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ABSTRACT: There is a significant lack of literature addressing
changes in the microstructure of different interfacial metal layer
combinations employed in fabricating electrochemical sensors
based on carbon nanomaterials. This research gap extends to
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(designated as TiNi and CrNi), on silicon wafers were analyzed :
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post annealing. Interestingly, during a brief annealing period of S TiNi/Si V)
min, TiNi developed a surface layer comprising graphitic carbon,
alongside the formation of TiO,, TiC, and NiSi, and exhibited electrochemical activity toward both dopamine (DA) and ascorbic
acid (AA). Conversely, CrNi annealed for S min did not show the presence of such a carbon layer and displayed no discernible
electrochemical activity toward the target molecules. Only after an extended annealing time of 20 min, signs of a carbon layer appear
on CrNj, displaying a moderate electrochemical activity toward DA and AA. The formation of a carbon layer on CrNi is delayed due
to the presence of Ni near the surface, which disrupts the local equilibrium. Consequently, the formation of the Cr,O; barrier layer is
delayed, which in turn permits carbon diffusion into the underlying Cr layer. Conversely, Ni stabilizes the f-Ti form and markedly
decreases the solubility of carbon and oxygen within the TiNi system. By providing a comprehensive analysis of microstructural
changes and their impact on the surface chemistry and electrochemical responses of commonly used interfacial metal layers, this
paper offers invaluable insights in selecting suitable adhesion and catalyst layer combinations for carbon nanomaterial fabrication.
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1. INTRODUCTION the microstructure of the different seed and adhesion layer
combinations on the electrochemical properties of carbon-
based sensors is of utmost significance in designing these
biosensors with optimized performance.

We have shown in the previous report'' that (i) in the case
of Cr/Si thin layers, surface segregation of carbon induces
electrochemical activity. This is a result of (a) the formation of
Cr,0;, which inhibits the diffusion of carbon uniformly
throughout the films and (b) the low solubility of graphite
to Cr,O;. The combined effect of these two factors leads to the
observed surface segregation and subsequent electrocatalytic
activity. (ii) In the case of Ti/Si, these phenomena did not take
place, as both oxygen and carbon were distributed throughout
the Ti film with no or negligible surface segregation. The

Thin layers of Cr and Ti as adhesion layers covered by Ni as
catalyst layer are among the commonly used interfacial metal
stacks for growing carbon nanofibers (CNFs), graphene,
nanowires, and semiconductor nanoparticles finding applica-
tions in various areas.'”* For growing carbon nanofibers, Ni
provides the growth and nucleation sites’ through its surface
step-edge sites acting as preferential growth centers for
graphene layers and is known to act best as a catalyst at
600—700 °C.*” Ti and Cr provide better adhesion capability
by chemically binding with the substrate and through electrical
contact owing to their partially filled d-orbital.* Well known for
their remarkable electrochemical sensing properties of
biomolecules,”'® CNFs facilitate chemical interactions with
the target molecules (ISR probes); nonetheless, the electrode’s
electrochemical activity originates from both CNFs and Received:  October 31, 2023
interfacial metal layers. Unfortunately, the role of the interface Revised:  January 3, 2024
in determining the electrochemical performance of CNF (and Accepted:  January S, 2024
other) electrodes is often overlooked, with the electrochemical Published: January 16, 2024
properties of the electrodes typically associated only with those

of CNFs. Therefore, comprehending the impact of changes in
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presence of a Ni catalyst layer on top of the adhesion layers is
essential for the growth of CNFs,'” for instance. Hence, to
obtain a more realistic representation of the interface, here we
studied the more complex interfacial systems, i.e., Cr/Ni and
Ti/Ni. Due to the varying inherent solubility profiles of
common interstitial solutes (O, C, and N) in the Ni seed layer
compared to those of Ti and Cr,"*~'° the presence of Ni will
cause microstructural changes, likely leading to significant
changes in their electrochemistry. These changes will not only
affect the growth kinetics of CNFs' but also promote/demote
the formation of specific phases considered favorable for the
EC activity. Despite the importance of the microstructural
changes of the interface in the assessment of the structure—
property relationships for carbon-based electrodes, there is a
lack of information about these changes and their subsequent
effects on the electrochemical properties.

Conducting a systematic examination of the surface
chemistry at the interface in the presence of CNFs presents
a practical challenge. Their extensive coverage impedes
accurate measurements and renders them virtually unfeasible.
Consequently, it becomes essential to independently inves-
tigate changes in the microstructure of the interfacial metal
systems, excluding CNFs from the analysis in order to obtain
the crucial insights that are otherwise unattainable. Therefore,
in this study, we deposited Ni as a catalyst layer on top of
commonly used Ti and Cr adhesion layers on silicon substrates
to form CrNi (80 nm of Cr and 20 nm of Ni) and TiNi (20
nm of Ti and 20 nm of Ni) substrates commonly used for
growing carbon nanofibers.”” These metal layers were
annealed at 600 °C for 5 (TiNi-S, CrNi-5) and 20 min
(TiNi-20, CrNi-20) in a PECVD chamber (excluding the use
of reactive gases and plasma) to mimic the typical ambient
conditions during CNF growth.”” We then studied the
microstructural changes of these commonly used interfacial
metal stacks as a result of annealing and attempted to correlate
these with their electrochemical activity toward DA and AA.
We found that the presence of Ni drastically modifies the
microstructure, surface chemistry, and electrochemical activ-
ities of Ti and Cr adhesion layers in comparison to that
observed in the previous study.'' Our findings provide a
thorough examination of how the Ni catalyst layer alters the
microstructure of the Ti and Cr adhesion layers, consequently
affecting surface chemistry and electrochemical characteristics.
These insights shed light on the significant role of interface
chemistry in determining the electrochemical properties of
systems incorporating these layers. This knowledge assists in
making informed choices when selecting interfaces for the
fabrication of carbon nanomaterial electrodes.

2. METHODS

2.1. Annealing Process. The samples underwent anneal-
ing within a chemical vapor deposition (CVD) reactor
(Aixtron Black Magic). For this annealing process, the CVD
functionality was disabled, utilizing solely the heating function.
Following sample loading, the chamber was evacuated by
pumping. Subsequently, the temperature was incrementally
raised, reaching 395 °C at a rate of 250 °C per minute. It was
then further increased to 600 °C at a rate of 300 °C per
minute. The annealing duration was either 5 or 20 min at 600
°C. Throughout the annealing process, the chamber was
maintained at a pressure of 0.05—0.07 mbar. Following
annealing, argon (Ar) was introduced into the chamber, and
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subsequent cooling brought the temperature down to 150 °C.
Ultimately, the samples were extracted from the chamber.

2.2. X-ray Photoelectron Spectroscopy (XPS). XPS was
carried out with a Kratos Axis Ultra spectrometer with
monochromated Al Ka radiation, a pass energy of 40 eV, an
X-ray power of 75 W, and an analysis area of approximately
700 pum X 300 pm. The binding energy scale was based on
instrument calibration and no additional binding energy
correction was applied to the data. The elemental composition
was determined from peak areas of high-resolution core-level
spectra after Shirley background subtraction using equipment-
specific sensitivity factors. Peak fitting was done using
Gaussian—Lorentzian peaks (GL (30) line shape in CasaXPS)
with the positions of the peaks fixed to within +0.1 eV of given
binding energies. For sp” carbon, an asymmetric line shape was
used in CasaXPS.'® The full widths at half-maximum (fwhm’s)
of the peaks were restricted to be equal within a fit (excluding
the sp” carbon peak).

2.3. Raman Spectroscopy. Raman spectroscopy was
conducted using a micro-Raman spectroscope (WITec Alpha
RA+), which was equipped with an optical microscope. For the
measurements, a 50X objective lens and a laser with an
excitation wavelength of 532 nm were utilized. Each spectrum
was obtained by capturing 10 accumulations with an
integration time of 2 s.

2.4. High-Resolution Transmission Electron Micros-
copy (HR-TEM). TEM imaging was performed on a Jeol JEM
2200FS transmission electron microscope equipped with an X-
ray energy dispersive spectrometer (EDS). Cross-sectional
TEM samples were prepared by focused ion beam (FIB).

2.5. Conductive Atomic Force Microscopy (C-AFM).
C-AFM experiments were conducted using the Jupitor-XR
AFM setup with an Asylum electrolever tip. The tip had a
conductive coating of Ti/Ir with a spring constant of 2.8 N/m.
The samples were attached to the stage by using a magnetic
puck and secured with carbon tape. During the experiments, a
bias of 3 V was applied to the tip. The measurement area was 5
pm X S pm.

2.6. Time-of-Flight Elastic Recoil Detection Analysis
(ToF-ERDA). The samples were analyzed with ToF-ERDA
using a 13.6 MeV 7’Br’" ion beam. The angle between the
sample normal and the incoming beam was 70° (mirror
geometry), while the scattering angle was 40.6°. The analysis
was done using Potku,'” the depth profiles are created by
calculating the depth of origin for each recoil based on the
recoil energy (ToF) and experimental details. The initial guess
of the composition is improved iteratively, yielding the final
depth profile in a few iterations. The depth profiles are
broadened by the system resolution and, e.g, multiple
scattering. This procedure also assumes a laterally homoge-
neous sample over the 3 mm X 3 mm beam spot; deviations
from ideal due to, e.g, roughness or film thickness variation
also appear as broadening of the depth profiles.

2.7. Grazing Incidence X-ray Diffraction (GIXRD). Thin
films were analyzed with a Rigaku Smartlab diffractometer at
the OtaNano Center, Aalto University. Smartlab RIGAKU has
a rotating anode X-ray goniometer with a Cu X-ray source (45
kV and 200 mA). The wavelength employed was the copper K-
al wavelength (1 = 1.541 A). The instrument was operated at
the grazing incidence mode at room temperature, where the
incidence slit (IS) was calculated based on the critical angle
found from the X-ray reflection measurement. The following
equation was used: IS = FP X (sin @) where FP is the sample’s

https://doi.org/10.1021/acs.jpcc.3c07221
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Figure 1. XPS analysis of CrNi and TiNi before and after annealing for S and 20 min indicating (A, D) C 1s region, (B, E) Ni 2p region, (C) Cr 2p

region, and (F) Ti 2p region.

footprint and w is the critical angle. The optics configuration
utilized was PB (parallel beam) with a limiting slit of 5 or 10
mm, incident slit box, receiving slits of 20.1 mm, and a 2D
hybrid pixel detector in 1D mode. X-ray fluorescence reduction
mode was used. The 20 range data was collected from 20 to
100° with a scan step of 0.1°. To avoid forbidden Si peaks, a
phi of 8—10° was used. No background correction is done to
the data.

2.8. Electrochemistry. Electrochemical measurements
were performed by using conventional cyclic voltammetry
(CV). A Gamry reference potentiostat was employed, and a
three-electrode setup was used comprising a Ag/AgCl
reference electrode and a platinum wire as the counter
electrode for the electrochemical measurements. Prior to the
measurements, the solutions were purged with N, gas for 10
min. For each electrochemical measurement, newly prepared
electrodes with a radius (r) of 3 mm were utilized. The
uncompensated resistance (Ru) was determined for each
electrode in phosphate-buffered saline (PBS). The composi-
tion of PBS solution is given elsewhere.'” To evaluate the
electrochemical activity of the electrodes in the PBS solution,
dopamine hydrochloride (Sigma-Aldrich) and ascorbic acid
(AA) from Merck were used. The average values and standard
deviations of 3—4 samples are provided.

3. RESULTS

3.1. XPS. High-resolution XPS was employed to study the
changes in the chemical composition within the surface region
at depths of just a few nanometers. Figure 1 presents the
carbon 1s, nickel 2p spectra, Cr 2p and Ti 2p spectra of CrNi
and TiNi annealed and as-deposited thin layers. Spectra for
other elements, the atomic concentrations, and survey spectra
are provided in the Supporting Information (Table S1, Figures
S1 and S2).
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In the spectra of CrNi and TiNi as-deposited films,
noticeable similarities emerge, suggestive of the presence of
Ni, NiO, and Ni(OH),.””*" Initially, nickel dominates the
surface, but annealing subsequently exposes chromium or
titanium depending on the system. Additionally, annealing
brings about changes in the carbon species found on the
surface. The C 1s spectra in both systems were fitted with
seven components: Ti—C (titanium carbide, 282.0 V), sp*
carbon (284.5 eV), sp® carbon (285.0 eV, which includes
contributions from sp2 C—N bonds), C—O—C and/or C—OH
(286.5 eV, potentially containing contributions from sp* C—N
bonds), C=0 (288.0 eV), O—C=0 (289.0 eV), and a p—p*
shakeup transition (290.9 eV)*>** (Table S1). Because of the
complexity and high number of possible components, the peak
fitting should be considered somewhat tentative, especially for
the components with smaller concentrations.

The C 1s spectra show a higher sp® content in CrNi-20
compared to CrNi-S and as-deposited CrNi, however, the shift
is less pronounced compared to TiNi-S (Figure 1A). In CrNi-
20, a chromium 2p;,, peak around 576.8 eV is attributable to
Cr,0,"® (Figure 1C). The Cr 2p;,, binding energy is slightly
lower in CrNi-S min than in CrNi-20 min, possibly indicating
the presence of CrO,/Cr(OH);.”*** There is also a N 1s peak
observed for these samples at roughly 397 eV (Figure S1)
which can be assigned to chromium nitride.'® This nitride is
not readily observed in the Cr 2p spectra because of its low
amount.

In the case of TiNi, the C 1s spectra indicate a significant
increase in the sp” content in TiNi-S and TiNi-20 compared to
as-deposited TiNi (Figure 1C). In the Ti 2p region, a 2p;,
peak observed at 458.8 eV indicates the presence of TiO,.
Additionally, a newly emerged 2p;,, peak at 455 eV in TiNi-5
and TiNi-20 suggests the formation of titanium carbide as a
result of annealing'® (Figure 1F). A minute and distinct Ni

https://doi.org/10.1021/acs.jpcc.3c07221
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2p;;, peak at 853.8 eV (Figure 1E) together with the
emergence of a Si 2p;/, peak at 99.5 eV (Figure S2) indicates
the formation of nickel silicide.”® The O 1s spectra indicate the
presence of TiO, alongside SiO, on the surface (Figure S2).
3.2. Raman Spectroscopy. Raman spectroscopy was
carried out to study the nature and electronic structure of
the carbon layer observed in the surface region of annealed
films in the XPS results (Figure 2). CrNi and TiNi before
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Figure 2. Raman spectra of (A) CrNi and (B) TiNi before and after
annealing.

annealing showed a weak band at 525 cm™" characteristic of a
typical NiO, layer on metallic Ni surfaces.”” In 5 min annealed
CrNi films (Figure 2A), a strong signal at 667 cm™" is observed
which indicates the presence of a highly disordered surface
layer of CrO, (the B,, mode at a wavenumber of 686 cmtina
perfect CrO, crystal).”®* A small shoulder at $53 cm™
demonstrating the presence of Cr,O; is also observed
indicating the mixture of CrO, and Cr,0; phases in CrNi-S.
In CrNi-20, a sharp band at 649 cm™ is observed which is
characteristic of Cr—O stretching vibrations in Cr,O3. These
results point toward the likely transformation of the CrO,
phase formed during the initial phase into Cr,O; as a result of
increased annealing time.”” It is worth mentioning that the
fwhm of the Cr,O; peak in CrNi-20 is about 258 cm™' whereas
in CrNi-S films it is measured to be 163 cm™'. This
corresponds to the shorter phonon lifetime when interacting
with the incident photon in the former case indicating the
amorphous nature of Cr,O;°° A broad peak around 1322
cm™!is observed on CrNi-5, indicating the presence of a thin
carbon layer. This indicates the existence of carbon atoms in
the sample, likely due to contamination or residual carbon
during the fabrication. In CrNi-20, a G peak appears at 1554
cm™! in addition to a D peak at 1355 cm™". The presence and
position of the G band at 1554 cm™ indicates the existence of
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amorphous carbon with a high content of structural
defects.”**

Interestingly, in the case of TiNi annealed films (Figure 2B),
sharp peaks D and G and a broad 2D peak are observed at
1355, 1603, and 2800 cm™! even after five min of annealing.
The presence of G peak at ~1600 cm™" and broad 2D peaks
indicate the presence of layered nanocrystalline graphitic
structures with a fair amount of defects.””** Both TiNi-5 and
TiNi-20 showed bands at 193, 214, and 398 indicative of
anatase structure, and the band at 609 cm™ is indicative of the
rutile phase of TiO,.”> This indicates that the mixture of both
phases, ie., anatase and rutile, is present. Moreover, the
presence of TiC and NiSi is also indicated by the bands at 256
and 286, and at 368 cm™! respectively.****

3.4. HR-TEM. Cross-sectional HR-TEM images (Figure 3)
indicate the presence of crystalline regions in addition to a few
amorphous regions on the surface of CrNi-5 films. In this case,
the Ni atoms diffuse through the Cr layer, and there is no
indication of Ni left on the surface (first few nanometers)
according to the EDS line scans and elemental mapping
(Figures S3 and S4). However, some Ni can be seen within 20
nm of the surface in the EDS scans. Some of the Ni has already
reached the underlying Si, resulting in the formation of Ni
silicides. A solid solute ion of Cr and Ni can be seen in the
TEM images. The interatomic spacing (d-spacing) of the
crystalline regions was measured. HR-TEM of CrNi-5 shows
0.22 nm d-spacing in the visible lattice planes which can be
associated with the presence of Cr,O, (110)* (Figure 3E).
Nonetheless, the d-spacing of (101) CrO, is also reported to
be in a similar range ie, 024 nm.* Additionally, these
crystalline regions exhibit nonuniform distribution and appear
to comprise a mixture of phases. In CrNi-20, Ni reaches the Si
substrate, forming grains of Ni and Cr that appear to be
segregated. There is no indication of Ni present within 20 nm
of the surface (Figure 3D). However, some Ni suspended
toward the middle of the Cr film can be seen in the TEM
micrograph (Figure 3C,D). The surface region does not show
any crystalline region and the surface is amorphous. The
amorphous nature of the Cr,O; was also indicated by Raman
spectra where Cr,0; peaks with wider fwhm were observed
(Figure 2A).

In the TiNi case, after annealing for 5 min, all of the Ni
difftuses completely to the Ti layer and Si substrate forming a
mixture of phases. The surface region contains a few
amorphous areas in addition to the crystalline regions.
Interestingly, a layer of amorphous region is formed beneath
the crystalline region (Figure 3H). EDS map showed that the
crystalline region toward the surface is rich with Ti, while the
underneath amorphous layer contains high amounts of Si, Ni,
carbon, and oxygen in addition to Ti (Figures SSA and 3]).
The presence of the amorphous layer is pointing toward the
occurrence of interfacial reactions in multilayer thin film
systems involving a high amount of oxygen, carbon, and
nitrogen.*""** The presence of carbon is verified by the EDS
scan (Figure 3]). Calculated values of lattice plane spacings
(Figure 3I) pointed toward the presence of TiO,, TiC, and
NiSi on/near the surface.”™* However, these HR-TEM
micrographs did not show the presence of graphite lattice
planes, even though Raman spectroscopy and XPS indicated
high sp” content on the surface. Ni supports the formation of
TiC, which contrasts with the behavior observed in the CrNi
system. The isothermal section of the Cr—Ni—C phase
diagram®™® shows that as Ni starts to be alloyed with Cr, the
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Figure 3. TEM and EDS mapping. (A) CrNi-S and (B) EDS map of CrNi-5 (green: Cr, blue: Si, red: Ni). (C) CrNi-20 and (D) EDS map of
CrNi-20. (E) HR-TEM image of CrNi-S near surface where red boxes indicate the presence of crystalline regions. (F) HR-TEM image of CrNi-20
near surface. (G) TEM image of TiNi-S (H) and (I) HR-TEM images of TiNi-S showing TiO, (311), NiSi (002), and TiC (200). (J) EDS line

scan (red line in G) of TiNi-S.

sequential formation of Cr-carbides can take place. When the
Ni content crosses the solubility limit of Ni in bcc-Cr, two-
phase equilibrium between Cr and Cr,;C4 becomes possible.
Despite this, there is no indication of CrC formation in CrNi
annealed films even after almost complete depletion of Ni from
the surface area™
system.

3.5. GIXRD. GIXRD analysis of pristine CrNi and TiNi
shows the presence of Ni and NiO on the surface*’” (Figure
4A). GIXRD of Ti and Cr films is also provided to assess the
phases associated with the underlying metals (Figure 4B). Both
Cr and Ti contain a mixture of oxides and metallic forms.
TiNi-S and TiNi-20 films (Figure 4C) show the presence of
TiO,, NiSi, TiC, and SiC."*™>" A peak corresponding to 002
graphite™ is also observed on TiNi-5 and TiNi-20. CrNi-5
shows (Figure 4D) the presence of Cr,O; in addition to CrN
on the surface.””** CrNi-20 films exhibit the presence of Cr,O,
and other phases, similar to what is observed in CrNi-S.
However, it is worth noting that the peaks in the CrNi-20 case
exhibit a slightly broader profile compared to those in the
CrNi-5 case. GIXRD was unable to detect graphite in CrNi-20,
which was evident in Raman spectra and XPS analysis, likely

emphasizing the metastable equilibria in the
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because this graphite layer is confined to only the first few
nanometers of the films.

3.6. C-AFM. Conductive AFM measurements were carried
out to evaluate the differences in the surface morphology and
electron transport properties of interfaces in the z-direction. C-
AFM is a form of scanning probe technique that simulta-
neously measures the surface topography and the local
conductivity with nanometer-scale resolution.”> The 3D
topography of S min annealed CrNi films (Figure SA) showed
rodlike nanostructures on the surface with grain sizes in the
range of ~50 nm. The appearance of the grains is due to the
crystalline structure of the CrNi-S films (Figure SD) verified by
XRD (Figure 4). The corresponding current images show the
conductive nature of these rodlike nanostructures. The surface
of 20 min annealed CrNi films did not show clearly defined
grains, and the surface geometries are random unlike in the
case of CrNi-S (Figure SB,E). This could be due to the
amorphous nature of the surface as indicated by the TEM,
XRD, and Raman spectroscopy. The current image of CrNi-20
indicates that the surface is not entirely conductive, but there
are some random conductive patches (Figure SG). The
conductance of these random patches is significantly higher
than the 5 min annealed surface. These conductive patches are

https://doi.org/10.1021/acs.jpcc.3c07221
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Figure 5. C-AFM micrographs with 3D topography and current images for (A, D, E) CtNi-S, (B, E, G) CrNi-20, and (C, F, H) TiNi-S. Applied

bias: 1 V.

most likely surface-segregated carbon. In the case of TiNi-$
films, the 3D topography indicates a mostly crystalline surface,
interspersed with occasional darker patches, signifying nonuni-
form topography (Figure SC,F). This suggests the presence of
a disordered layer covering the surface, varying in thickness.
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The corresponding current image (Figure SH) indicates that
this disordered layer is highly conductive, while the underlying
region shows lesser conductance. It is worth mentioning that
the boundaries of the patches of this layer are elevated and
conduct higher current, reaching 38 nA (Figure SSB). We

https://doi.org/10.1021/acs.jpcc.3c07221
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Table 1. Summary of the Phases Formed on Annealed TiNi and CrNi Films, as Indicated by Various Characterization
Techniques

overall phases (in the surface

materials region) XPS Raman spectroscopy TEM GIXRD
CrNi-5S Cr,0;, CrO,, CtN Cr,0,;/Cr0,/ Cr(OH);, CfrN  Cr,0,, CrO, Cr,0,/CrO, Cr,0;, CiN
CrNi-20  Cr,05, CrN, sp® carbon Cr,0;, CrN, sp* carbon Cr,0;, sp® carbon Amorphous Cr,0;, CIN
surface
TiNi-5 TiO,, TiC, NiSi, SiO,/SiC, sp* TiO,, TiC, NiSi, SiO,, sp” TiO,, TiC, NiSi, sp* TiO,, TiC, NiSi  TiO,, TiC, NiSi, SiC, sp*
carbon carbon carbon carbon
TiNi-20  TiO,, TiC, NiSi, Si0,/SiC, sp* TiO,, TiC, NiSi, SiO,, sp” TiO,, TiC, NiSi, sp* TiO,, TiC, NiSi, SiC, sp*
carbon carbon carbon carbon
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Figure 7. Electrochemistry of (A—C) AA and (D—F) DA on CrNi and TiNi before and after annealing.

capped conductance in the image by 7 nA to make all of the

conductive points in the figure visible. The observed valleys of precipitated graphite, whereas regions with lower conductivity
increased conductance most likely correspond to the likely correspond to other surface phases observed on TiNi-5.
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Table 2. Selected Electrochemical Parameters Including Oxidation Peak Current (I,,), Reduction Peak Current (I,.),
Oxidation Peak Potential (Epa), Reduction Peak Potential (EPC), Onset Potential, and Peak Separation (AEP) of AA and DA on
the As-Deposited and Annealed CrNi and TiNi Electrodes (v = 100 mV/s)

100 uM DA 1 mM AA
electrodes I (uA) I (uA) Ep. (mV) E, (mV) AE, (mV)  onset potential (mV) I (uA) E. (mV)  onset potential (mV)
CrNi 354 + 4 465 + 4 228 + 6
CrNi-$§ no peak no peak
CrNi-20 1+0.1 09 +0.1 255 + 33 106 + 15 149 + 48 150 + 12 35+1 337 + 35 49 +5
TiNi 348 + 2 507 £ 2 256 + 19
TiNi-S 2.66 + 0.4 1.7+0 189 +9 142 + 4 47 £ 13 124 + 7 8+1 237 £ 28 33+£19
TiNi-20 1.95 + 0.35 14 + 0.1 199 + 10 137 £ 2 62 + 12 128 + 6 7+1 273 £ 27 S7 £23

3.7. ToF-ERDA. We employed ToF-ERDA to investigate
depth profiles, elemental composition, and distribution in both
CrNi and TiNi films before and after annealing (Figure 6).
CrNi and TiNi as-deposited layers showed Ni layer covering
the underlying Ti and Cr layers (Figure 6A,D). In CrNi $ min
annealed films, we can observe the Ni diffusion profile, which
extends deeper into the sample (Figure 6B). Further, in CrNi-
20 films, we observe that Ni has diffused even deeper into the
sample (Figure 6C). Meanwhile, Cr diffuses outward and
reacts with oxygen. Additionally, some carbon is found at a
penetration depth as Ni. ERDA results indicate that the depth
of the Ni concentration profile is also affecting the Cr and
oxygen distribution profiles. Moreover, nitrogen is also present
throughout the thickness of the sample. A carbon profile in the
form of a “hump” can be seen on the CrNi-20 sample
indicating that Cr, O, and N present in the system are forming
phases that affect and effectively hinder the diffusion of carbon.
XPS, Raman, and GIXRD all support the presence of Cr,0; as
well as CrN, both known for their properties as a carbon
diffusion barrier.”* However, Cr,0, appears to be the
dominant phase. ERDA results confirm the influence of Ni
on Cr and O distributions, which consequently reduces the
diffusion of carbon into the thin films.

In the case of TiNj, after S min of annealing, Ni has also
diffused deeper into the sample (Figure 6E). The distribution
of Ni appears to be more uniform and evenly spread
throughout the film in this case, unlike in the case of Cr
where we observed more localized humps in the Ni
concentration profile. In addition to the outward diffusion of
Ti and inward diffusion of Ni, Si is also observed to diffuse
toward the surface. A significant amount of carbon can be seen
near the surface. Furthermore, no significant changes in the
elemental distributions are observed in the 20 min annealed
TiNi samples compared to TiNi-$, except for a more uniform
oxygen distribution in Ti and a slight increase in nitrogen
concentration (Figure 6F). A summary of the phases formed
on the annealed CrNi and TiNi films, as indicated by all
characterization techniques used in this study, is presented in
Table 1.

3.8. Electrochemistry. Cyclic voltammetry was carried out
to study the electrochemical activity of CrNi and TiNi before
and after annealing (Figure 7, Table 2). Inner sphere probes
DA and AA were chosen due to their relevance for biosensing
applications. The redox reactions of the ISR provide valuable
information about the chemical functionalities present on these
electrode surfaces. The cyclic voltammograms for AA oxidation
on CrNi and TiNi electrodes exhibited a peak around 465—
500 mV, indicating the oxidation reaction from ascorbic acid to
dehydroascorbic acid. The oxidation potential of AA is fairly
anodically shifted than the observed oxidation peak position
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for CNFs."” Similarly in the case of DA, a small peak at
approximately 350 mV suggests a limited contribution from
the CrNi and TiNi surfaces to the oxidation of DA to DAQ,
with no corresponding reduction peak (Figure 7A,D). This
points out that the Ni surface present on the Cr and Ti layers
shows moderate electrocatalytic properties.

CrNi-S could not detect either AA or DA. After annealing
for 20 min, the CrNi electrode showed improved AA as well as
DA oxidation indicated by the AA onset oxidation potential of
49 + S and emergence of both DA oxidation and reduction
peaks at 255 + 33 and 106 = 15 mV, respectively (Figure
7B,E, Table 2). Therefore, the presence of the sp® content is
proven to be critical for electrochemical activity. Interestingly,
TiNi-$ after being annealed for 5 min showed well-defined
oxidation and reduction peaks for DA at 189 + 9 and 142 + 4,
which are considerably cathodically shifted in comparison to
the 20 min annealed CrNi electrode surface. Similarly, TiNi-5
showed AA oxidation at 237 + 28 mV (Figure 7B,E). The
electrochemical activity of 20 min annealed TiNi electrodes
also showed well-defined peaks for the DA > DAQ_ and AA
oxidation reactions (Figure 7C,F). The differences in the redox
potentials in TiNi-S and TiNi-20 are within the error bars.
This indicates that the surface chemistry of TiNi does not
undergo major differences as the annealing time increases from
S to 20 min. However, slight changes can be due to the
possibility of some of the surface carbon being redissolved to
TiC + TiO,_, mixed layer as the annealing time is increased.

4. DISCUSSION

The combined findings presented above highlight the presence
of various phases on the surfaces of TiNi and CrNi samples
after annealing for different durations. Specifically, TiO,, TiC,
NiSi, and graphitic carbon were observed on the TiNi surface
after 5 min of annealing. In contrast, the CrNi-S surfaces
lacked the presence of carbides or sp*bonded carbon. This
implies that in the case of TiNi, sp> carbon segregation to the
surface occurs earlier compared to CrNi, which is completely
opposite to that observed in plain systems Cr and Ti without
Ni.'' Despite titanium’s known high carbon and oxygen
solubility,"* the presence of nickel reduces their solubility,
leading to carbon segregation on the surface. This phenom-
enon accelerates carbon and oxygen saturation, resulting in the
formation of TiO, and TiC. Conversely, chromium appears to
dissolve both carbon and oxygen because the presence of
nickel significantly delays the formation of surface carbon
layers. In a previous study, we demonstrated that annealing
increases the solubility of carbon and oxygen in the titanium
layer."" Notably, nickel fundamentally alters titanium’s
behavior, promoting the formation of carbides, silicides, and
segregated carbon layers, indicating reduced carbon solubility,

https://doi.org/10.1021/acs.jpcc.3c07221
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attributed to nickel acting as a known f-Ti stabilizer (see Ti—
Ni binary phase diagram®”).

Some reports in the literature have demonstrated the
electrocatalytic activity of Ni- and Cr-incorporated N-doped
CNFs grown on Nichrome foil substrate for the electro-
chemical detection of urea and trifunctional ORR, OER, and
HER activities.”®*” Nanoparticles of Ni and Cr were
introduced into both the trunks and tips of CNFs, resulting
in a notable improvement in their electrocatalytic activities. It
is worth noting that the investigation presented here involves
the utilization of thin layers of Ni on Cr and Ti adhesion
layers, deposited on a silicon substrate, for the purpose of
growing vertically oriented CNFs.'” Ni, functioning as a
catalyst for CNF growth, initiates the nucleation of fibers,
resulting in the formation of tip-grown carbon nanofibers.
Some of the Ni diffuses toward the Si substrate due to its
pronounced aflinity for silicon. Simultaneously, metallic Cr
undergoes a transformation into oxides and nitrides, serving
the role of anchoring carbon nanofibers to the silicon substrate.
Importantly, Cr does not become integrated into the CNFs'”
and does not exhibit any discernible electrocatalytic activity.
The incorporation of Ni/NiO into the tips of the CNFs may
potentially enhance the electrocatalytic activities. In the case of
TiNi annealed electrodes, the presence of TiO, and TiC,
alongside graphitic carbon, contributes to the electrochemical
activity toward both DA and AA. However, the primary source
of electrochemical activity stems from carbon nanofibers or
carbon that is gettered on top of the substrate. The interfacial
metal layers play a crucial role in modulating the carbon
segregation process by either decelerating or accelerating it.

The primary reason for the absence of a carbon layer on
CrNi-5 lies in the delayed formation of a homogeneous Cr,0;
layer when nickel is present. This is because the establishment
of a local equilibrium between Cr and Cr,O; cannot occur
until Ni has been depleted from the surface region, as depicted
in the isothermal section of the Cr—Ni—O phase diagram.’’ As
this is a diffusion-driven process, it will require time. As
observed in our recent paper,'’ Cr,O; serves as an effective
diffusion barrier for carbon, which is not formed in the case of
CrNi-5 due to the above-discussed delay. Consequently,
carbon can infiltrate deeper into the layers, resulting in a
more evenly distributed carbon concentration profile and a
reduced tendency for surface segregation. It is widely
acknowledged that carbon’s solubility in Cr,0j; is exceedingly
low, if not negligible.61 Hence, when Cr,O; formation
eventually transpires, the majority of the carbon within that
volume segregates to the external or internal boundaries.
However, due to the lag in the diffusion barrier (Cr,O;)
formation, most of the carbon has already diffused into the
underlying film, leaving only a small portion of the carbon in
the surface region available for the segregation process.

Raman spectroscopy, XPS, and GIXRD all indicated the
presence of Ni and NiO on the surfaces of as-deposited CrNi
and TiNi. The mild electroanalytical activity of CrNi and TiNi
films is attributed to the reported electrochemical activity of Ni
and NiO toward DA and AA.“~°* However, after annealing
for five min, CrNi-5 did not show any signs of oxidation for
either AA or DA. Surface characterization techniques indicated
the presence of a mixture of CrO,, Cr,O; and some
disordered carbon. Ni diffusion into the Cr layer and toward
the Si substrate was evident, but some dark regions in the HR-
TEM image near the surface suggested the presence of some
Ni near the surface. However, the distribution of dark and
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bright spots was nonuniform, indicating the presence of
practically Ni-free regions on the surface as well. Based on the
isothermal section of the Cr—Ni—O phase diagram,60 for the
formation of Cr,Oj, the surface region must have a low enough
Ni concentration to avoid the formation of the y phase or a
ternary Ni—Cr—O compounds. However, the formation of the
y phase or ternary compounds is unlikely during our short
annealing times due to the time required for the nucleation of
these ordered structures. Therefore, the formation of the
Cr,0; layer is postponed as well. As discussed above, the
formation of a uniform Cr,O; layer is needed for the
segregation of carbon to the surface, as it acts as a diffusion
barrier, preventing uniform carbon distribution through the
film.

The formation of segregated ordered carbon on TiNi after
just five min of annealing, in contrast to CrNi surfaces, suggests
faster kinetics for graphitic carbon formation on TiNi. In
addition to the graphitic carbon, the presence of TiO,, TiC,
and NiSi is indicated. Raman spectroscopy indicated the
presence of both anatase and rutile phases of TiO, on TiNi-5
annealed samples. Moreover, TiNi-5 displayed well-defined
oxidation peaks for DA and AA at cathodically shifted
potentials compared to CrNi-20. TiNi-20 also displayed well-
defined peaks for DA and AA oxidation reactions, indicating
comparable surface chemistry to TiNi-S. The presence of
layered graphitic carbon on the TiNi-$ is expected to be the
biggest contributing factor toward the electrochemically active
TiNi-S surface. However, the anatase phase of TiO, is also
reported to show good electronic connectivity with the
substrate and is considered an excellent electrocatalyst for
electrochemical biosensing applications.”® Likewise, TiC
exhibits good chemical stability and electrical conductivity
which results in electrochemical activity similar to that of noble
metals.>*® Based on what has been stated above, the role of
TiO, and TiC in the observed electrochemical activity cannot
be ruled out completely.

Previous reports indicate that the solubility of oxygen in a-
Ti is high, whereas in $-Tj, it is notably lower and exhibits a
greater dependence on temperature compared to @-Ti."”%®
Similarly, carbon solubility in $-T1i is lower than that in @-Ti. In
Ti alloys, the portion of carbon not dissolved in @-Ti and S-Ti
forms titanium carbide®””° (see isothermal sections of Ti—Ni—
C ternary system’'). Furthermore, Ni is a known f-stabilizer,
reducing the f-transition temperature and potentially stabiliz-
ing this phase at room temperature. The reduced solubility of
oxygen and carbon in annealed TiNi suggests the presence of
some f-Ti phase, which appears to facilitate the formation of
TiO, in addition to TiC. Although there are no signs of #-Ti in
the pristine TiNi films, the presence of Ni may favor the a-to-f
phase transition during annealing. The formation of TiO, is
only feasible when there is no remaining Ni as shown in the
ternary Ni—Ti—O phase diagram.”” However, Ni diffusion is
observed to occur rapidly, as the reaction with the silicon
substrate and formation of NiSi are evident in the TEM
micrographs after S min of annealing. Further, NiSi cannot
exist in local equilibrium with Ti (see Ti—Ni—Si ternary phase
diagram”) , so most of the Ni is converted to NiSi, shifting the
local equilibrium conditions toward the Ti-rich environment at
the surface. As no other Ni-silicide or TiNi compounds were
observed at the surface region and because of the low solubility
of Ni to Ti, one can expect the surface to be practically
depleted from Ni, and we can therefore utilize the isothermal
section of the Ti—C—O phase diagram”” to further analyze the
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phase relations in the surface region. The isothermal section
indicates that TiC shows extensive solubility for O and C at
1473 K. However, despite the extensive solubility range for C
and O in TiC[O,C], TiO, cannot exist at local equilibrium
directly with TiC[O,C]. At lower temperatures (873 K), the
phase equilibria will shift and the solubility of the O and C will
decrease. The above-discussed presence of TiO,, TiC, and
graphitic carbon on TiNi-5 suggests significant deviations from
the expected equilibria indicating only local metastable
equilibrium conditions in these samples as expected based
on their multimaterial nature and short annealing times.

5. CONCLUSIONS

Ti and Cr thin metal layers commonly used as adhesion layers
together with the layer of Ni catalyst for growing carbon
nanofibers were annealed at 600 °C for the duration of 5 and
20 min in a PECVD chamber (with the absence of plasma and
reactive gases) to study the differences in the microstructure
and resulting electrochemical properties. Ni affects the
microstructural evolution and electrochemical properties of
both the Ti and Cr adhesion layers in an opposite way. XPS,
Raman spectroscopy, ToF-ERDA, GIXRD, and C-AFM
showed the presence of sp> carbon in addition to TiO,, TiC,
NiSi, SiO,/SiC on TiNi after S min of annealing. A similar
range of phases was observed on TiNi after 20 min of
annealing. Cyclic voltammetry results demonstrated that the
TiNi interface after 5 min of annealing showed the best
electrochemical activities toward DA and AA among all of the
electrodes studied. The presence of graphitic carbon in
addition to TiO, and TiC is responsible for the electro-
chemical activity. However, CrNi after 5 min of annealing did
not show any electrochemical activity. Only after 20 min of
annealing, CrNi electrodes showed moderate electrochemical
activity toward DA and AA. Phase diagrams and experimental
evidence obtained through various characterization techniques
indicate that the presence of Ni near the surface postpones the
formation of the Cr,O; layer in the CrNi film annealed for 5
min. This delay facilitates the continued diffusion of carbon
within the Cr layer. However, following 20 min of annealing,
the absence of Ni near the surface becomes apparent, resulting
in a more uniform Cr,O; layer compared to S min annealed
CrNi. This uniformity is a key factor in establishing barrier
properties against carbon diffusion. These results point toward
the completely different properties of TiNi and CrNi interfacial
systems giving rise to different microstructure and surface
chemistry and hence completely different electrochemical
properties. This work finds significance in selecting proper
material combinations for the electrochemical sensor fabrica-
tion utilizing interfacial metal layers.
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