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1 | INTRODUCTION
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Herman Terryn®® | Joost De Strycker® |

Electrodeposition from an environmentally friendly iron sulfate electrolyte with citric
acid as carbon source has gained attention recently, because of excellent mechanical
properties of the resulting Fe-C coatings with intentionally codeposited high-carbon
concentrations. While being very attractive as protective coatings and sustainable
alternatives for hard chrome coatings, comprehensive understanding of the coatings'
chemical constitution including the type and location of carbon-containing phases is
still lacking. The amount of codeposited carbon of up to about 0.8 wt.% significantly
exceeds the solubility of carbon in ferrite, although carbon-free ferrite is the only
unambiguously reported phase in as-deposited Fe-C coatings so far. In the present
work, time-of-flight secondary ion mass spectrometry, X-ray photoelectron spectros-
copy, and soft X-ray emission spectroscopy have been applied to identify the carbon-
containing phases, which are present as minor secondary phases in the coatings but
are known to have an important influence on the coatings' properties. Three carbon-
containing phases could be distinguished, homogeneously distributed in the nano-
crystalline ferrite base material. Iron acetates, amorphous carbon, and carbides were
found in both as-deposited and annealed Fe-C coatings up to 300°C, but their frac-

tion changes during postdeposition annealing.

KEYWORDS
annealing, carbon, chemical analysis, electrodeposition, Fe-C coating

mechanical properties are reported for the electrodeposition of iron-

carbon coatings.>™” Despite the technological importance of iron-

The electrodeposition of iron-based coatings has a long tradition but,
so far, is mainly applied owing to excellent magnetic properties of
deposited iron alloys. Only recently, electrodeposition of iron alloys
sparked new awareness as protective coatings. Driven by the urgent
need for a sustainable, environmentally friendly alternative to hard
chrome coatings, the ability to deposit particularly hard and wear

resistant iron-based coatings has been demonstrated, and promising

carbon bulk alloys (e.g., steels), the intentional codeposition of carbon
from iron-based electrolytes has not gained much attention yet, and
carbon in electrodeposited coatings is often either disregarded or
called an impurity.2? Typical electrolytes for electrodeposition of iron,
for example, iron sulfate-based solutions, usually include citric acid or
citrates, which are added primarily due to their role as complexing

agents, as buffers, or to enhance the electrolyte stability. The applied

Surf Interface Anal. 2023;1-11.
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electrolytes are free of any other additives like dedicated levelers or
brighteners; thus, the sole presence of citric acid, which is naturally
occurring and hazard free, allows for environmentally friendly electro-
deposition without harmful substances. In these electrolytes, obvi-
ously, the citric acid provides the source of carbon and facilitates its
codeposition. The successful intentional codeposition of carbon with
high concentrations of about 0.8 wt.% C results in excellent mechani-
cal properties (e.g., hardness of about 800 HV for as-deposited coat-

)2-461011 and suggests an

ings and up to 1300 HV after annealing
enormous potential for surface engineering using iron-carbon coat-
ings. The coatings can be deposited reproducibly with high-carbon
concentrations of homogeneous distribution within coating thick-
nesses of up to several hundreds of micrometers. Owing to good abil-
ity for surface leveling and good adhesion to subsequently deposited
multilayers,” the electrodeposition of iron-carbon coatings can be
applied either for local repair of damaged surfaces or as continuous
coatings whenever surface protection from mechanical attack is
needed (e.g., as work rolls for cold rolling mills). Albeit the reproduc-
ible electrodeposition and well-defined properties of iron-carbon
coatings are very attractive for industrial applications, a comprehen-
sive understanding of the coatings' chemical constitution including
the type and location of carbon-containing phases has not been
obtained yet.

One of the challenges in understanding the codeposition of car-
bon and the resulting formation of carbon-containing phases relates
to the difficulties of straightforward experimental characterization of
as-deposited coatings. In thermodynamic equilibrium, carbon is almost
insoluble in the bcc a-iron lattice (ferrite). Indeed, carbon-free ferrite
is revealed by diffraction analysis for as-deposited coatings.>>¢ In
addition to ferrite, the presence of one additional diffraction peak is
reported consistently?™® and indicates the presence of (at least) one
more crystalline phase in the as-deposited coatings. However, an
unambiguous phase identification is not possible by diffraction analy-
sis and, accordingly, a yet “nameless” phase has been proposed in
addition to the identified ferrite.*~® Although it is likely that it contains
carbon, the so far reported results cannot explain the measured high-
carbon concentrations of about 0.8 wt.% C, and partly inconsistent
explanations are proposed in the need to locate the high-carbon con-
tent in the coatings.>*>1°-12 Together with the codeposition of car-
bon, also hydrogen and oxygen are frequently detected in as-

deposited iron-carbon coatings,>>*1"14

although often ignored as
impurities or related to unwanted side effects. The abovementioned
difficulties of identifying the intentionally codeposited carbon in the
coatings are further complicated by the simultaneous presence of
oxygen and hydrogen, which provide various possibilities for the for-
mation of crystalline and noncrystalline phases during electrodeposi-
tion and affect their evolution during postdeposition annealing.

The importance of all the codeposited elements (C, O, and H) for
mechanical properties is documented in previous studies both for as-
deposited and postdeposition annealed iron-carbon coatings.>"® The
chemical and phase constitution resulting from the codeposited ele-
ments (C, O, and H), which has not yet been possible to reveal, is

addressed with the present work. Using labeled isotopes in the

electrolyte and by means of complementary spectroscopic methods,
the origin and type of phases in both as-deposited and annealed iron-
carbon coatings is investigated. Techniques that were used are time-
of-flight secondary ion mass spectrometry (ToF-SIMS), X-ray photo-
electron spectroscopy (XPS), Raman spectroscopy, and soft X-ray
emission spectroscopy (SXES).

2 | MATERIAL AND METHODS

2.1 | Coatings

Electrochemical deposition of iron-carbon (Fe-C) coatings occurred
from a 100 mL iron sulfate electrolyte with citric acid as carbon
source: 80 g/L of iron(ll) sulfate heptahydrate (FeSO,4-7H,0) and
1.2 g/L of citric acid (C4HgO;—Merck). The pH of the electrolyte is
adjusted to pH 2.5 by sulfuric acid. The applied electrolyte and pro-
cess parameters correspond to previous studies that optimized the
coating process.®

For unambiguous identification of the codeposited carbon in the
coatings by ToF-SIMS, a second batch of electrolyte was prepared in
a similar way with isotopic citric acid (**C4HgO5, Sigma Aldrich),
where all *2C are replaced with °C. The obtained coatings are
referred to as Fe-'3C coatings in comparison to the Fe-*2C coatings.

The Fe-C coatings were electrodeposited on a cold rolled low
carbon steel grade DCO6 as substrate. The steel composition as
shown in Table 1 was determined using SS-OES and combustion anal-
ysis by Leco CS600 (C and S) and Bruker Galileo G8 (N and O).

The substrate was submitted to a cleaning procedure prior to the
electrodeposition process. The cleaning procedure consisted of an
ultrasonic solvent cleaning in Dowclene™ 1601 (propyleneglycol-tert-
butylether) followed by anodic electrolytic cleaning in ENPREP OC
(MacDermid-Enthone) for 1 min at 15 A/dm? and 45°C and subse-
quent double rinsing steps in deionized water. An oxide removal step
prior to immersion in the electrodeposition electrolyte was performed
in 10 V/V% sulfuric acid solution for 1 min at room temperature fol-
lowed by rinse with deionized water. The electrodeposition process
was carried out in a double-walled thermostat beaker at 50°C. The
specimens were deposited on both sides of the D06 steel substrate
sheets using parallel faced anodes also made from DCO6 steel. A cur-
rent density of 3.5 A/dm? was applied for 60 min to obtain a targeted
45 um coating thickness.

After coating, the samples are rinsed with deionized water and
dried with compressed air. To avoid further contamination with time,

the specimens are packed in Al foil.

2.2 | Thermal annealing

In addition to as-deposited coatings, also coatings after annealing
were investigated. To this end, isothermal annealing was carried out
at various temperatures (150°C, 240°C, 300°C, 400°C, and 600°C) for
different durations in an Argon atmosphere in a TGA equipment
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TABLE 1 Composition of the steel substrate in wt.% (the balance corresponds to iron).
C (0] S N Mn Al Ti
0.0025 0.0046 0.0090 0.0019 0.1230 0.0430 0.0560

Q500 from TA instruments. Round specimens were cut from the
larger electrodeposited area and placed in a platinum pan. The system
was purged with Argon (>99.9999% purity, balance 40 mL/min, sam-
ple 60 mL/min). The annealing temperature and duration are summa-
rized in Table 2.

After annealing at 400°C and 600°C for 3 h, the specimens
showed visible cracking and oxidation.

23 | ToF-SIMS

To obtain molecular information and to detect fragments and ele-
ments with high sensitivity (ppm-ppb range), ToF-SIMS was used.
ToF-SIMS measurements were performed with a TOF.SIMS 5 system
from ION-TOF GmbH (Miinster, Germany), using a 30 keV Bis™" pri-
mary ion beam operated in the high-current bunched mode for high
mass resolution (approximately 8000 at 29 u [2°Si*]). ToF-SIMS is a
surface sensitive technique with an analysis depth of 1-5 nm. The lat-
eral resolution achieved in the high-current bunched mode is 3 um.
The pulsed ion beam target current was approximately 0.70 pA. Posi-
tive and negative ion mass spectra were acquired over a mass range
of 1-800 u. Depth profiles were obtained in dual beam configuration,
where a 20 keV Ary,00" cluster ion beam was used as a sputter beam,
and Biz" was used to analyze the crater bottom. Positive polarity
spectra are obtained by applying a negative extractor voltage, and
negative polarity spectra are obtained by applying a positive extractor
voltage. The sputter raster was set to 800 um x 800 um, and the
sputter ion fluence was 1.20 x 10** ions cm™2 s~ . A smaller analysis
raster of 100 um x 100 um was chosen in the center of the crater.

A VLS-80 system (Nanoscan, Zirich, Switzerland) integrated in
the TOF.SIMS 5 system was used to obtain sputter depth information.
An atomic force microscopy (AFM) surface profile (long-distance line
scan) was obtained across the sputter crater and compared with a ref-
erence line scan obtained before sputtering. This allows to determine
the shape and depth of the crater. Measurements were done in con-
tact mode with a diamond-coated NANOSENSORS DT-CONTR AFM
probe. The probe tip height is between 10 and 15 um, and the tip

radius (at the narrow end of the tip) is in the 10 nm regime.

24 | XPS

XPS was performed using a VersaProbe lll photoelectron spectrome-
ter from PHI. All spectra were collected using monochromatic Al Ka
X-rays (1486.6 eV) operating at 300 W. High-resolution spectra were
obtained using a pass energy of 23.5 and 0.1 eV energy step size. The
spot size was 100 um, and the take-off angle between the X-rays and

TABLE 2 Thermal annealing parameters.

T (°C)
150 240 300 400 600
Time (h) 6 12 3 3 3

spectrometer was 45°. Fitting of the peaks was done with CasaXPS
software using a Shirley background and a mixed Gaussian-Lorentzian
shape. All the spectra were calibrated with respect to the C-C/C-H
contribution in the C1s signal fixed at 284.8 eV.

2.5 | Raman spectroscopy

The samples were analyzed with a LabRAM HR Evolution confocal
Raman spectroscope from Horiba Scientific in an attempt to accu-
rately identify the sp?/sp° carbon ratio in the coatings. The green laser
(532 nm) was employed with 10% filter and 100x objective for opti-
cal images and Raman measurements. The data were analyzed with
the standard LabSpec 6.2 software, including spike removal and back-

ground correction.

26 | SXES

SXES is a spectroscopic technique that gives information about the
partial density of state of the valence bands of atoms with a high
energy resolution comparable to XPS and Auger spectroscopies.>1¢
SXES is used to quantify concentrations of light elements and probe
their chemical state through their characteristic peak position and
shape. While XPS and ToF-SIMS provide surface chemical information
within 1 to 10 nm in depth, the depth of analysis of SXES is in the
range of several hundreds of nanometers, in an iron matrix at 5 kV.
Thus, SXES provides average elemental and chemical state informa-
tion over a larger range of depth. Samples were subjected to chemical
analysis with a JEOL SS-94000 detector attached to a scanning elec-
tron microscope JEOL 8530F FEG-EPMA. A 5 kV acceleration volt-
age, 200 nA probe current, and 60 s accumulation time were used.
SXES spot measurements were performed over a 10 x 10 grid with a
10 pm step size and 1 um beam diameter. For each sample, 100 spec-
tra were collected and averaged to improve the signal-to-noise ratio
of the measurements. The energy resolution of the SXES detector is
0.2 eV and was calibrated at the edge of Al-K line at 72.5 eV. SXES
peaks were identified using the indexing-tool provided with the SXES
software from JEOL. The net intensities of the carbon peak (C-Ka at
138.6 eV) and oxygen peak (O-Ka at 174.7 eV) are converted to
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concentrations using the calibration line method with reference mate-
rials of steels and iron oxide with known C content and O content,
respectively. The SXES spectra of bulk graphite and a gold-coated pel-
let of sodium acetate trihydrate (analytical grade) were measured
under the same beam current, acceleration voltage, and accumulation

time conditions as the coatings.

3 | RESULTS

3.1 | Identification of the carbon phase in as-
deposited coatings

Carbon being codeposited in the coating must originate from the citric
acid in the electrolyte. In order to verify the nature of carbon and con-
firm its origin, coatings were prepared from an electrolyte that con-
tained isotopic citric acid in which all *2C are replaced by *3C. ToF-
SIMS offers isotopic discrimination, which enables to distinguish the
carbon codeposited during the electrochemical process from carbon
contamination. To avoid the top-surface contamination, the coating
was sputtered using a 20 keV Aris00" sputter ion source prior to
analysis.

Figure 1A shows the negative polarity spectrum obtained from
the Fe-*3C coating at a depth of 260 nm. FeO,  and Fe,O3  are
much lower in intensity as compared with the top-surface spectrum
(Figure S1a). Fe,O,~ fragments (with x = y) became more prominent,
and even Fe, O, fragments (with x > y) and Fe,~ fragments are now
observed. Furthermore, the detection of *3C~ and 13C2* indicates the
presence of a carbon phase in the coating that originates from the
citric acid in the electrolyte. Figure 1B shows the ToF-SIMS spectra
obtained in positive polarity. The spectrum at a depth of 260 nm is
dominated by Fe," fragments (Figure 1B), unlike the top-surface spec-
trum which is dominated by Fe,O," fragments (Figure S1b). This indi-
cates that iron in the coating is present in highly reduced form and
this corresponds to earlier investigations in literature, which identified
the main crystalline phase in the as-deposited iron-carbon coating as
ferrite 3>

The present study is focused on identification of the carbon

phase in the electrodeposits. Figure 1 shows *C~ and *3C,~ as the

most intense carbon fragments. Additional carbon fragments can be
found by further zooming in on the spectra. Figure 2 shows an over-
view of the most prominent '°C containing fragments that were
found in the Fe-3C coating (blue spectra). Spectra obtained for the
regular Fe-'2C coating (in orange) are shown in overlay to confirm the
identification of *C containing fragments.

Assignments of carbon-containing fragments can be divided into
three categories. Figure 2A shows Fe,:3C* fragments, which indicate
the presence of an iron carbide phase. Figure 2B shows *3C,H;0,7, a
fragment attributed to an organic phase that must be closely related
to citric acid (*3C4HgO5). 3C,H30,~ corresponds to an acetate struc-
ture. Fragment 8C,HO,Fe™ and especially fragment 13¢C,H;05Fe™
suggest that iron acetate complexes are present in the coatings.
Figure 2C shows distinct mass peaks for 18¢,, 8¢, 8¢, -, BCH,
and ¥C4H™. This series of 13CX(HV)* fragments seems to correspond
to a third carbon-containing phase.

XPS analysis is performed in addition to ToF-SIMS to aid in the
identification of the carbon-containing phases. Figure 3 shows Cls
high-resolution spectra obtained on the Fe-3C coating and elemental
compositions deduced from the accompanying survey spectra.
Figure 3A shows a spectrum obtained at the top surface. From ToF-
SIMS (Figure S1), it is known that no carbon related to the electrode-
position process is present at the oxidized and contaminated top sur-
face with about 10 nm thickness; therefore, this spectrum can be
regarded as a carbon contamination spectrum. Figure 3B shows a
spectrum obtained at a depth of 260 nm in a crater that had been cre-
ated earlier for ToF-SIMS analysis. C1s spectra are peak fitted and cal-
ibrated with respect to the C-C/C-H component which is fixed at
284.8 eV. Table 3 gives an overview of C1s components used in peak
fitting. The C1s spectrum obtained at 260 nm depth (Figure 3B)
resembles strongly the spectrum obtained at the top surface
(Figure 3A). One remarkable difference is that an additional peak at
binding energy 282.7 eV is observed in Figure 3B. This shift in binding
energy (—2.1 eV with respect to C-C/C-H) indicates the presence of
a carbide phase.**” The carbon signal in Figure 3B corresponds to a
carbon content of 4.7 wt.%, which strongly exceeds the average car-
bon content (0.6-1.2 wt.%) reported for electrodeposited Fe-C coat-
ings.1 31113 The high-carbon content and the strong resemblance

with the spectrum in Figure 3A allows to conclude that also Figure 3B

(A) negative polarity 260 nm depth
o j i%xSOO iex400 ' > X500 " N
s
< ) E
‘E’ FeO FeO,
E 13¢ e Fe;0;
£ ] Fea0y L or : Fe,04 E
= l O FeDs'ie’- Fe,0r ﬂ Fes 7;;:)' Fe;0, Fe:e/ag:,o' Fe,0, Fe,05° “t ‘re,o; FesOg
| .y A | L T Y A dals ah A,\_AJ\ A sl A
0 50 100 150 200 250 350 400
m/z

(B) npositive polarity

T T
|9 : 3*00 |—> x4.00
€,

Na*

L

n

LY
3

Intensity [a.u.]

i%xZOO

FIGURE 1 ToF-SIMS spectra (0-
400 m/z) obtained in (A) negative and
(B) positive polarity from the Fe-13C
coating. Analysis was performed at
260 nm depth (crater created with a
20 keV Arqo00 " sputter source).
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FIGURE 2 Carbon-containing fragments identified in the ToF-SIMS spectra for a Fe-*3C coating (blue) and for a Fe-*2C coating (orange).
Each figure shows an overlay of three spectra per sample. Fragments are divided in three categories: (A) Fe,C™ fragments. (B) C,H,O,(Fe)~

fragments. (C) C,~ fragments.

FIGURE 3 Left: Carbon 1s XPS
spectra (minimum to maximum
normalized) after curve fitting.

(A) Oxidized top surface. (B) Inside crater
generated earlier for ToF-SIMS analysis at
260 nm depth. (C) Inside crater generated
earlier for ToF-SIMS analysis at 260 nm
depth. The crater was sputter cleaned in
XPS with an Ar gas cluster ion beam.
Right: Corresponding elemental
composition obtained from accompanying
survey spectrum.

is dominated by carbon contamination.

(Figure S2). Both the presence of carbonaceous contamination and
oxidation of iron can be explained by the fact that the sample has
been exposed to air during transfer from ToF-SIMS analysis to XPS
analysis. Figure 3C shows a spectrum obtained in the same crater

(at 260 nm depth) after sputter cleaning with an Ar gas cluster ion
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beam (20 keV Aras00"). The carbide peak is now dominating the spec-
trum. An additional component is clearly observed at binding energy
284.0 eV (—0.8 eV with respect to C-C/C-H). This binding energy,
together with a m-mt* shake-up peak observed at 291.3 eV, is indica-
tive for a sp? carbon phase.2”"1? The presence of an amorphous car-
bon phase can account for the C,~ fragments that are observed in

ToF-SIMS. Due to small differences in binding energy for sp? and sp®
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TABLE 3
curve fitting

Peak assignments for the C1s components used in

Assignment Binding energy (eV) FWHM (eV)
C-Fe (carbide) 282.7 1.0
C-C (sp*/sp°) 284.0 14
C-C/C-H 284.8 1.4
C-COO~ 285.2 14
c-0 286.6 14
COO~ 288.4 14
mi-1* shake-up 291.3 14

components, it is not possible for amorphous carbon to fully separate
the sp? and sp® components in Cls XPS peak fitting.? Therefore,
the component at binding energy 284.0 eV will be denoted as
C-C (sp?/sp3).

Finally, a small peak at binding energy 288.4 eV (+3.6 eV with
respect to C-C/C-H) can be attributed to COO~.2° The presence of
carboxylate groups after sputter cleaning corresponds well with the
organic fragments that were picked up by ToF-SIMS.

Results from the XPS analysis are in line with those from ToF-
SIMS analysis on the same samples. The results indicate that not one,
but three carbon phases are present in the as-deposited coating: a
carbide phase, a carbon phase with sp? (and maybe less sp®) bonding,
and an acetate phase. The sp?/sp° ratio of a carbon phase is difficult
to determine with XPS,2! especially when three different carbon
phases are present in very low concentration. An attempt was made
to characterize the amorphous carbon phase with Raman spectros-
copy (Figure S3). Unfortunately, no peak related to a carbon phase
was found. It is likely that the concentration of this carbon phase is
too low to be detected by Raman spectroscopy. XPS points to amor-
phous carbon in form of the trigonal a-C phase with predominantly
sp? bonding rather than the tetrahedral amorphous carbon (ta-C)
phase.?? A hydrogenated amorphous carbon (a-C:H) phase cannot be
excluded, because we find **C,H, and *°C,H~ fragments in the ToF-
SIMS spectra (Figure 2).

3.2 | Influence of annealing on the chemical
composition
3.21 | ToF-SIMS depth profiles

Fe-C coatings were subjected to isothermal annealing. ToF-SIMS
depth profiles were acquired on an as-deposited Fe-'3C coating
(Figure 4A) and on Fe-3C coatings annealed at temperatures up to
300°C (Figure 4B-D). Fe,O, (x < y) fragments are representative for
an iron oxide phase. Each coating is characterized by an oxidized top
layer. For the as-deposited coating and the coating annealed at
150°C, the oxidized top layer is estimated to be only about 10 nm thin
and can be considered a native oxide that forms unrelated to anneal-

ing. At higher annealing temperatures, a thermal oxide layer is formed.

This thermal oxide layer grows in thickness with temperature, starting
from 70 nm in the 240°C annealed coating to 200 nm in the 300°C
annealed coating. All depth information is derived from AFM line
scans obtained across the sputter craters (Figure S4).

Beneath the native oxide or thermal oxide, similar results are
revealed by ToF-SIMS for all samples. Spectra are dominated by Fe,~
and Fe,O, (with x >y) fragments, which illustrates the reduced
nature of iron in the coating. Organic acetate (represented by
13C,H;0,7), iron carbide (represented by '°CFe™), and sp? carbon
(represented by 13C2*, 13C3*, and 13le) phases are simultaneously
present throughout the coating. This suggests that all carbon phases
are well dispersed in the nanocrystalline coating.

3.2.2 | Evolution of carbon phases by SXES

SXES was performed on an as-deposited Fe-C coating and on Fe-C
coatings annealed at temperatures up to 300°C. The SXES analyses
were localized inside the craters created by Ar-cluster sputtering dur-
ing the ToF-SIMS experiment. The SXES spectra of the as-deposited
Fe-2C and Fe-13C coatings are both successfully indexed as Fe, C,
and O soft X-ray emission lines, as shown in Figure 5 where the most
intense Fe, C, and O peaks are labeled. Note that the peak labeling
refers to the element, the type of X-ray line, and the reflection order
in parenthesis. Figure 5 shows that SXES spectra of the as-deposited
Fe-12C and Fe-13C coatings are qualitatively similar; thus, only the
Fe-12C coatings (as-deposited and annealed) will be reported below.
The complete set of Fe, C, and O X-ray emission lines with all reflec-
tion orders of the as-deposited coating are reported in Figure S5 and
Table S1.

The effect of annealing on the coating's chemical composition is
assessed through variations of the most intense SXES peaks for C, O,
and Fe. Figure 6A-C shows detailed SXES C- (Ka [2] at 138.6 eV), O-
(Ko [3] at 174.7 eV), and Fe- (LL [3] at 205.4 eV) peaks from the as-
deposited and annealed coatings up to 300°C. For the investigated
coatings, the C-peak intensity decreases with increasing annealing
temperature, while the peak intensities of oxygen and iron remain
almost unaffected by annealing. After annealing at both 150°C and
240°C, the position at maximum intensity of the C-Ka peak and the
corresponding  full-width-half-maximum (FWHM) values of the
annealed coatings are identical to that of the as-deposited one, indi-
cating good thermal stability in this temperature range. In contrast, at
300°C, these spectral features change suddenly. Indeed, the maximum
of the C-Ka peak is shifted toward higher energy (138.6 eV for the as-
deposited state vs. 139.0 eV after 300°C annealing) and the FWHM
value is reduced from 4.1 to 3.4 eV by annealing at 300°C. The strong
spectral variations of the C-Ka peak indicate a phase transformation
that involves mostly carbon atoms and occurs due to annealing at
300°C.

From ToF-SIMS and XPS analysis, three chemically distinct
carbon-based phases are suggested in the as-deposited and annealed
coatings up to 300°C: a sp? carbon phase, an organic phase in the

form of acetate, and an inorganic phase in the form of carbides. To
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FIGURE 4 ToF-SIMS depth profiles obtained with a 20 keV Arq,00" sputter source for (A) the as-deposited Fe-13C coating and for the
e-13C coatings annealed at (B) 150°C, (C) 240°C, and (D) 300°C. Depths shown in the profiles are derived from AFM line scans across the
sputter craters (Figure S4). Native iron oxide layers (for as-deposited and 150°C) and thermal iron oxide layers (for 240°C and 300°C) are shaded

in blue.

confirm the coexistence of both organic and inorganic C-based phases
in the coatings, the SXES spectra of graphite, sodium acetate trihy-
drate and of carbide-containing steel (0.82 wt.% C) were measured
and compared with the as-deposited coating and coating annealed at
300°C, as shown in Figure 7.

In Figure 7A, the C-Ka peak of the coating after annealing at
300°C is shifted by 0.4 eV toward higher energy and the FWHM
value is reduced by 0.7 eV as compared with the C-Ka peak of the as-
deposited coating. Differences in C-Ka peak position (indicated by
dotted lines) and FWHM values are larger than the SXES detector
energy resolution of 0.2 eV. Note that in Figure 7, intensities are nor-
malized and do not reflect the relative amount of carbon inside the

different samples.

Figure 7B,C compares the measured C-Ka peaks of the
as-deposited and the 300°C annealed coatings with the ones for
reference samples. Acetate shows a maximum intensity at 138.6 eV
and a FWHM value of 3.8 eV, while the C-Ka peak of graphite is
located at 138.2 eV with a FWHM value of 3.4 eV. The C-Ka peak
of carbide-containing steel is clearly distinct from that of acetate
and graphite with peak position at 139.0 eV and FWHM value of
2.0eV.

The similarity of C-Ka peaks measured for both the as-deposited
Fe-C coating and the acetate reference sample (see Figure 7B) with
respect to the position of maximum peak intensity and FWHM values
suggest that acetate is the dominant carbon phase in the as-deposited

Fe-C coating. This seems contradictory to XPS, where the carbide
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phase was the dominant carbon phase and thus suggests that the con-
centration of the acetate phase in the XPS spectrum is an underesti-
mation of the actual concentration in the coating. An explanation lies
in the different sensitivity of both techniques and in the organic ace-
tate phase being most affected by the sputtering process. SXES is less
affected by sputtering damage effects; the analysis depth with SXES
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— Fe-12C
)
€ 10000 Fell (3
3
Q
K
2
= CKa(2)
c
2
€ 5000 - J
0+ 4
60 80 100 120 140 160 180 200
Energy (eV)
FIGURE 5 SXES spectra of the as-deposited Fe-*2C and Fe-13C

coatings. The most intense peaks are labeled with their element, X-ray
line, and corresponding (harmonic) order in parenthesis.
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FIGURE 6
revealed by SXES.

is in the range of several hundreds of nanometers, while the analysis
depth in XPS only goes up to 10 nm.

It is likely that acetate coexists with sp? carbon and carbide
phases in the as-deposited Fe-C coatings, as shown by ToF-SIMS and
XPS. The broad C-Ka peak results from the convolution of a strong
acetate C-Ka peak with less intense contributions related to sp? car-
bon and carbides, which are difficult to distinguish in a broad peak
shape with large FWHM value. Upon annealing at 300°C, the C-Ka
peak shift and reduced FWHM value suggest that the carbide fraction
has increased at the expense of the organic carbon in the Fe-C coat-
ing annealed at 300°C. Likely, this indicates the decomposition of the
iron acetate fraction in Fe-C coatings, which is reported to start just
below 300°C and is accompanied by the release of CO,.2%%*

Figure 8 shows the C and O concentration in the as-deposited
and annealed coatings up to 300°C. The as-deposited coating con-
tains 0.6 £ 0.1 wt.% of carbon and 2.5 wt.% of oxygen. The carbon
concentration as determined by SXES is in good agreement with
values found in XPS. The oxygen concentration in SXES shows larger
values than the 1.5 wt.% of oxygen found using XPS. This small differ-
ence could be explained by a native oxide layer that forms within
1 day after the sample is removed from the vacuum environment in
ToF-SIMS or XPS. The C concentration decreases to 0.4 + 0.1 wt.%
after annealing at 300°C. Meanwhile, the O concentration remains
stable with annealing up to 300°C. The loss of carbon associated with
the strong variation in the C-Ka peak (see Figure 6A) suggest that the

organic carbon fraction is decreased upon annealing at 300°C.
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FIGURE 7  SXES spectra. (A) Comparison of the C-Ka peaks
measured for the as-deposited coating and after annealing at 300°C.
(B) Comparison of the C-Ka peaks measured for the as-deposited
coating, acetate, high-carbon steel (0.82 wt.% carbon) and graphite
that serve as reference spectra. (C) Comparison of the C-Ka peaks
measured for 300°C annealed coating, acetate, high-carbon steel
(0.82 wt.% carbon), and graphite that serve as reference spectra. Note
that intensities are normalized.

4 | DISCUSSION

The various spectroscopic methods applied in the present work (ToF-
SIMS, XPS, SXES, and Raman spectroscopy) essentially enhance the
understanding of electrodeposited Fe-C coatings, which previously
posed challenges in identifying the carbon-associated phases.? 1912
At first view, the measured high-carbon concentrations (0.6-1.2 wt.%)
in electrodeposited Fe-C coatings,>>*1%12 being as high as in bulk
Fe-C alloys (steels), suggest that carbon is present alike in steels, that
is, in either supersaturated solid solution and/or in carbides, which
typically could be revealed by diffraction analysis. Biased attempts in
literature of interpreting diffraction results toward the classical under-
standing of unalloyed steels do not withstand closer inspection® and
rather indicate that other mechanisms apply for the interplay between
iron and carbon in case of electrodeposition. Elucidating the carbon-
containing phases in Fe-C electrodeposits requires dedicated chemi-

cal and phase analysis as applied in the present work.
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FIGURE 8 (A) Carbon concentration and (B) oxygen content in
Fe-C coatings as deposited and after annealing up to 300°C.

Results from the various spectroscopic methods suggest that the
electrodeposited Fe-C coatings consist of different phases that con-
tain carbon: (i) an organic phase in form of acetate; (ii) an amorphous
carbon phase, also including hydrogenated carbon atoms; and (iii) a
carbide phase, which formed in addition to carbon-free ferrite.

Very specific for the electrodeposited Fe-C coatings is the detec-
tion of iron acetate (cf. Figures 2B, 3, and 4), which contains the various
codeposited nonmetallic elements (C, O, and H) that originate from the
citric acid in the electrolyte. In as-deposited coatings, acetate seems to
be the dominant carbon-containing phase. Iron acetates are reported
to decompose during annealing and depending on heating rate (e.g., at
about 280°C for a heating rate of 2 K/min?3), which is associated with
the release of H,0 and CO,.2%72° Indeed, previous thermogravimetric
analysis with combined mass spectroscopy for electrodeposited Fe-C
coatings revealed a considerable desorption of CO, above 250°C.°
Decomposition of acetate allows for the subsequent formation of pre-
cipitates containing the desorbed elements.?®>?* Indeed, previous in

situ synchrotron X-ray diffraction during isochronal annealing of
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electrodeposited Fe-C coatings revealed the formation of magnetite
Fes04 and cementite FesC at temperatures of 259°C to 325°C and
310°C to 338°C, respectively, with the temperature spreads corre-
sponding to the applied heating rate (2-8 K/min).>¢ In the present
study, no magnetite was observed in the coating annealed at 300°C,
although the acetate phase has partially decomposed. It is likely that
magnetite would form in our samples, which are isothermally annealed,
at an annealing temperature higher than 300°C and/or after holding
longer time at 300°C (regarding carbide formation, see below). Despite
the obvious relation between the CO, evolution® during annealing in
an inert atmosphere and the subsequent precipitation of magnetite
and cementite,>® the former observations in literature can be explained
only based on the present study that identified iron acetate in as-
deposited coatings. Although acetate is not expected to have a huge
impact on the mechanical properties of as-deposited coatings, its
decomposition and the resulting formation of fine and uniformly dis-
persed precipitates is of essential importance for the reported hardness
increase of annealed Fe-C coatings.*™

In addition to acetate, also iron carbides are identified in the elec-
trodeposited Fe-C coatings. Although suggested in previous studies
despite obvious limits of experimental verification,®™ a real proof for
the presence of carbides in as-deposited Fe-C coatings is obtained
with the present study (cf. Figures 2A and 3). It is remarkable that the
carbides and the amorphous carbon are well dispersed within the Fe-
C coating (see ToF-SIMS depth profiles in Figure 4) that mainly con-
sists of nanocrystalline ferrite. This can be considered a nanocompo-
site. This provides some similarity to coatings prepared by magnetron
sputtering from pure graphite and pure Fe,'” where amorphous car-
bon (a-C) is observed together with (sub-)stoichiometric carbide
phases (FeC,) of either amorphous or crystalline nature. Despite much
higher carbon concentrations in Furlan et al.,'” the C1s spectrum
(peak shape) obtained on a Fe;_,C, coating with 21 at.% C content'”
corresponds remarkably well with the C1s spectrum (peak shape)
obtained for the present electrodeposited Fe-C coating
(cf. Figure 3C). Furthermore, for the Fe,_,C, coating in Furlan et al,t’
a distinct XRD peak evolves within a broad range of increased inten-
sity indicating that the FeC, carbides are not fully amorphous.*” Inter-
estingly, both the region of evolving peak intensity and the

1.7 correspond well with the pre-

asymmetric peak shape in Furlan et a
viously reported single peak observed by diffraction analysis of as-
deposited Fe-C coatings* ¢ and termed “nameless phase,”® which dis-
appears at temperatures above 328°C.° Despite the striking correla-
tions, an unambiguous conclusion on the type of carbide in the
present Fe-C coating cannot be obtained. The present results show a
substoichiometric carbide phase (FeC,) of either amorphous or crys-
talline nature in the as-deposited coating. After partial decomposition
of the acetate phase, the aforementioned carbide phase becomes the
dominant carbon-containing phase in the Fe-C coating annealed at
300°C. Further decomposition of the acetate phase at higher temper-
atures would likely lead to the formation of cementite (FesC)
precipitates.*¢

The detection of a-C or a-C:H is a noteworthy result from the

present study. Although the fraction and the sp?/sp® ratio cannot be

quantified for the present coatings (cf. Figures 2C and 3 and
Table 3), the results suggest a dominant sp? character. Further
investigations would be needed to understand the importance of
this (minor) phase and its possible relation to either so-called
diamond-like carbon or graphene, which so far are reported only for
all-carbon coatings.

5 | CONCLUSION

Fe-C coatings were obtained by electrochemical deposition from an
iron sulfate electrolyte with citric acid as carbon source. Motivated by
the need to understand their previously reported excellent mechanical
properties in relation to the high-carbon concentrations (0.6 wt.% C
for the present samples), the nature of codeposited carbon and the
resulting carbon-containing phases were investigated. To distinguish
the carbon in the coatings from irrelevant surface contamination, iso-
topic citric acid resulting in 13C atoms was partly utilized. The applied
analysis with complementary ToF-SIMS, XPS, and SXES using very
carefully selected experimental conditions essentially enhanced the
understanding of both as-deposited and annealed Fe-C coatings.

In addition to nanocrystalline ferrite, several carbon-containing
phases are found in electrodeposited Fe-C coatings: (i) an organic
phase in form of iron acetate, (ii) an amorphous carbon phase that also
includes hydrogenated carbon atoms, and (iii) substoichiometric iron
carbide (FeC,). They all are detected in both as-deposited and
annealed Fe-C coatings up to 300°C, but their fraction changes dur-
ing postdeposition annealing. The results clearly reveal that the elec-
trochemical deposition of Fe-C coatings with intentionally
codeposited carbon provokes unique phases in the coatings, which
are distinct different to the ones in unalloyed steels despite the same
carbon content. The citric acid in the electrolyte is crucial for the
chemical and phase composition.

Of particular importance for the coatings' properties, and of
essential difference to Fe-C coatings obtained by other than electro-
chemical deposition, is the formation of acetate. It explains not only
the incorporation of carbon but also locates oxygen and hydrogen,
which are known to be codeposited together with carbon and also
provided by citric acid and corresponding reactions in the electrolyte.
While acetate seems to be the dominant carbon-containing phase in
as-deposited coatings, its decomposition during annealing is expected
to facilitate the formation of magnetite and cementite precipitates.

The results indicate that the various carbon-containing phases are
distributed homogeneously in the electrodeposited Fe-C coatings. In
addition to the type and composition of these phases (with/without
additional oxygen and hydrogen), the resulting nanocomposite con-
sisting of the various phases embedded in ferrite is important for the
well-known mechanical properties of both as-deposited and annealed
Fe-C coatings.
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