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Iron-doped tetrahedral amorphous carbon thin films (Fe/ta-C) were deposited with varying iron content
using a pulsed filtered cathodic vacuum arc system (p-FCVA). The aim of this study was to understand
effects of iron on both the physical and electrochemical properties of the otherwise inert sp>-rich ta-C
matrix. As indicated by X-ray photoelectron spectroscopy (XPS), even ~0.4 at% surface iron had
a profound electrochemical impact on both the potential window of ta-C in H,SO4 and KOH, as well as
pseudocapacitance. It also substantially enhanced the electron transport and re-enabled facile outer
sphere redox reaction kinetics in comparison to un-doped ta-C, as measured with electrochemical
impedance spectroscopy (EIS) and cyclic voltammetry (CV) using outer-sphere probes Ru(NH3)g, IrClg,
and FcMeOH. These increases in surface iron loading were linked to increased surface oxygen content
and iron oxides. Unlike few other metals, an iron content even up to 10 at% was not found to result in
the formation of sp?-rich amorphous carbon films as investigated by Raman spectroscopy. Atomic force
microscopy (AFM) and transmission electron microscopy (TEM) investigations found all films to be
amorphous and ultrasmooth with Rq values always in the range of 0.1-0.2 nm. As even very small
amounts of Fe were shown to dominate the electrochemistry of ta-C, implications of this study are very
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Introduction

Iron is a ubiquitous non-precious metal catalyst found in
numerous applications of electrocatalysis'* electrochem-
istry,* and for example in carbon nanomaterial synthesis.**
Yet, in many of these high-performance applications, such as
carbon nanotubes, the origin of electrochemical perfor-
mance can be often attributed to both the iron impurities and
the supporting carbon nanostructure framework.*® If such
metal impurities exhibit dominating electrochemical effects,
the catalyst metal used in synthesis should be selected based
on its desired electrochemical role and the end application.®
Consequently, it is of interest to investigate the evolution of
both electrochemical as well as electrical properties of an
inert carbon framework as iron is gradually introduced into
the matrix. Since surface area and morphology can also
impact carbon electrochemistry,’ the geometry of any
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carbon framework would have to be strictly controlled. One
such relatively inert carbon framework is tetrahedral amor-
phous carbon thin films, or ta-C. Due to the high fraction of
>60% sp>-bonded carbon,™ pure ta-C is a very hard, ultra-
smooth,"> protective diamond-like carbon (DLC) coating,
which is chemically reasonably inert, has a wide water
window, is biocompatible, and is resistant against
biofouling."*-** Furthermore, the physicochemical properties
of ta-C thin films can be tuned by doping it with metals or
gases,®'” as well as adjusting the sp®/sp® ratio.*®** With pure
ta-C, the overall kinetics of outer sphere redox probe electron
transfer can be tuned by adjusting the thickness of the film
i.e. the electron transport through the film.?* Such adjust-
ability makes DLC and ta-C films applicable to many
demanding electrochemical environments in for example
biomedical applications,** fuel cell bipolar plates,* lithium
air batteries,* and ozone generation'” as well as wastewater
treatment.?*** Other tunable properties include super-
hydrophobicity/superhydrophilicity>* and super-
oleophilicity®” for oil-water separation. DLC and ta-C films
have been used in a broad range of analyte detection appli-
cations, such as enzymatic hydrogen peroxide sensing,'*
detection of drug molecules'® and neurotransmitters,*®>® as
well as gene expression profiling.*°

This journal is © The Royal Society of Chemistry 2018
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In this work, the addition of iron into a pure ta-C matrix (Fe/
ta-C) is investigated to enable the adjustment of both electrical
and electrochemical properties, while retaining other proper-
ties, such as the wide water window. Although facile outer
sphere electron transfer has been achieved for 7 nm thick ta-C
electrodes,””** such ultrathin films commonly lack uniformity
and are not feasible for application on non-planar surfaces.
Thicker films on the other hand, such as the 30 nm thick
reference ta-C in this study, become too resistive for most
applications. p-FCVA deposited Fe/ta-C films are characterized
in this study by correlating changes in physical structure and
surface chemistry to electrochemical properties. Physical
structure is characterized by X-ray reflectivity (XRR), atomic
force microscopy (AFM), Raman spectroscopy, X-ray photo-
electron spectroscopy (XPS), four-point probe, and trans-
mission electron microscopy (TEM). These results are
correlated to electrochemical properties obtained from cyclic
voltammetry (CV) measurements of potential windows (KOH,
H,S0,) and outer sphere redox probes (Ru(NH;)s, FcMeOH,
IrClg), as well as electrochemical impedance spectroscopy
(EIS) of (Ru(NHj;)e).

Experimental
Deposition

Iron doped tetrahedral amorphous carbon (Fe/ta-C) thin films
were deposited with a pulsed filtered cathodic vacuum arc
system (p-FCVA). The vacuum chamber was evacuated to pres-
sures below 5 x 10”7 torr pressure using a CTI cryogenics CTI
8F cryopump prior to deposition. 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)
to initiate a triggerless arc between the cathode and the
surrounding anode body. The cathode assembly consists of two
separate cathodes of different materials, carbon and iron, sur-
rounded by a shared anode body. A self-designed Labview based
software running on National Instruments hardware controls
the triggering of the pulse-forming network with a frequency of
1.0 Hz and triggers one cathode after the other as defined by the
chosen Fe/C pulse ratios. X-ray reflectivity (XRR) was used to
determine the deposition rates for both carbon and iron p-FCVA
sources. These thickness and density values were used to
calculate the respective molar deposition rates, which were then
used to approximate sample iron atomic percentages (Fe at%)
in Fe/ta-C (ESIf). Based on previous metal doped DLC
studies,*** Fe/ta-C thin films with approximate iron concen-
trations of 2, 5, and 10 at% were deposited in 30 nm thickness.
A reference ta-C sample was also deposited for comparison.
Boron doped p-type silicon (100) prime wafers (<0.005 Qcm,
Siegert Wafer), microscope glass slides (Menzel), and NaCl
single crystals (TedPella), were placed 110 mm away from the
end of filter coil at floating potential and room temperature.
The substrate holder was rotated at 17 rpm to ensure uniform
film thickness. The source material for carbon plasma is
a graphite rod of 6.35 mm diameter and purity of 99.95%
(Graphitestore). The source material for iron plasma is an iron
rod of similar diameter and purity 99.99% (Goodfellow).

This journal is © The Royal Society of Chemistry 2018
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Physical characterization

The film deposited on the salt crystals was prepared into
a Transmission Electron Microscopy (TEM) specimen by
floating off the film on top of DI water. By inserting the crystal
into DI water bath at a shallow angle a suitably small piece of
film was broken off and fished onto an M75 copper-only TEM
grid (Agar). TEM samples were heated on a hotplate at 60 °C for
10 minutes to remove excess water. TEM analysis was per-
formed by a FEI Tecnai F-20 TEM at 200 kV acceleration voltage.
X-ray reflectivity (XRR) measurements were performed in
parallel beam mode using a Rigaku SmartLab diffractometer
equipped with a 9 kW rotating Cu anode (0.154 nm), HyPix-3000
2D single photon counting detector in 0D mode, Ko,; mono-
chromator, 5 mm incident horizontal slit, and 5° Soller slits at
both incident and detector ends. X-ray photoelectron spectros-
copy (XPS) was performed using an Axis Ultra electron spec-
trometer (Kratos Analytical) with monochromatic Al Ko
irradiation at 100 W under neutralization. Before analysis, pre-
evacuation was carried out overnight. High-resolution spectra
of C 1s, O 1s, and Fe 2p as well as survey spectra of 3-4 locations
were recorded for each sample. The data were fitted with
CasaXPS software, assuming Gaussian line shapes. 100% filter
paper (Whatman) was used as an in situ reference for charge
correction.*® A Veeco Dimension 5000 Atomic Force Microscope
(AFM) was used in tapping mode with Mikromasch HQ:NSC14/
Al BS tips of 8 nm typical tip radius and 5 N m~* force constant.
Dataon 1 x 1 pm (2048 x 2048) areas were collected for height
topography. Images were processed using Gwyddion 2.47 soft-
ware for artifact correction and calculating the root mean
squared surface roughness (R,). Four-point probe measure-
ments were carried out for glass substrate samples on a Hewlett
Packard 3458A multimeter attached to a Jandel RM3000 multi-
height probe. Visible-Raman spectroscopy was performed on
a Horiba Jobin-Yvon Labram HR confocal Raman system with
a 488 nm argon laser with 10 mW power on sample. Spot size of
1 pm was used with an Olympus 100X objective. Raman spectra
were acquired in the range of 50 to 3000 cm ™" with a 600 lines
per inch diffraction grating, exposure time of 15 s, and accu-
mulation averaging count of two. Spectroscopic calibration was
performed on intrinsic Si wafer (Ultrasil). Raman spectra were
obtained from three places and fitted by two Gaussian peaks for
D and G regions of amorphous carbon to obtain the I,/I; peak
intensity ratios, as explained in literature.*”*

Electrochemical characterization

All electrochemical measurements were carried out on a Gamry
Reference 600 potentiostat and analysed using Gamry Echem
Analyst software. Both cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) measurements were
carried out in a cell with a three-electrode configuration and an
Ag/AgCl (+0.199 V vs. SHE, Radiometer Analytical) reference
electrode and a platinum wire counter electrode. Aqueous
solutions were prepared from distilled water and were de-
aerated for at least 15 minutes with N, (g) before measure-
ments. In addition, during the measurements the cell was
blanketed in a continuous flow of nitrogen. Before all

RSC Adv., 2018, 8, 2635626363 | 26357
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measurement sets, preliminary scans were used to determine
the appropriate potential windows for the unknown samples.
All electrodes were prepared by masking the samples with PTFE
tape (Irpola) onto FR-4 copper laminate sheets (MG Chemicals).
Electrode preparation quality was evaluated with uncompen-
sated resistance R, approximations in the supporting electro-
lyte. Hence, when measuring low currents of around 10 pA, the
ohmic drop is only a few millivolts and can be disregarded. For
all cyclic voltammetry measurements, the following data were
computed: oxidation and reduction peak currents (Ia, Ipc),
potentials (Ep), peak potential separation (AE,), peak current
ratios (Ia/Ipc), and respective background corrections. 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) and 1 M KOH (Honeywell) by cycling
the samples at a scan rate of 400 mV s~ ' starting from the
cathodic end, so that the absolute value of both anodic and
cathodic current was about 200 pA. Cyclic voltammetry
measurements in 1 mM Ru(NHj;)e (hexaammineruthenium(im)
chloride, Sigma-Aldrich), 1 mM IrCls (potassium hexa-
chloroiridate(rv), Sigma-Aldrich) and 1 mM FcMeOH (ferroce-
nemethanol, Sigma-Aldrich) dissolved in 1 M KCl (Sigma-
Aldrich) were performed at scanning rates of 25, 50, 100, 200,
300, 400, and 500 mV s~ *, of which only the 100 mV s~ is shown
here. Redox peak currents were plotted as a function of the
square root of scan rate. EIS measurements were conducted in
5 mM Ru(NH;), dissolved in 1 M KCl to investigate the effect of
added iron on film apparent charge transfer resistance (R..) and
double-layer capacitance (Cq;). An AC signal of 15 mV 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;)s*"/** redox system, which were set as
the DC potentials for EIS. 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 parallel
circuit of a charge transfer resistance (R.), a Warburg element,
and a constant phase element (CPE) for the double-layer
capacitance (Cqj). The R, element comprises of two resistance
elements: electron transfer to the film surface, and electron
transport through the film. For the Cgq), ideal capacitor param-
eter (a = 1 for ideal capacitor), and apparent heterogeneous rate
constant (k°), were calculated as described by Hsu & Mansfeld.*®

Results and discussion
Physical characteristics

XRR. Film thickness for all samples was measured to be
around 30 nm using X-ray reflectivity (XRR). All Fe/ta-C films
followed a fit comprising a ~1 nm native silicon oxide layer with
a single Fe/ta-C layer of varying density (Table S4t). The XRR
density of 3.04 g cm ™ obtained for the reference ta-C in Fig. 1
(A) corresponds to an sp>-fraction of about 80%, according to
Robertson,™ which is a typical value for unbiased p-FCVA
process. Successive additions of iron increased the density up
to 3.64 g cm™* for the 10 at% sample, indicating incorporation
of iron into the carbon matrix. These additions are also directly
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Fig.1 (A) X-ray reflectivity scans showing experimental and simulation
data in red and blue, respectively. Fitted parameters thickness (t),
density (p), and roughness (Ry) presented in the inset table were
calculated from the simulated curve. (B) Four-point probe average
sheet resistances and standard deviations (N = 10) plotted as a func-
tion of Fe at%. Error bars are smaller than their respective dots. The
reference ta-C, represented with an open circle, was too resistive to be
measured.

evident from X-ray photoelectron spectroscopy wide spectrums
shown in Fig. 2(B). Complementary to the resistive sp>-rich bulk
of ta-C, the surface of the film is characteristically sp>rich due
to “ion peening”-growth model, as proposed by Caro et al.*’ in
a recent computational study utilizing machine-learned inter-
atomic potential trained from ab initio data. Several other
computational®**** as well as XAS, XPS, and EELS studies'®*
have investigated the nature of ta-C and its sp>rich surface
structures. For example, Caro et al.*> showed that the surface of
ta-C films consisted of clustered olefinic chains, with a lower
ratio of ringed carbon structures.

Sheet resistance. The incorporation of iron into the ta-C
matrix is found to have a substantial effect in 4-point probe
measurements in Fig. 1(B), where even the smallest addition of
2 at% Fe makes the film resistivity measurable compared to the
more dielectric reference ta-C, which is too resistive for
measurement. High density (>3.0 g cm %) and high sp*-fraction
ta-C films can have dielectric constants around ~6.5, which is
higher than that of diamond at 5.7.** A further iron addition to 5
at% decreases sheet resistance by three orders of magnitude.
Very similar trends have been observed e.g. for Zn, Mo and W/
DLC composite films.>*3%4

XPS. As indicated by the high-resolution Fe 2p and O 1s
spectra in Fig. 2(D) and (E), added amounts of iron in ta-C
resulted in a clear increase of surface iron and oxygen
loading. Also, the Fe 2p spectra indicates successive increases
in iron-oxide content. High-resolution C 1s on the other hand,
apart from the increasing shoulder indicating increased
surface oxygen functionalities,***” shows no other major
changes as a function of Fe at%. Overall, increased iron

This journal is © The Royal Society of Chemistry 2018
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(A) Obtained Raman spectra with calculated /p//g ratios (N = 3), (B) XPS survey spectra with fitted atomic concentrations in the inset table

(N = 3). High-resolution XPS spectra of (C) normalized C 1s, (D) Fe 2p, and (E) O 1s.

loading can be correlated with the increased surface oxygen
content. In addition, the relative ratios of surface iron corre-
spond to expected Fe atomic percentages of 2, 5 and 10 at%.
Raman spectroscopy. To examine iron-induced changes in
carbon-to-carbon bonding, Raman spectroscopy investigations
were carried out. Raman spectra shown in Fig. 2(A), fitted
according to Ferrari & Robertson,*”*** show two Gaussian peaks
for D and G regions of amorphous carbon. The I/l peak
intensity ratios, representative of the sp> carbon clustering, are
also shown in Fig. 2(A). These results indicate an increase in
sp>-clustering with increased Fe-content. Oxidized surface iron,
as indicated by XPS, may exhibit sharp Raman excitation close
to the D and G regions.*®* There is, however, no apparent
evidence of this in Fig. 2(A) since the amount of iron oxide is low
compared to the excitation of sp> carbon. The 2 at% Fe sample
has a Ip/I; of 0.22 £ 0.04, which is typical for a ta-C thin film of
this thickness.?® The I/I; of 0.37 + 0.08 measured for the 10
at% Fe sample, is over twice than the 0.15 £ 0.02 measured for
the reference ta-C, but still comparable to I/I; values reported
for ta-C films in literature.?**"** The higher I,/I; with increased
Fe content points to an increased amount of sp*-clustering or
total sp>fraction in the Fe/ta-C matrix.*” Therefore, added iron
appears to have an effect on the carbon-carbon bonding in ta-C.
Such effects can be much larger in metal/ta-C composites: a very
similar p-FCVA study by Pasaja et al.*® found that even the
smallest addition of molybdenum increased the Ip/Is to about

This journal is © The Royal Society of Chemistry 2018

0.97 compared to their similar reference ta-C value of 0.15. This
can be expected based on the higher solubility of carbon to iron
in comparison to that of to molybdenum.>***

AFM. Films deposited by p-FCVA have typically ultrasmooth
surfaces with RMS roughness (R;) values as low as 0.1 nm.">*
This smoothness is also evident from AFM rasters shown in
Fig. 3, where all samples were invariably smooth with R, values
in the 0.1-0.2 nm range. There is also no indication of differ-
entiating surface features or cluster formation between the
samples, which is in agreement with transmission electron
microscopy (TEM) results, where all films were found to be
amorphous with no particle formation (Fig. S4-S67).

Summary. In summary (Table 1), reference ta-C films were
high in sp’-content, highly resistive, and amorphous with
some oxygen content on the ultrasmooth carbon surface. The
following changes were induced as a function of added iron:
considerably decreased sheet resistance, slightly increased
sp’-clustering, and increased surface loading of iron, iron
oxide, and oxygen. There was no visible formation of particles
or changes in surface smoothness.

Electrochemical Characteristics

Electrochemical impedance spectroscopy. EIS measure-
ments were carried out to probe the electrochemical properties
of Fe/ta-C films. The Nyquist plot in Fig. 4(A) was fitted to obtain
the exponent a, solution resistance R, charge transfer

RSC Adv., 2018, 8, 26356-26363 | 26359
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Fig. 3 Atomic force microscopy height topography images. False
color scale in allimages is 2 nm. Root mean squared surface roughness
(Rq) is calculated from particle-free areas.
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resistance R . and double layer capacitance Cy, as displayed in
Table 2. The apparent heterogeneous electron transfer rate
constant k° was calculated according to Hsu & Mansfeld.*
Analogous to the significant decrease in sheet resistance,
also the apparent charge transfer resistance R exhibits
a decrease of over two magnitudes from 840 Q for ta-C to 4 Q
with 2 at% Fe. Further additions show a consistent trend of
decreasing R... This trend is also directly reflected in the
increased apparent heterogeneous electron transfer rate
constant k°. This result is as expected, since the overall
kinetics of outer sphere redox probe electron transfer on
thicker ta-C films has been shown to be largely dependent on
the electron transport through the electrode structure.**>°
The solution resistance R, remained relatively constant
throughout the series. The EIS measurements in Table 2
indicate over an order of magnitude increase in double-layer
capacitance Cq) even with the smallest addition of iron (2 at%
Fe). Such a large increase in Cq4; is noteworthy given the
unchanged surface roughness R,. Additional iron further
increases Cqj. As outlined by Frackowiak & Béguin,' such
surface-area independent enhancements in pseudocapaci-
tance on carbon materials can be linked to increased elec-
troactive surface oxygen content and the presence of
transition metal oxides. The exponent a, describing the
ideality of the capacitive characteristics of the electrode,

Table 1 Summary of measured physical characteristics: Raman spectroscopy Ip/lg-ratio, four-point probe sheet resistance (@ 7%, and XPS

wide scan atomic concentrations (at%)

XPS wide at%

Fe at% Raman Ip/Ig Sheet resistance Fe 2p O 1s C1s
ta-C 0.15 + 0.08 — — 4.2 £0.2 95.6 = 0.2
2 0.22 + 0.02 3.9 x 10° 0.4 £ 0.0 5.7 £ 0.0 93.7 £ 0.1
5 0.25 4+ 0.04 2.4 x 10° 1.2 £ 0.0 7.5+ 0.1 90.9 + 0.1
10 0.37 + 0.02 7.6 x 10* 2.5+ 0.0 10.6 + 0.4 86.4 £+ 0.6
1200 = T Lt T T T ¥ T
A 5 mM Ru(NH,)
° 3le . 200 0.15MH,SO, g
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goo * SatwFe 100+ 5 at% Fe i
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Fig. 4 (A) Nyquist plots of EIS measurements in 5 mM Ru(NHs)e in 1 M KCl showing both experimental data (markers) and the fitted simulation

(solid line). The inset in (A) shows a magnification of the high-frequency range to show the low R values of Fe/ta-C electrodes. (B) Cyclic
voltammogram of 0.15 M H,SO4 in 400 mV s~! for a 200 pA threshold. The inset in (B) shows a redox couple attributable to iron species.
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Table 2 EIS results calculated from fitting the Nyquist plots in Fig. 4(A) with the modified Randles circuit.?° Values and errors are averages and

standard deviations of three measurements

Fe at% a R (Q) R (Q) Cai (UF em™?) £ (em s
ta-C 0.89 £+ 0.00 16 + 2 841 + 160 0.3 £ 0.0 0.002 £ 3 x 1074
2 0.76 = 0.07 18+1 4.0 + 0.6 5.0 £ 0.2 0.37 £ 0.05
5 0.82 £+ 0.05 18+ 1 2.7 £ 0.5 5.9+ 1.0 0.54 + 0.11
10 0.84 £+ 0.05 22 + 8 1.6 £ 0.3 7.0+ 0.4 0.94 £+ 0.16

shows some variation as a function of iron content, but the
changes are too inconsistent to show a clear trend.

Potential windows. The effect of added iron on the water
window of ta-C in 0.15 M H,SO, and 1 M KOH was investigated
to evaluate the applicability of Fe/ta-C in different electro-
chemical environments. In 0.15 M sulfuric acid, the addition
of iron was found to have a profound electrochemical effect on
both the cathodic and anodic branches of the potential
window. The 5.2 V wide potential window for reference ta-C,
shown in Fig. 4(B) and Table 3, is typical for a pure high sp*-
fraction ta-C matrix."”**" With an addition of 2 at% Fe, the
anodic branch exhibits a negative shift from +2.7 V to +2.4 V,
while the cathodic branch experiences a more noticeable shift
of +1.3 V from —2.5 V to —1.2 V. In total, the cathodic and
anodic branches shift by +1.4 V and —0.5 V, respectively to
a potential window of 3.3 V for the 10 at% Fe sample. The peak
current of a redox couple shown in the inset of Fig. 4(B) is in
direct correlation with increased iron content. These peaks
can be attributed to the oxidation and reduction of different
iron species, as iron tends to dissolve in aqueous solutions at
anodic potentials.’** However, it is not possible to straight-
forwardly associate these peaks with specific Fe-redox reac-
tions, as the corrosion behavior of iron is known to be very
sensitive to the presence of impurities, such as carbon or other
metals.>>** Nevertheless, together with the XPS results, these
observations clearly indicate the presence of oxidized iron
species on the surface, which is consistent with the decreased
anodic and cathodic branches.*

In 1 M KOH, the effect of iron is much more pronounced in
the negative shift of the anodic branch, as displayed in Fig. S7f
and Table 3. The initial potential window of 4.0 V for ta-C is
considerably wide, similar to that in H,SO, shown in Fig. 4(B).
With each subsequent addition of iron, the anodic branch of
ta-C consequently decreases from +1.8 V to +1.0 V for the 10
at% Fe. The cathodic branch in contrast experiences a single,
much larger positive shift of +0.5 V from —2.3 V to —1.8 V for
the 2 at% Fe, but then remains practically unchanged. The
potential window for 10 at% Fe is still somewhat wider than
that of polycrystalline iron, which has typically a window from
—1.6 V to +0.8 V.** Similar to the inset of Fig. 4(B) the cyclic
voltammogram in 1 M KOH (Fig. S7) shows the presence of
a redox couple which can be also attributed to surface iron
species, however this time at a more cathodic potential due to
the higher pH of 1 M KOH.>>*® Although the water windows are
notably decreased by the addition of iron in both H,SO, and
KOH, they remain flat, stable and relatively wide.

This journal is © The Royal Society of Chemistry 2018

Table 3 Cyclic voltammetry potential window results in volts (V) at
400 mV st scan speed in 0.15 M H,SO,4 and 1 M KOH at 200 pA
threshold

0.15 M H,SO, 1 M KOH
Feat%  Ep,  Epc Pot. window  Ep,  Epc Pot. window
ta-C 2.7 —2.5 5.2 1.8 —-2.3 4.0
2 2.4 —1.2 3.6 1.4 —1.8 3.1
5 2.4 -1.1 3.5 1.1 —-1.8 2.8
10 2.2 —-1.1 3.3 1.0 —-1.7 2.7

Outer sphere redox couples. Electron transfer kinetics of
Fe/ta-C films were investigated by using cyclic voltammetry
and three outer sphere redox probes: rutheniumhexaammine
(Ru(NH3)g), ferrocenemethanol (FeMeOH or C;;H;,FeO), and
iridium chloride (IrClg). Iridium chloride and rutheniumhex-
aammine are known to be true outer sphere redox probes
insensitive to changes in surface chemistry®” whereas for
FcMeOH there are some indications that it may adsorb on
carbon surfaces.”®** However, all three probes exhibited
identical behavior as a function of added iron, as observed in
Table 4 and Fig. S8-S10:1 electron transfer for reference ta-C
was slow and irreversible, while even the slightest addition
of iron to 2 at% Fe rendered the electron transfer reversible or
close to reversible, as reflected by the AE, and Ip,/Ip. values
listed in Table 4. This is consistent with the results from EIS
and sheet resistance measurements indicating substantially
decreased electron transport resistance through the Fe/ta-C
films. Also, all outer sphere redox reactions were diffusion
limited (Fig. S11-S131). For comparison to EIS data, k° values
were calculated from the CV data using Nicholson's method®’
for the measured outer sphere redox probes (Fig. S147).

Table 4 Cyclic voltammetry redox peak potential separations AE,
(mV) and peak current ratios /pa/l,c at 100 mV s~! scan speed of the
three redox probes: rutheniumhexaammine, ferrocenemethanol, and
iridium chloride

1 mM

Ru(NH3)e 1 mM FcMeOH 1 mM IrClg
Fe at% AE,  Inalln AE, I/l AE,  Inalln
ta-C 101 0.856 88 0.955 122 0.950
2 59 0.920 61 0.986 63 0.980
5 61 0.916 61 0.983 68 0.986
10 61 0.907 61 0.986 59 0.990
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Conclusions

Iron was added into pure ~80% sp>-rich ta-C thin films for the
tailoring of electrical and electrochemical properties. Fe/ta-C
thin films were fabricated with three different iron contents,
approximately 2, 5, and 10 at%, using a room temperature p-
FCVA process. TEM and AFM found all films amorphous with
ultrasmooth surfaces with the RMS roughness being in the
range of 0.1-0.2 nm. Unlike metals with low carbon solubility,
such as molybdenum, iron contents even up to 10 at% in ta-C
were not found to result into the formation of sp>rich amor-
phous carbon as investigated by Raman spectroscopy. As
observed by the sheet resistance measurements, EIS, and
several outer-sphere probes (Ru(NHj)s, IrCls, FcMeOH), even
the smallest iron addition of 2 at% was found to substantially
enhance electron transport properties of the films and re-enable
facile outer sphere redox reactions on the otherwise highly
resistive and dielectric 30 nm thick ta-C film. XPS results indi-
cated increases in surface iron loading, that could be connected
with the increased surface oxygen content and subsequent
formation of iron oxides. These iron-induced changes in surface
chemistry were associated to (i) an order of magnitude increase
in pseudocapacitance, and (ii) considerable decreases in the
width of the potential windows measured in 0.15 M H,SO, and
1 M KOH. In both cases 0.4 at% surface iron (XPS) produced
effects comparable to 2.5 at% surface iron. It can therefore be
expected that even iron impurity levels of 0.5 at% and below on
inert carbon surfaces can have a profound electrochemical role.
It is to be noted that these impurity levels are already at the limit
of resolution of XPS that is commonly used to verify the purity of
carbon nanostructures. This notion can be critical e.g. in carbon
nanostructure synthesis, where irregular trace amounts of iron
impurities can contaminate the process.
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