in this case, the large
amount of hydrogen in the films passivates most of the reactive
adsorption sites on the surface and subsequently reduces the
kinetics of all of the investigated ISR probes. The process of
surface passivation and the incorporation of atmospheric
species is likely to be facilitated by the slightly more open and
reactive nature of ta-C:N in comparison with ta-C films (see
Table 1 and Figures 2 and 3), providing adsorption sites with
higher energies. The logarithm of the oxidation peak current
versus the log of the scanning rate for DA (Figure S12) gave a
slope close to 0.5, suggesting a diffusion-controlled process.
Because adsorption is known to be required for DA reactions
to take place on carbon films, this behavior is consistent with
the observed strong anodic shift in the oxidation potential.”"**
Our argumentation is further supported by the fact that as
shown by the TOF-ERDA results, the kinetics of all of the ISR
probes are lowest with the highest hydrogen content and
return to about the same level or higher than that of the
reference ta-C electrodes with the highest nitrogen content, ta-
C:9.0N, when the hydrogen level is pushed back down to a
value similar to that in the reference ta-C electrodes (Figures 2
and 4). Moreover, because the chemically quite different ISR
probes all behave identically, this tends to rule out that our
observations would be caused by specific functional groups
present on the surface. Together, these facts strongly suggest
that hydrogen is, in fact, mainly responsible for the observed
behavior, and the details of the surface chemistry revealed by
XAS (and XPS) are of minor importance. Hence, regarding the
answer to the question that we posed in the title of this Article,
we can state: (i) OSR probes exhibit faster kinetics as they
“respond” to the increased conductivity of ta-C:N films,
whereas (ii) ISR probes interact with the hydrogen-passivated
surface of the ta-C:N films, and subsequently, their reaction
rates are decreased.

B CONCLUSIONS

In this Article, we have shown that when ta-C thin films are
alloyed with nitrogen, one cannot ignore the presence of other
dopants, such as atmospheric gases hydrogen and oxygen. By
combining sheet resistance measurements, XRR, Raman
spectroscopy, XPS, XAS, and TOF-ERDA we could show
that as N is added to ta-C thin films, (i) the conductivity
increases, (ii) the mass density decreases, (iii) the surface
roughness increases, and most importantly, (iv) O and H are
incorporated into the films along with N. Interestingly,
nitrogen substitution of carbon in graphite was also observed
for the highest N content. Using our recent methodology from
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extensive computational studies on a-C deposition, we could
qualitatively support the hypothesis that as the addition of
N,(g) into the chamber decreases the deposition incident
energy, this makes the structure of a-C more open, clusters the
carbon sp® phase, and increases the overall reactivity (increase
in the fraction of sp and sp® C), resulting in the incorporation
of atmospheric O and H into the films. These structural and
chemical effects are used to rationalize the previously
ambiguous differences in the behavior of OSR and ISR probes.
We argue that the excess hydrogen in the films will passivate
most of the active adsorption sites on the surface and result in
a significant decrease in the kinetics of the surface-sensitive ISR
probes. On the contrary, the kinetics of the surface-insensitive
OSR probes increases owing to the higher conductivity of the
nitrogen-alloyed ta-C:N films. Because N incorporation is
widely used to alter the properties of disordered carbonaceous
materials, these results will have a wide impact on many fields,
such as advanced energy solutions and electrochemical sensing
applications.

B EXPERIMENTAL METHODS

All samples were deposited on boron-doped p-type silicon (100)
prime wafers (<0.00S Qcm, Siegert Wafer) and microscope glass
slides (Menzel) with a p-FCVA system in a vacuum chamber
evacuated to base pressures below 5 X 1077 Torr using a CTI
cryogenics CTI 8F cryopump. The p-FCVA system uses a toroidal
45° bent electromagnetic filter, with a pulse-forming network unit of
2.6 mF charged to —400 V (pulse current 650 A, 1 Hz). Substrates
were placed on a 17 rpm rotating holder at room temperature. The
source material for the carbon plasma was a graphite rod of 6.35 mm
diameter and purity of 99.95% (Graphitestore). Nitrogen gas
(99.9999%) was introduced into the chamber via a mass flow
controller at flow rates ranging from 14 to 71 sccm for 0.01 to 1.00
mTorr chamber pressure, respectively. No gas was added for the
reference ta-C deposition, for which the pressure remained below 5 X
1077 Torr during deposition.

XRR measurements were performed in parallel beam mode using a
Rigaku SmartLab diffractometer equipped with a 9 kW rotating Cu
anode (0.154 nm), a HyPix-3000 2D single photon counting detector,
and a monochromator. A Veeco Dimension 5000 AFM was used in
tapping mode with Mikromasch HQ:NSC14/Al BS tips of 8 nm
typical tip radius and a S N m™' force constant. Images were
processed using Gwyddion 2.47 software for artifact correction and
calculation of the root-mean-square (RMS) surface roughness (Rq).
The sheet resistance was measured for glass substrate samples using a
Jandel probe attached to a DC power source and a picoammeter.
Raman spectroscopy was performed by a Horiba Jobin-Yvon Labram
HR confocal Raman system with a 488 nm argon laser with 10 mW
power on the sample. A spot size of 1 ym was used with an Olympus
100X objective. Spectra were acquired in the range of S0 to 3000
cm™" with a 600 lines/inch diffraction grating, exposure time of 15 s,
and an average count of two. Spectroscopic calibration was performed
on an intrinsic Si wafer (Ultrasil). Raman spectra were fitted by two
Gaussian peaks for D and G regions of amorphous carbon to obtain
the Ip/I peak intensity ratios, as explained in the literature.>®

The a-C deposition molecular dynamics simulations, as detailed in
the literature,””*® were carried out using the GAP for the amorphous
carbon of Deringer and Csanyi’® by depositing one atom at a time
onto a preexisting diamond substrate. The deposition of a-C films
over a wide range of energies (1 to 100 eV) was simulated by
throwing monoenergetic carbon atoms onto the growing film, with
each impact followed by a period of equilibration to bring the system
back to its nominal temperature of 300 K. For this purpose, a Nosé—
Hoover thermostat with a time constant of 100 fs was used, as
implemented in LAMMPS.* The QUIP code with the GAP plug-in
was used to run the GAP simulation via its LAMMPS interface. All of
the simulations used a variable time step to account for the disparate

atomic velocities during impact (very high) and during equilibration
(much smaller), with the general rule of thumb that the maximum
atomic displacements per time step should not exceed 0.1 A. Also, the
time used for the equilibration was variable, depending on the energy
of the impacting atom. (1 ps was used for the highest energy collisions
at 100 eV.) The resulting atomic structures in XYZ format, amenable
to further third-party structural analysis, is freely available to the
community from Zenodo in extended XYZ format.*®

XPS was performed using an Axis Ultra electron spectrometer
(Kratos Analytical) with monochromatic Al Ka irradiation at 100 W
under neutralization. Before the analysis, pre-evacuation was carried
out overnight. High-resolution spectra of C 1s, O 1s, and N Is and
survey spectra of three to four locations were recorded for each
sample. 100% filter paper (Whatman) was used as an in situ reference
for charge correction.””*® Elemental depth profiles were measured
using a TOF-ERDA system. A detailed description of the method and
apparatus can be found in the literature.®” The ion beam was a 15.315
MeV '"7I¥ beam from the 1.7 MV Pelletron accelerator at the
Accelerator Laboratory of the University of Jyvaskyld. The tilt angle
was 20° relative to the ion beam direction. Data were analyzed using
Potku software.”® The soft X-ray XAS experiments were conducted at
the Stanford Synchrotron Radiation Lightsource (SSRL) beamline 8-
2, where a bending magnet was used with a 55° incidence angle
(magic angle) of X-rays. A resolution of ~200 meV was achieved with
a spherical grating monochromator that was operated using 40 X 40
um slits. The X-ray beam spot size was ~1 X 1 mm? with total flux on
the order of 1010 photons/s. The X-ray energy for N, C, and O 1s
edges was measured from 380 to 440, 260 to 340, and 520 to 560 eV,
respectively. A Keithley picoammeter was used to amplify the drain
current to collect all of the data in TEY mode, where the incoming
flux was measured using a nickel grid coated with Au-sputtered film.
Here a reference sample was used for energy calibration of the data
prior to the data analysis. The C 1s spectra were confirmed to match
their energy calibration by observing the core—exciton signature at
291.65 €V after the reference sample energy alignment.”'~”> The N 1s
spectra were energy-corrected and aligned using a Ni 2p signal in
second order at 426.35 eV. The Ni 2p was available via a reference
sample inserted upstream, which cut ~2% of the incoming intensity.
The O 1s spectra were first aligned by matching their oxygen i, dip
(roughly at 530 eV) and then further aligned to match the carbon
tape O 1s 7* to 532.0 eV. The presented N 1s, C s, and O Is spectra
were averaged from three different locations. Furthermore, all of the
data were background-subtracted and energy-corrected using IGOR
Pro v. 8.02 software.

Electrochemical measurements were carried out inside a Faraday’s
cage at room temperature on a Gamry Reference 600 potentiostat and
analyzed using Gamry Echem Analyst software. All values are averages
of three measured electrodes. New electrodes were used for every
electrochemical experiment. Both CV and EIS measurements were
carried out in a three-electrode cell with a Ag/AgCl (+0.199 V vs
SHE, Radiometer Analytical) reference electrode and a platinum wire
counter electrode. Aqueous solutions of 1 M KCl (Merck Suprapur)
and phosphate-buffered saline (PBS) solution (pH 7.4) were prepared
with water from a Millipore system (>18 M2 cm) and were deaerated
for at least 15 min with N,(g) prior to measurements. In addition, the
cell was blanketed in a continuous flow of nitrogen. Electrodes were
prepared by masking the samples with polytetrafluoroethylene
(PTFE) tape (Saint-Gobain Performance Plastics CHR 2255-2)
onto FR-4 copper laminate sheets (MG Chemicals). Uncompensated
resistance (R,) approximations were measured in the supporting
electrolytes to discard poorly prepared electrodes. Hence, when
measuring low currents of ~10 pA, the ohmic drop resulting from R,
was only a few millivolts and could be disregarded. The active
electrode surface area was 3 mm in diameter, equating to 0.07 cm®
The potential windows were determined in 0.15 M H,SO, (Merck
Suprapur) by cycling at a scan rate of 400 mV/s starting from the
reference potential, so that the absolute values of both the anodic and
the cathodic current were ~200 pA. CV measurements in 1 mM
Ru(NHj;)4 (hexaammineruthenium(III) chloride, Sigma-Aldrich) and
1 mM IrCl; (potassium hexachloroiridate(IV), Sigma-Aldrich)
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dissolved in 1 M KCI (Sigma-Aldrich) were performed at scanning
rates of 25, 50, 100, 200, 300, 400, and 500 mV/s, of which only the
500 mV/s measurements are shown here. The CV of the inner-sphere
analytes 1 mM PA (Sigma-Aldrich), 1 mM AA (Sigma-Aldrich), 1
mM UA (Sigma-Aldrich), and 0.1 mM DA (Sigma-Aldrich) was
similarly performed in PBS. EIS measurements were conducted in S
mM Ru(NH,), dissolved in 1 M KCl. An AC signal of 15 mV in
amplitude was used in the frequency range from 200 kHz to 100
mHz. CV measurements at 400 mV/s were used to determine the
formal potentials of the Ru(NH;)¢**/>* redox system, which were set
as the DC potentials for EIS. The obtained EIS spectra were fitted and
analyzed using Gamry Echem Analyst software. The equivalent circuit
used for fitting the Nyquist plots was a modified Randles circuit’
with a solution resistance (R;) in series with a parallel circuit of a
charge-transfer resistance (R) element, an infinite Warburg element,
and a constant-phase element (CPE) for the double-layer capacitance
(Cq)- The R, element comprised two resistance elements: electron
transfer to the film surface and electron transport through the film.
For the Cy, the ideal capacitor parameter (a = 1 for an ideal
capacitor) and the apparent heterogeneous rate constant (k°) were
calculated as described by Hsu and Mansfeld.** Nicholson’s method®*
was used to calculate rate constants k° from 100, 200, 300, and 400
mV/s scan rates for | mM Ru(NHj;)4 in 1 M KCl and 1 mM IrClg in
1 M KCL. Matsuda parameters were calculated from these k° values, as
described in ref 54.
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