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Nitrogen-Doped Amorphous Carbon Film for Enhanced
Cu?* Electrochemical Sensing in Marine Environments

Xueging Zhao, Silong Zhang, Shuyuan Wang, Peng Guo, Zhenyu Wang, Guanshui Ma,*

and Aiying Wang*

Amorphous carbon (a-C) is a promising material for electrochemical sensing
due to its wide potential window and chemical stability. However, its high resis-
tance and limited surface activity hinder performance. Nitrogen (N) doping can
improve conductivity while maintaining a low background current, but precise
control of N content remains challenging. In this study, N-doped a-C films

are fabricated using a high-ionization anode-layer ion source by adjusting the
C,H,/N, gas ratio. The influence of N concentration on Cu?* detection perfor-
mance is systematically evaluated. Moderate N doping (~12.9 at.%) facilitates
the formation of sp2-hybridized carbon and nitrogen-containing functional
groups, significantly enhancing electrochemical activity. The optimized elec-
trode exhibits a wide linear detection range from 8 x 10~3 to 5 mM and a low de-
tection limit of 8 x 10~ mM in 3.5 wt% NaCl solution, sufficient for monitoring
copper alloy crevice corrosion (~0.1 mm). The electrodes also show excellent
repeatability, reproducibility, and long-term stability. Theoretical calculations
indicate that increased sp? content and C—N bonds enhance Cu?* adsorption
and electron transfer, thereby improving sensor performance via N doping.

significantly accelerates the degradation
of metals and alloys, increasing the risk
of catastrophic accidents in marine en-
gineering systems.!') Copper-based al-
loys are widely used in marine engi-
neering because of their excellent cor-
rosion resistance and favorable physical
properties.’*] Research has shown that
during the crevice corrosion of these al-
loys, the dissolution of the copper (Cu) el-
ement at the anode interface occurs ear-
lier than the dissolution of nickel (Ni) and
iron (Fe) elements. Therefore, monitor-
ing of copper ions (Cu®*) level indicates
the propensity of initiation of corrosion
locations and services lifetime predic-
tion for marine metallic components.[>

Various electrode materials for cop-
per ion electrochemical sensor construc-

1. Introduction

Corrosion remains a persistent challenge in marine economic
development. The presence of highly concentrated electrolytes
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tion were explored in recent years.’-!]
Among them, Boron doped diamond
(BDD) electrode has been successfully
applied in metal detection due to its mechanical stability, cor-
rosion resistance, stable surface properties, wide potential win-
dow, and excellent electrochemical activity.'?1¢ Furthermore, it
has been observed that the sp*/sp? ratio of the BDD film signifi-
cantly influences its sensing performance, with a higher level of
sp? hybrid carbon linked to faster electron transfer, higher back-
ground current, and improved corrosion sensitivity.'’~'%) How-
ever, the conditions for BDD preparation, high temperature at
800 °C or above, were much critical, which limited the appli-
cation of BDD electrodes in microfabrication of microelectrode
arrays and temperature-sensitive substrates.!?*-2*] Different from
BDD electrodes, amorphous carbon (a-C) film, primarily com-
posed of sp?-C and sp*-C atomic bonds, can be easily fabricated
over large areas at ambient temperature using various physical
vapor deposition techniques. These films also exhibit superior
mechanical robustness, chemical inertness, corrosion resistance,
and excellent electrochemical properties as BDD, providing a po-
tential alternative electrochemical detection strategy in the ma-
rine environment.[24-3l

However, the high resistance and low surface activity of a-C
films currently limit their rapid response and high sensitivity as
electrochemical sensors. Doping elements like B, N, and P could
improve the conductivity of a-C films and maintain a wide po-
tential window as well as low background current at the same
time.313¢] Notably, unlike phosphorus and boron doping, which
primarily involve red phosphorus, phosphorane, and toxic bo-
rane compounds, nitrogen doping using N, gas offers several
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advantages, including easy fabrication over large areas at room
temperature, non-toxic processing, and low cost.’”*] Nilkar
et al. deposited N-DLC by dielectric barrier discharge plasma
technique with CH, and N, gas.[*"] The doping of N atoms was
found to act as effective donors, enhancing the electronic trans-
mission by graphitization bonding structure, raising the Fermi
level, and narrowing the band gap. The wide potential window,
low parasitic current, and nearly reversibility by N doping in an
a-C film were also reported.[*]

In this work, we fabricated a series of N-doped a-C films by
a homemade anode-layer ion source (ALIS) technique. The con-
centration of doped nitrogen was varied by adjusting the ratio
between introduced C,H, and N, sources. The dependence of
nitrogen concentration on the atomic bonding structure, surface
property, and electrochemical properties of a-C films was ana-
lyzed. The performance of copper ions (Cu?*) detection was in-
vestigated on N-doped a-C film in 3.5 wt% % NaCl solution (aver-
age salinity of sea water) by differential pulse voltammetry (DPV)
method. The electrode repeatability, reproducibility, and stability
were evaluated in terms of microstructural evolution and electro-
chemical properties. In addition, density functional theory (DFT)
calculations were employed to clarify the mechanism of the im-
provement of Cu®* detection performance. All results demon-
strated that N-doped a-C films are promising materials for corro-
sion monitoring of copper-based marine engineering structures.

2. Result and Discussion

2.1. Components Characterization of Films

N-doped a-C was prepared by ALIS technology. By adjusting the
ratio of N, and C,H, gas flow during film deposition, the N-
doped content in the film can be controlled. Figure 1a illustrates
the schematic diagram of the deposition system. The complete
XPS spectrum, as illustrated in Figure S1 (Supporting Informa-
tion), displayed the pure a-C film, which was predominantly con-
stituted of C 1s and O 1s peaks. With the increase of N, gas flow
rate, a new peak belonging to N 1s appeared at 299.1 eV, and the
N 1s peak became stronger while the C 1s peak became weaker.
The fitted element composition of each sample was shown in
Figure S2 (Supporting Information). Increasing the N, gas flow
rate from 0 to 85 sccm led to the increase of nitrogen concentra-
tion in a-C films from 0 to 13.1 at.%. Thus, all the specimens were
labeled as a-C, N-2.1 at.%, N-4.0 at.%, N-6.9 at.%, N-12.9 at.%, N-
13.1 at.%, according to their nitrogen concentration, respectively.
Noted that the doped N element almost reached saturation when
the N, gas flow rate reached 80 sccm. In addition, after etching by
Ar* ions, the O 1s peak almost disappeared in the XPS spectrum.
The emergence of O concentration ~6.8-8.1 at.% was mainly due
to less residual oxygen in the vacuum chamber and oxygen ad-
sorbed in air.

To further analyze the structure evolution of elements, high-
resolution C 1s and N 1s XPS core level spectra were investi-
gated. Figure 1b exhibited the C 1s core level spectra, where
the peak was fitted by Gaussian (30%)-Lorentz (70%) function
and decomposed into five peaks at 284.5, 285.3, 285.9, 286.3,
and 288.8 eV corresponding to sp>—C, sp*—C, C—N, C—0, and
C=0, respectively.*!l The structure evolution of C bonds influ-
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enced by nitrogen concentration was summarized in Figure 1c.
As the nitrogen concentration increased from 0 at.% to 13.1 at.%,
the sp?—C bond concentration initially rose from 55.0 at.% to
57.7 at.%, then decreased to 53.13 at.%. In contrast, the sp>—C
concentration first dropped from 31.4 at.% to 7.9 at.% and then
increased to 13.9 at.%. The maximum sp?’—C/sp>—C ratio oc-
curred at the N-12.9 at.% sample, suggesting that an optimal
amount of N doping promotes the sp?>—C fraction in the film.
Meanwhile, the enhanced C—N peak intensity indicated the for-
mation of stable C—N bonds at sp*-hybridized carbon sites, in-
duced by nitrogen doping. More importantly, nitrogen doping
enhances the electronegativity of carbon materials by forming
C—N bonds, which induce localized positive charges on adja-
cent carbon atoms. This electronic redistribution strengthens
the interaction with electrons, thereby facilitating catalytic redox
reactions.[*?]

The nitrogen species in nitrogen-doped carbon materials are
mainly divided into four types: graphite nitrogen, pyridine nitro-
gen, pyrrole nitrogen, and pyridine nitrogen oxides. Figure 1d,e
illustrates the N 1s core level spectra and the fitted N bond states
in a-C films. Three sub-peaks were obtained by Gaussian-Lorentz
decomposition in Figure 1d: the peak at 398.6 eV was assigned to
pyridine N, the peak at 400.4 eV was attributed to pyrrole N, and
the peak at 402.2 eV was related to graphite N.[***4] As demon-
strated in Figure 1e, both pyridinic N and pyrrolic N exhibited an
increase in their concentration as the nitrogen doping content in-
creased. Consequently, the pyridinic N increased from 1.8 at.% to
6.8 at.%, and the pyrrolic N increased from 0.2 at.% to 5.8 at.%.
Due to their unhybridized lone pair electrons and strong electron-
donating ability, pyridinic nitrogen species can effectively serve
as Lewis base sites. As a result, nitrogen-doped carbon catalysts
enriched with pyridinic nitrogen exhibit enhanced catalytic per-
formance in redox reactions.[*>]

Raman spectroscopy was employed as an important tool for
component characterization in amorphous carbon films owing
to its sensitivity to carbon bond structure and non-destructive
properties. The Raman spectra of all samples were dominated by
one typical broad peak from 1000 to 1800 cm™, characteristic of
the amorphous nature of these films (Figure 1f). The broad peak
was fitted by a Gaussian function and decomposed into two sub-
peaks: the D peak centered at 1360 cm™! and the G peak centered
at 1580 cm™!. The D peak was attributed to defects within the
graphitic structure, while the G peak corresponded to the stretch-
ing vibration of two adjacent carbon atoms, which appeared at all
sp? sites in the film. With increased nitrogen doping, the D peak
intensity gradually increased, indicating a higher defect density
caused by lattice distortion, sp? network disruption, and charge
redistribution.[*’] The carbon bond structure can be further elu-
cidated by analyzing the full width at half maximum (FWHM)
of the G peak, its position, and the integrated area ratio of the
D and G bands (Iy/I;) (Figure S3, Supporting Information). The
FWHM of G peak was a measure of structural disorder caused by
the distortion of bond length and bond angle, and the increased
FWHM reflected an increase in structural disorder. The upward
shift of the G peak position was attributed to the development of
sp? content.*®] The I, /I value was related to the number of sp?
clusters and the size of sp? cluster grains. According to Ferrari's
model, I,/I value was proportional to graphite grain size (L,) at
the second stage.[*]
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Figure 1. a) Preparation schematic of N-doped a-C films; b) Deconvolved C Ts core level XPS spectrum of a-C and N doped a-C, c) and their element
concentration evolution of various carbon bonds; d) Deconvolved N 1s core level XPS spectrum of a-C and N doped a-C, e) and their concentration

evolution of different nitrogen bonds; f)Raman spectra with corresponding

peak decomposition; HRTEM images of a-C g), N-12.9 at.% h) and insert

were the corresponding TEM images and SAED pattern; i) EELS spectra of three typical films and the calculated sp?-C friction.

In other words, with the increase of nitrogen concentration,
the G peak FWHM first decreased from 179.2 to 166.5 and then
increased to 168.4, when the nitrogen concentration reached 12.9
at.%. The G peak position was shifted upward and then went
downward since N-12.9 at.% sample, and the I,/I; increased
from 0.699 (a-C) to 1.674 (N-12.9 at.%) but then decreased to
1.668 (N-13.1 at.%). These results suggest that a moderate level of
nitrogen doping reduces structural disorder, enhances the forma-
tion of sp? sites, and promotes the growth of larger sp? graphite
grains.’%51 This phenomenon is consistent with previous re-
ports. For instance, Zhou et al. found that nitrogen incorpora-
tion did not alter the amorphous structure of the film but in-
creased the content of sp’-clustered phases, thereby enhancing
the degree of graphitization.[®?) But when the nitrogen concen-
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tration reached 13.1 at.%, the nitrogen would play an opposite
role. This observation is consistent with the findings of Liang
et al., who reported a highway-mediated nanoarchitecture con-
sisting of pseudo-graphitic nanodomains embedded in highly
nitrogen-doped disordered segments.>3] Additionally, Raman re-
sults showed good agreement with XPS results. Nitrogen atoms
were incorporated into stable covalent bonds with carbon, and
moderate N doping promoted the formation of sp? sites. This
could be due to nitrogen replacing sp*> C—C bonds in the aro-
matic rings, leading to a reduction in the average coordination
number and a decrease in the sp® hybrid composition.[>*

The TEM cross-sectional images of two typical films, a-C and
N-12.9 at.% sample, were shown in Figure 1g,h. The Si substrate
was totally covered by a-C and N-doped a-C film, with relatively
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uniform thickness between 208 and 271 nm. Then, the corre-
sponding crystal structure of a-C and N-12.9 at.% film was an-
alyzed through HRTEM images and SAED (upper right illus-
tration). The a-C film without nitrogen doping exhibited dense
and amorphous nanostructure, confirmed by the corresponding
SAED pattern, which featured typical broad rings of amorphous
structure. With nitrogen concentrations of 12.9 at.%, the films
maintained their amorphous nanostructure, indicating that the
incorporation of nitrogen did not change the amorphous proper-
ties of the films. Figure 1i shows the EELS spectra of three films
after extracting the background with the highly oriented pyrolytic
graphite as a reference. The carbon K-edge spectra, ranging from
275 to 310 eV, include the z* peak located at 285 eV fitted by a
Gaussian function and the 6 peak with the energy window from
290 to 305 eV. The sp?-C fraction (x) was then analyzed by the
follow equation:[>>¢]

(ﬁ)ﬁlm =3—x (1)
<Z—:>HOPG 4x

Based on the above calculation, the sp?-C fraction of a-C film
was 57.6%. The sp?-C fraction first increased to 78.4% and
then decreased to 75.4%, as the nitrogen concentration reached
12.9 at.% and 13.1 at.%, respectively. The EELS spectra fur-
ther confirmed the Raman and XPS results that the sp?-C frac-
tion could be increased by moderate N doping, but it decreased
instead when the nitrogen concentration exceeded 12.9 at.%.
It has been reported that the changes in the electrochemical
properties of membrane electrodes are closely related to their
microstructure.’’] Specifically, electron transport in a-C films is
primarily governed by sp?-bonded carbon atoms, which is fur-
ther determined by the quantity and size of sp? clusters within
the carbon network. The increase of sp? clusters contributes to
the formation of electron transport channels and promotes elec-
tron transport, which contributes to the rapid electrochemical re-
sponse of nitrogen-doped a-C film electrodes. %!

To investigate the effect of N doping level on surface mor-
phology, a-C film and N-doped a-C film were observed by AFM.
Figure S4a—c (Supporting Information) exhibited the 3D views
of AFM image of a-C, N-4.0 at.%, N-13.1 at.% film. The surface
of a-C film was relatively rough, with a root-mean-square (RMS)
roughness of 0.44 nm. However, the surface morphology of N-
4.0 at.% and N-13.1 at.% became smoother with the RMS rough-
ness value down to 0.36 and 0.25 nm, respectively. It could be sur-
mised from Figure S5d that the addition of N element resulted
in a smoother film surface. Furthermore, the water contact angle
also reflected the surface characteristics of the film to a certain
extent. As shown in Figure S4d (Supporting Information), the
contact angle of the film initially decreased from 81.7° to 69.7°
and then slightly increased to 73.4°, which could be interpreted
as the combined effect of sp?-C fraction, C—N active bonds, and
surface morphology.>°! On the one hand, as nitrogen doping in-
creased, the higher sp?-C content reduced the surface energy,
while the formation of more active C—N bonds significantly in-
creased the surface energy. As a result, the surface energy of the
film increased, which made the film surface more hydrophilic
and reduced the contact angle. On the other hand, the smoother
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surface resulted in a more hydrophobic film surface and higher
contact angle according to the Wenzel model.l®"] Under the joint
action of those factors, when the N concentration reached 12.9
at.%, the minimum value of contact angle of 69.7° was obtained.

2.2. Electrochemical Properties

The electrochemical behaviors of a-C and N-doped a-C film
were investigated. The potential windows, electrochemical ac-
tivity in the Fe(CN)¢*~/*~ redox system, and the electrochemi-
cal behavior in Cu®* solution were studied via cyclic voltamme-
try (CV) method and (electrochemical impedance spectroscopy
(EIS) Nyquist plots. First, the potential window (AE) of the elec-
trodes was examined, as it is considered one of the most impor-
tant parameters of electrode properties. It refers to the distinc-
tion between the hydrogen evolution and oxygen evolution po-
tential of the electrode reaction, with the range where redox cur-
rent density <0.2 being usually adopted as AE. In addition to the
target oxidation-reduction reaction, the competitive hydrolysis re-
action must be considered during the electrode reaction process,
as it could interfere with the acquisition of the target substance
signal.

Generally, the wider potential window the electrode possessed,
the more types of substances could be analyzed, especially those
with higher redox potentials. Figure 2a showed the (CV) curves
of a-C and N doped a-C electrodes, measured in 3.5 wt% NaCl
solution (in deionized water) at a scan rate of 100 mV/s. As was
shown in Figure 2b, the pure a-C electrode exhibited the widest
potential window, close to 4.5 V. The potential window was 3.9V,
3.9V,3.7V,3.5Vand 3.1 Vfor N-2.1 at. %, N-4.0 at. %, N-6.9 at. %,
N-12.9 at. % and N-13.1 at. % electrode, respectively. Although,
the potential window gradually diminished as the doping N ele-
ment increased, it retained a relatively wide potential. This might
be attributed to the increased surface activity and hydrophilicity
caused by N doping and the increase of sp?-C, which enhanced
the adsorption of water molecules on the electrode surface and
promoted electron transport.

Subsequently, the electrochemical behavior of a-C and N
doped a-C electrodes was evaluated by Fe(CN)y3~/Fe(CN),*~
redox system, a simple single electron redox
couple. Figure 2c demonstrated the CV measurements in
10 mM K;[Fe(CN),] (in 1 M HCI solution) with the scan rate of
100 mV/s. The potential separations (AE,) between anodic peak
and cathodic peak, as well as the ratio of anodic and cathodic
peak currents (I;x/I;Zd) were presented in Table 1. Compared
with the a-C electrode, even a small amount of nitrogen doping
significantly reduced AEp in the N-2.1 at.% sample. And AEp
first increased and then decreased, with the minimum value,
250 mV, appeared in N-12.9 at.% sample. In addition, in N-12.9
at.% sample, the anodic and cathodic peak current density also
reached the maximum and the / was closer to 1. These results
indicated that the N-12.9 at.% electrode had a more reversible
electrode reaction, a higher electrochemical activity and superior
catalytic ability for the redox of Fe(CN)y*~/Fe(CN)s*~ redox
couple.

Representatively, the EIS Nyquist plots were performed to
analyze the electron transfer capacity of three typical films a-
C, N-12.9 at.%, and N-13.1 at.% with a frequency range of
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Figure 2. a) CV curves and b) potential windows of a-C and N doped a-C electrodes in 3.5 wt % NaCl solution (in deionized water) with the scan rate
of 100 mV s~7; ¢) CV curves, and d) EIS Nyquist plots with a frequency range of 10°-0.1 Hz of a-C and N doped a-C electrode in the solution with
10 mm K;[Fe(CN)g] (1 M HCl as the solvent); e) CV curves of a-C and N doped a-C electrodes; f) DPV curves and g) the relationship between current
peak density and Cu?* concentration with Cu?* concentration from 8 X 1073 to 5 mm; h) Peak current density for repeatability and reproducibility tests;
i) Stability test conducted by DPV measurement, in CuCl, solution (3.5 wt % NaCl as the solvent), with the scan rate of 100 mV s~

Table 1. The AE, and I;"/I;ed of electrodes in 10 mm (K3;[Fe(CN)g]) (in 1™
HCl solution).

Electrode number AE, V] IZX/I;M
a-C 2.78 0.836
N-2.1at.% 0.94 0.800
N-4.0 at.% 0.67 0.757
N-6.9 at.% 0.54 0.817
N-12.9 at.% 0.25 0.844
N-13.7 at.% 0.94 0.790

10°-0.1 Hz. As shown in Figure 2d, the EIS plots consisted of
a semicircle in the high-frequency region and a linear region in

Adv. Mater. Interfaces 2025, e00583 e00583 (5 Of11)

the low-frequency region, corresponding to the charge transfer
resistance (R,,) and the diffusion process, respectively.l®*! Obvi-
ously, the N-12.9 at.% had a lower R, than a-C and N-13.1 at.%,
as indicated by the smaller semicircle diameter, which suggested
the lower resistivity and faster electron transfer.[®?) This finding
was consistent with the results of CV measurement shown in
Figure 2c.

Figure 2e shows the electrochemical behavior of Cu?* on the
electrode surface. The CV measurements of five electrodes were
conducted in CuCl, solution (3.5 wt.% NaCl as the solvent) with
a scan rate of 100 mV s~1. Two separate reduction peaks and one
oxidation peak were observed in the five CV curves. This was pri-
marily attributable to the high concentration of Cl~, which tended
to react with active Cu* ions, forming a significant amount of
CuCl,™. In 3.5 wt.% NaCl solution, nearly all the Cu* converted to
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Table 2. Repeatability and reproducibility test conducted by DPV measurement in the solution containing 5 mm CuCl, and 3.5 wt.% NaCl.

Repeatability of a-C:N electrode

Electrode number 1 2 3 4 5
Current density (WA cm™2) —350.20 —344.11 —348.21 —355.42 —341.86
Average current density (LA cm™2) 347.96

RSD 1.37%

Reproducibility of a-C:N electrode

Electrode number 1 2 3 4 5
Current density (WA cm™2) —346.78 —347.31 —350.89 —341.62 —345.15
Average current density (WA cm™2) 346.35

RSD 0.87%

CuCl,~, with the redox electrochemical steps of Cu?* interpreted
as follows:

Cu™* +¢ - Cut ()
Cu* +2CI" — CuCl] (3)
CuCl, + ¢ — Cu+2Cl- (4
Cu — Cu** +2¢” (5)

From the CV curves, the original a-C electrode had a wider po-
tential separation and lower peak current. However, with even a
modest amount of N doping, the peak potential separation be-
came narrower, and the peak current density significantly in-
creased. When the nitrogen concentration reached 13.1 at.%, the
peak separation further increased, and the peak current signal
got weaker than N-12.9 at.%. Therefore, the N-12.9 at.% electrode
showed the best performance for Cu?* detection.

2.3. Detection of Cu?*

The Cu?* detection performance of the N-12.9 at.% electrode
was investigated by DPV method, due to its higher sensitivity
and lower non-vector background current interference. Figure 2f
shows the DPV curves of the first cathodic peak in the CuCl, so-
lution (3.5 wt.% NaCl as the solvent) with Cu?* concentration
ranging from 8 to 5 mm. The reduction peak for Cu?*/Cu* ap-
peared at 0.19V, and the peak current density obviously increased
as the Cu®* concentration increased. Figure 2g depicts the trend
of peak current density and Cu?* concentration, which could be
described as a two-stage linear relationship. At the first stage,
ranging from 8 x 107> mwm to 2 x 1072 my, the equation was
represented as ipa (WA mm~!) = —9.33-426.10 x C (mm) (R? =
0.992). At the second stage, which ranged from 2 x 1072 mp to
5 mw, the equation could be depicted as ipa (WA mm~!) = —16.76—
67.05 X C (mm) (R? =0.999). Therefore, the linear range extended
from 8 x 1073to 5 mm. The detection limit was estimated to be
8 x 1073 mwm, which covered the low limit of Cu?t concentration
(0.1 mm) in copper alloy crevice corrosion micro-environment.!?!

Further, the repeatability, reproducibility, and stability of the
electrode were confirmed. The repeatability test of Cu?* detection
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was carried out by collecting DPV current signal on the same elec-
trode in five independent solutions containing 5 mm CuCl, (in
3.5 wt.% NaCl). The DPV curves were shown in Figure S5 (Sup-
porting Information), and peak current density was shown in
Figure 2h where only a slight change was observed, with a relative
standard deviation (RSD) of 1.37% (shown in Table 2), demon-
strating the excellent repeatability of Cu?* detection. The repro-
ducibility was evaluated by conducting the DPV measurement
on five different electrodes in 5 mm CuCl, (in 3.5 wt.% NaCl) so-
lution. The DPV measurements and peak current density were
shown in Figure S6 (Supporting Information) and Figure 2h,
with an RSD of 0.87% (Table 2), implying reliable reproducibility.
To assess stability, the electrode was placed in 3.5 wt.% NacCl so-
lution at ambient temperature for a period of time. The peak cur-
rent signal in Figure 2i was obtained through DPV test in 5 mm
CuCl, (in 3.5 wt.% NaCl) solution. After 45 days of storage, the
peak signal showed only 1.8% loss compared with the original
state, which might be due to factors such as corrosion, surface
fouling or structural degradation of the N-doped a-C film. The
phenomenon indicated the well-standing stability of N-doped a-C
electrode in the simulated seawater environment with high salt.
The detection performance of the N-doped electrode was com-
pared with that of the recently reported copper ion sensor, as
shown in Table S1 (Supporting Information).

3. Theoretical Calculations

To study the influence of N element on the a-C structure, the for-
mation energy of the N-doped a-C structure (AE’; _c.y) Was calcu-

lated using the following formula:(®*]

AB] = (ES, + B0 ) — (B9 4 B ©

a—C:N

where E°% and E;"_taé:N represent the total energies of the a-C
structure and the N-doped a-C structure respectively, EX* and

Exo™ represent the energies of a single C atom and N atom,

respectively. The formation energy (AEZ _cn) can largely reflect
the stability status of the N-doped a-C structure. Specifically, the
smaller the value is, the more stable the N-doped a-C structure
tends to be. Based on the sp? ratio of a-C measured in the ex-
periment and limited by the first principles calculation system,
two types of N-doped a-C structures with the sp? hybridized C
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ratios of 53.13% and 78.13%. The specific situations are shown
in Figure S9 (Supporting Information). Subsequently, for these
two different structures, we calculated their respective formation
energies in detail, and the relevant data are presented in Table
S2 (Supporting Information). Through calculation and analysis,
it was found that the formation energy corresponding to the N-
doped a-C structure with the sp? hybridized C ratio of 78.13% is
relatively greater. This result fully indicates that in the a-C struc-
ture, when the sp? hybridized C ratio is at a higher level (such
as 78.13% in this research), it is easier to dope the a-C structure
with N elements, and the formed doped structure also has better
stability.

For the atomic adsorption model, the adsorption energy can
effectively characterize the adsorption effect of atoms on the sur-
face. To describe the adsorption strength of Cu ions by differ-
ent models, a more accurate single-point energy self-consistent
calculation was carried out on the basis of the relaxation struc-
tures. The formula for calculating the adsorption energy is as
follows: (64

E

ads = Esub/ud - Esub - Ead (7)

where E,; ., is the total energy of the adsorption model; E,,;, is
the energy of the substrate, and E,; is the energy of the adsorption
atom/ion. When the adsorption energy takes on a negative value,
it means that the adsorption process can proceed spontaneously,
and the larger its absolute value is, the stronger the adsorption
ability will be. By calculating the adsorption energy (E,;) of two
sp? hybrid C ratios a-C structures, and their corresponding doped
N structures at different interfacial distances, the optimal adsorp-
tion position of Cu ions on the a-C structure surface was deter-
mined, and the structure was sufficiently relaxed (Figure S10,
Supporting Information). The calculation results indicate that,
on the surface of the undoped a-C structure, the displacement
of Cu ions before and after relaxation is rather limited, thereby
leading to a minor variation in the adsorption energy of Cu ions.
In contrast, on the surface of the N-doped a-C structure, Cu ions
exhibit a stronger propensity to be adsorbed onto the surface of
C atoms instead of N atoms after relaxation, which consequently
gives rise to a more significant change in the adsorption energy
of Cuions. Overall, the increase in the sp? hybrid C ratios is help-
ful for enhancing the adsorption energy of a-C toward Cu ions,
and the N-doping is also beneficial for improving this adsorp-
tion energy. Under such circumstances, the N-doped a-C with sp?
hybridized C ratio of 78.13% exhibits the best adsorption effect,
which is consistent with the experimental results.

The charge density difference (CDD) is a widely used tool in
materials science and quantum chemistry. It is used to study the
changes in charge distribution of a system in different states
(such as before and after atomic bonding). It is obtained by
subtracting the superposition of the charge densities of isolated
atoms from the total charge density of the system. It allows one to
visually observe the redistribution of electrons when atoms form
chemical bonds or undergo other interactions. During the elec-
trochemical sensing process, charge transfer occurs between a-C
and Cu ions. By calculating the CCD, it is possible to determine
which regions at the interface between a-C and Cu ions have ex-
perienced charge accumulation or loss, thus understanding the
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direction and extent of charge transfer. The calculation formula
for the CCD of the adsorption model is as follows:%]

Ap = Psudjad — Psud — Pad (8)

where p,;,4 is the total CCD of the adsorption model; p,, is
the CCD of the substrate, and p,; is the CCD of the adsorp-
tion atom/ion. The CCD of the Cu ion adsorption models for
two types of sp? hybridized C ratio a-C structures and their cor-
responding doped N structures were calculated, as shown in
Figure 3. The brownish-red areas and dark green areas in the
figure represent the charge accumulation and charge loss after
the adsorption of Cu ions, respectively. It can be seen that there
is an obvious charge loss around the Cu ions. To further analyze
the impact of the Cu ion adsorption process on the charge states
of C atoms and N atoms in a-C, select the plane determined by
these three atoms to draw a 2D CCD diagram. In the diagram,
the red areas, blue areas, and green areas represent the charge
accumulation, charge loss, and unchanged charge distribution
after the adsorption of Cu ions, respectively. It can be seen that
there is a charge loss around Cu ion and C atom. The lost charges
gather and superimpose between Cu ion and C atom, thus form-
ing bonding orbitals. The probability of electrons appearing in
the region between the two nuclei is increased, and finally, a co-
valent bond is formed. Similarly, in Figure 3c, a covalent bond is
also formed between Cu ion and N atom. However, due to the
relatively low probability of electron accumulation, the strength
of the Cu—N bond is weaker than that of the Cu—C bond, which
explains the phenomenon that Cu ions are more likely to be ad-
sorbed on the surface of C atoms rather than that of N atoms af-
ter relaxation. In Figure 3d, the adsorption of Cu ions will cause
a charge loss between the C atom and N atom, which means that
Cu ions will weaken the binding strength of the C—N bond.

To further analyze the bonding characteristics of Cu ions on
the a-C surface, the density of states (DOS) of Cu ions, N atoms,
C atoms, and a-C structures was calculated, as shown in Figure 3.
It was found that within the energy range of -8 to 0 eV, there is
a resonance between the d orbital of Cu ions and the p orbital of
C atoms (or N atoms); and within the energy range of 0 to 6 eV,
the p orbital of Cu ions and the p orbital of C atoms (or N atoms)
also have a resonance. The above phenomenon indicates that the
DOS of Cuions and that of C atoms (or N atoms) have a relatively
wide overlapping region. It can be inferred that when Cu ions are
adsorbed on the a-C surface, relatively strong covalent bonds will
be formed with C atoms (or N atoms).

During the electrochemical sensing process, electron transfer
occurs between the electrode materials and the substances to be
detected. The changing trend of the density of states near the
Fermi level (E) reflects the ease or difficulty of electron transi-
tions between different energy levels. If the DOS curve near the
Fermi level (E)) is relatively smooth, it indicates that electron tran-
sitions between energy levels in this region are relatively easy,
and the electrical properties of the substance are closer to those
of metals. If the curve fluctuates greatly or there is an energy gap,
electrons need to overcome certain energy barriers during tran-
sitions, and the electrical properties of the substance are closer
to those of insulators or semiconductors. Through the analysis
of the DOS of four a-C structures, it was found that the values
at the Fermi level (E)) were all non-zero. This phenomenon fully
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Figure 3. The charge density difference of Cu ion adsorption on a-C surface. a) Undoped a-C (sp?: 53.13%); b) Undoped a-C (sp?: 78.13%); c) N-doped

a-C (sp?: 53.13%); d) N-doped a-C (sp?: 78.13%).

confirms the existence of free electrons inside. Moreover, as the
sp? hybridized C ratio increases and N-doping is involved, both
will prompt the DOS curve near the Fermi level (Ej) to become
smoother. This enables the N-doped a-C with an sp? hybridized C
ratio of 78.13% to exhibit the best electron transport effect, which
is highly consistent with the results obtained from experiments.

According to the microstructure evolution, electrochemical
performance changes, and theoretical calculations of the inte-
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rior and surface of the film before and after nitrogen doping,
Figure 4 shows the electrochemical behavior of the N-doped
a-C film. As described above, after nitrogen doping, the film
showed better reversibility, stronger electrochemical signal, and
enhanced electron transfer. This was mainly due to the improved
conductivity of a-C film and enhanced electrochemical activity
at the film surface. On the one hand, XPS and Raman results
confirmed that an appropriate amount of N doping not only
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Figure 4. Schematic diagram of electron transfer and electrochemical behavior of a-C and N doped a-C film.

promoted the sp?-C fraction but also enhanced the formation
of larger size sp? graphite grains, thereby enhancing the con-
ductivity of the film.[¢] On the other hand, after nitrogen dop-
ing, more active nitrogen-containing groups were formed on N-
doped a-C film surface, benefiting active sites formation, thus en-
hancing the electrochemical reaction.[”] Therefore, an appropri-
ate amount of N doping enhanced graphitization and improved
surface activity were the main reasons for the improvement of
electrochemical performance.

4. Conclusion

In summary, the nitrogen doped amorphous carbon films were
successfully prepared by linear ion beam technique, with nitro-
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gen concentrations ranging from 0 to 13.1 at.% could be achieved
by regulating the ratio of N,:C,H, flow rate from 0:100 to 85:15.
It was noteworthy that due to the high ionization of linear ion
beam, the N doped a-C films showed improved conductivity to-
gether with the anti-corrosion of a-C matrix. The introduced ni-
trogen formed chemical bonds with carbon atoms such as C=0.
Most importantly, the moderate N doping could promote the
formation of sp?-C cluster sites. In addition, the N doping film
maintained the amorphous nanostructure, and the film surface
became smoother with the addition of N elements. The N-12.9
at.% electrode showed better reversibility, stronger electrochem-
ical activity, and faster electron transfer. Theoretical calculations
explained this result in detail. Moderate N doping promotes the
formation of sp?-C and improves the conductivity. At the same
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time, the N—C, N=C and other active bonds formed after ni-
trogen doping enhanced the adsorption of copper ions on the
electrode surface, thus improving the detection performance of
the sensor. By DPV method, the linear range for Cu?* detection
was 8 X 107 to 5 mm and the detection limit was estimated to
be 8 x 1073 mwm in 3.5 wt.% NaCl solution, which covered the
low limit of Cu?* concentration (0.1 mm) in copper alloy crevice
corrosion microenvironment. In conclusion, the good Cu?* de-
tection performance together with the well-standing repeatabil-
ity, reproducibility, and stability manifested the great potential of
nitrogen-doped a-C films used for marine corrosion detection.

5. Experimental Section

Preparation of N-Doped a-C Film: N-doped a-C films were deposited
on highly conductive B-doped Si (110) substrate with the conductivity at
0.001-0.005 ©.cm by a hybrid ion beam deposition system with an ALIS.
Prior to deposition, the Si substrates were cleaned by ultrasonic in ace-
tone for 10 min and then dried at room temperature. After the chamber
was evacuated <2.0 x 107> Torr, the Si substrates located on the jig holder
were precleaned by ALIS with Ar ions at a negative pulsed bias voltage of
—100 V and argon flow rate of 40 sccm for 10 min to remove the contam-
ination on the surface. During deposition, C,H, and N, were introduced
to the ALIS as a mixed gas source. The work chamber pressure was kept
at 5.6 X 1073 Torr and the substrate bias voltage was set at —550 V. By reg-
ulating the gas flow rate of N, and C,H, (N,:C,H, = 0:100, 20:80, 40:60,
60:40, 80:20, 85:15), a series of N-doped a-C films with different nitrogen
concentrations were prepared. By adjusting deposition time, the thickness
of film was controlled between 200 to 300 nm.

Electrochemical Tests: The N-doped a-C film working electrodes for
electrochemical tests were fabricated as follows. First, the Si substrate
with N-doped a-C film was tailored into 1.2 X 1.2 cm square. Then the Cu
wire was connected with the film by silver conductive glue. After that, the
edges and joints were sealed with epoxy resin and silicone resin, and the
electrode was done with 1x 1 cm testing window. The reagent sources of
NaCl and HCl were purchased from Sinopharm Chemical Reagent Co. Ltd.,
China. CuCl, and K;[Fe(CN)g] were obtained from RHAWN. The electro-
chemical experiments were carried out in a three-electrode electrochem-
ical cell system with Ag/AgCl (KCl saturated), platinum plate, N-doped
a-C film as the reference electrode, counter electrode, and working elec-
trode, respectively. The electrochemical tests were performed at CHI elec-
trochemical instrument (CHI1220c, CH Instruments, China). All the ex-
periments were carried out at room temperature (25 °C).

Materials Characterization: The chemical composition of N-doped
amorphous carbon films was analyzed by X-ray photoelectron spec-
troscopy (XPS, Axis Supra, Kratos, Shimadzu, Japan) utilizing a monochro-
matic Al Ka X-ray source. To calibrate the binding energy, the C 1s peak
was located at 284.5 eV as reference. The atomic bond changes of these
films were characterized by Raman spectra (InVia Reflex, Renishaw, UK)
with a 532 nm exciting wavelength. The N-doped a-C film specimens for
transmission electron microscope were prepared by focused ion beam
(FIB, Helios-G4-CX, Thermo Scientific, USA). The high-resolution trans-
mission electron microscopy (HRTEM) images of cross-section and the
selected area electron diffraction (SAED) were conducted by transmis-
sion electron microscope (TEM, Tecnai F20, FEI, USA). The changes of
sp? and sp® bonds were also investigated by electron energy loss spec-
troscopy (EELS) using the scanning transmission electron microscope
(STEM, Tecnai F20, FEI, USA). The surface morphology and roughness of
the films were investigated by scanning probe microscopy (SPM, Dimen-
sion 3100, Veeco, USA). The contact angle measuring instrument (OCA20,
DataPhysics, Germany) was employed to determine the wettability of the
film surface.

Calculation Method: The a-C structure (Figure S7, Supporting Infor-
mation) was constructed using the first-principles calculation software
VASP (Vienna Ab-initio Simulation Package) with the melt-quenching
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method.[%8-71] According to the required sp? ratio, 64 carbon atoms were
randomly filled into a simple cubic unit cell with specific lattice constants
and periodic boundary conditions. First, under the regulation of the Nose-
Hoover thermostat!’273] and NVT (canonical) ensemblel’#] based on the
ab initio molecular dynamics (AIMD) method,[”*] the system was relaxed
for 1 ps at a temperature of 8000 K to completely melt its internal struc-
ture. Then, the temperature of the system was rapidly decreased from 8000
Kto 1 K within 0.5 ps. Finally, the conjugate gradient algorithm based on
the DFT was used to the geometric optimization (GO) of the system.[76-7°]
The simulation was ended when the Hellman-Feynman force on each atom
was <0.01eV A=, and the electronic self-consistent energy was <1075 eV,
and the final a-C structure was obtained. The radial distribution function
(RDF) curves of a-C films with a sp? ratio of 53.13% and 78.13%, respec-
tively, were shown in Figure S8 (Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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