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Abstract

Previous studies have indicated that carbon is deposited on spinel-type oxides containing manganese, iron, nickel and
chromium manganese oxides and uranium oxides, especially where rapid electron exchange is possible in mixed valence
compounds. In this investigation, characterised magnetite, Fe,O,, surfaces have been subjected to +y-irradiation under
conditions of temperature, pressure and atmosphere similar to those experienced in reactor with the aim of furthering our
understanding of the catalytic processes involved in deposit initiation and growth. Although it was not possible to produce
large (111) Fe;0, planes, enhanced carbon deposition was observed on small (111) regions showing the enhanced catalytic
effect of these planes for carbon deposition out of the gas phase. © 1998 Elsevier Science B.V.

1. Introduction

Carbon deposition has been observed in power reactors
on surfaces used in reheater and superheater pipework
under operating conditions. Such deposition results in a
reduction in heat-transfer efficiency and may require down
rating of the reactor to prevent overheating of the fuel.
Two probable sources of the carbon deposit are methane
and carbon monoxide, which are added to the carbon
dioxide gas coolant to reduce the radiolytic oxidation of
the graphite moderator.

Previous studies [1,2] have shown that nickel—iron or
magnetite surfaces catalyse the decomposition of CH and
CHO species, such as ethyne or propanone, producing
filamentary carbon. The coolant is stable in the absence of
radiation, but in reactor, radiolysis of the gas produces
several deposition precursors which may be catalytically
decomposed to give carbon [3].

Baker et al. [1] studied the effect of the surface state of
iron on carbon deposition and found that FeO was superior
to metallic iron as an active catalyst for filamentous carbon
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formation. This increased activity arose as the FeO was
able to decompose to form a high surface area iron catalyst
in situ. Other workers, such as Galuszka and Back [4],
found that iron surfaces which had undergone oxidation—
reduction treatment decomposed methane to give filamen-
tous carbon, but that untreated iron did not. Again, the
treatment of the sample prior to exposure to a carbon-de-
positing gas mixture lead to fragmentation of the surface,
creating iron fragments of a suitable size for filamentary
carbon growth. Without this surface disruption, no carbon
filaments were produced.

Lambiev and Dimitrov [5] looked at the reduction
kinetics of Fe,O, and Fe,O, in CO at temperatures of
300-1000°C. The synthetic Fe,0, had a mean grain size,
before reaction, of 1-2 wm while the natural Fe,O, had
grains some ten times larger (20-30 wm mean size).
Carbon deposition on Fe,0O; was seen to occur, maximis-
ing at a temperature of 500°C. Fe,0,, likewise, showed
deposition. It is likely that this deposition occurred on the
metallic iron formed in the samples. In comparison to
those produced off FeO, the filaments generated by Fe, 0,
were fewer in number but wider.

Lund at al. [6] reviewed studies of the water gas shift
reaction (CO + H,0 @ CO, + H,) catalysed by mag-
netite, Fe;0,. The reaction was seen to occur via repeated
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oxidation and reduction of the 10% of the catalyst surface
that was active. The octahedral Fe(Il) and Fe(III) cations,
with their rapid electron exchange, would appear to be the
favoured location for this regenerative reaction to occur.
Coordinatively unsaturated cations provided the adsorption
sites for the CO, which acts to reduce anion sites. Steam
oxidises the resulting oxygen vacancies to regenerate the
catalyst. CO, adsorption was associated with surface oxy-
gen species.

To identify the role played by mixed valency and rapid
electron exchange, the extent of carbon deposition has
been studied for spinel surfaces, uranium oxide and man-
ganese oxide [7,8]. It has been suggested that Fe®" /Fe™*
sites on the surface of iron-containing spinels catalyse the
formation of dense carbon deposits.

To verify the above suggestions regarding the impor-
tance of electron transfer in carbon deposition, the effect of
various magnetite surfaces on the rate of carbon deposition
was investigated. Compared to the small grain size sam-

a)

Fig. !. Scanning electron micrographs of a (100) magnetite slice:
(a) before, and (b) after 30 min non-ultrasonic etch in 12 M
HCI

(aq)

Fig. 2. Scanning electron micrograph of a (100) magnetite slice
after 30 min non-ultrasonic etch in 12 M HCl,,. edge region.
ples in the studies summarised above [1,4,5], we have
attempted to use large single crystal samples to study
reaction on various crystallographic planes.

2. Experimental
2.1. Magnetite, Fe 0, preparation

After ultrasonic cleaning in propan-2-ol, magnetite
crystals were mounted in cold setting resin (Buehler SW).
A diamond cutting wheel was used to slice the crystals
parallel to the three principal planes, (100), (110), and
(111). The 1.5 mm thick slices were then polished to 1 /4
pm with graded silicon carbide papers and diamond pastes.
Oil based lubricants were used for these operations to
minimise oxidation of the sample surfaces. After removal
of the mounting medium, the prepared slices were given
another ultrasonic clean before examination and subse-
quent exposure in the gamma cell. X-ray diffractometry
was used to confirm the orientation of these slices to
within 5°.

While some magnetite slices were exposed in the
gamma cell in the polished state, a selection of etching
solutions were investigated to see if it was possible to
improve the desired crystallographic planes.

2.2. The (100} magnetite surface

Crystals cut to reveal the (100) surface were exposed in
an ultrasonic bath to 0.5 M oxalic acid for periods of up to
240 min. The surfaces became generally rougher but there
was no sign of preferential etching in any direction. Im-
mersion in 12 M HC],,,, for 30 min gave more selective
dissolution and created eight sided dimples on the surface
(Fig. 1). At the edges of the slices, the dimples could be
seen to be oriented parallel to the smoothed and triangular
pitted (111) faces (Fig. 2). Shorter etch periods formed
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Fig. 3. Scanning electron micrograph of a (110) magnetite slice
after 240 min non ultrasonic etch in 0.5 M oxalic acid.

proportionally fewer dimples at the surface. The use of an
ultrasonic bath allowed shorter etch times to be used for
the same effect. In all cases, the solution became yellow as
Fe** ions were released into solution.

2.3. The (110) magnetite surface

Crystals cut to reveal the (110) surface were exposed to
0.5 M oxalic acid in an ultrasonic bath. Initially an in-
crease in surface roughness was observed which after
longer exposure for 240 min left regions of the slice,
between rough areas, covered in angular projections (Fig.
3). Exposure to 12 M HCl in an ultrasonic bath for 23 min
produced a smooth uneven surface. Some slices had spines
left proud of the surface (Fig. 4) which were shown by
energy dispersive X-ray analysis to be titanium rich. These
arose from non etching of impurities in the natural mag-
netite crystal.

Fig. 4. Scanning electron micrograph of a (110) magnetite slice

after 23 min ultrasonic etch in 12 M HCl,,.

Fig. 5. Scanning electron micrograph of a (111) magnetite slice
after 240 min ultrasonic etch in 0.5 M oxalic acid.

2.4. The (111) magnetite surface

The exposure of the (111) face of the magnetite crystal
to 0.5 M oxalic acid in an ultrasonic bath roughened the
surface. After longer etch times, some structure could be
seen. Fig. 5 shows the surface of a slice after a total of 240
min etching. The formation of some triangular pits was
observed on the rough surface. Etching (111) with 12 M
HCl,,, in an ultrasonic bath for 5 min produced triangular
pits and pyramidal facets. The magnetite was more rapidly
dissolved in cracked regions. Longer etch times degraded
the surface, creating deep fissures and a rough surface. If
an ultrasonic bath was not used, material removed from the
bulk of the slice formed a skin over the surface of the
crystalline sample. Lower acid concentrations increased
the time required for the formation of a particular surface
morphology. The (111) edges of (100) and (110} slices
showed similar changes on etching to the larger (111)
faces on the (111) slices. Solutions of 18 M H,S0,,,, and
0.t M Na,H,EDTA ,, had little effect on the surface of
immersed specimens and no yellowing of the solution
occurred.

Although it was not found possible to produce well
defined crystallographic faces on the magnetite slices us-
ing the above etchants. it was decided to expose magnetite
slices in the gamma cell that had been etched in an
ultrasonic bath using 12 M HCl,,, for periods of 2% and 5
min. Samples from each of the three orientations were
prepared accordingly.

2.5. Energy dispersive X-rav analvsis

SEM and EDX analysis was carried out using a Cam-
bridge Instruments S150 Mk Il scanning electron micro-
scope fitted with a Kevex windowless detector X-ray
analysis system. The extent of carbon deposition on each
magnetite surface was assessed by measuring the carbon-
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K, X-ray peak count per 100 s. Quantitative analysis of
light elements is difficult using EDX and suitable correc-
tion factors were not available for this work. No carbon
was detected on unirradiated samples.

2.6. X-ray diffraction

Unit cell parameters were recorded using a Siemens
DS00 X-ray diffractometer with unfiltered Cu radiation
and Siemens Diffrac500 software. A graphite crystal
monochromator in the diffracted beam removed Cu-KB,
fluorescent and incoherently scattered radiation.

2.7. X-ray photoelectron spectroscopy

XPS analysis was carried out using a Kratos XSAMS800
spectrometer. Al-K , X-ray radiation was used, with the
source operating at 300 W. Quantitative analysis and spec-
tral interpretation was performed using Kratos DS800 soft-
ware, which also controlled data acquisition. Wide scans
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(1000~-0 eV binding energy) were recorded followed by
more highly energy resolved regional spectra for the ele-
ments of interest.

2.8. Radiation experiments

The prepared magnetite crystals were loaded into a
silica tube with silica spacers designed to allow unimpeded
gas flow over the discs. The silica tube was then loaded
into a stainless-steel capsule and placed in the vy-cell at
Berkeley Centre. A ®Co source is used in this facility. The
capsule was placed in an outer irradiation position where a
dose rate of 7-9 Gy s~ ! was obtained [10].

2.8.1. Experiment I: y-cell exposure at 550°C

The magnetite samples were maintained at a tempera-
ture of 550°C for between 18 and 46 days in the vy-cell
facility. Gas of composition CO,/1% CO with 800 vpm
CH, and 15 vpm C,H, was allowed to flow through the

Table |

Magnetite samples exposed in the gamma cell

Sample Orientation Treatment (polishing +) Temperature (°C) Time (days)
L2.1* (110) none 550 18 +28
1.2.2% (110) none 550 18 +28
1.3% (110 none 350 18 +28
1.4 (110) none 550 18 + 28
5.2 (100) none 550 18 + 28
53 (100) none 550 18 + 28
5.4 (100) none 550 18 + 28
5.5 (100) none 550 18 + 28
6.3 ary none 550 18 +28
6.4 (111) none 550 18 +28
6.5 (111 none 550 18 + 28
6.6 (1 none 550 18 + 28
9.1 (100) 2% min 12 M HCl, 550 2

9.2 (100) 5 min 12 M HCl,,,,, 550 22

9.3 (100) 2% min 12 M HCI, 650 22

94 (100) 5 min 12 M HCl,, 650 22

10.1 (amn 24 min 12 M HCl,, 550 22
10.2 (n 5 min 12 M HCl,, 550 22

103 (in 23 min 12 M HCl,,,, 650 22

104 (1 5min 12 M HCl,,, 650 22

14.1 (110) 2% min 12 M HCl,, 550 22

14.2 (110) 5 min 12 M HC,, 550 22

143 (110) 23 min 12 M HCl, 650 22

14.4 (110) 5 min 12 M HCl,,, 650 2

152 (110 unpolished 650 24

15.3 (110) unpolished 550 24
15.4.2 (110) unpolished 550 24

15.5 (110) unpolished 650 24

57.2 (rin unpolished 550 23

57.5 () unpolished 650 23
57.7.2 (i unpolished 550 23

57.8 (i unpolished 650 23

“Crystal number 1 contained Fe,O, regions.
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Table 2
Iron and oxygen ratios, as calculated from beryllium window
EDX spectra of magnetite slices

Sample Atomic ratios
Fe (6]

5(100) 3.31 3.69
6(111) 3.34 3.66
15(110) 3.07 3.93
22 (100) 3.00 4.00
24 (111) 2.98 4.02
57(111) 3.17 3.83

capsule at a rate of 2-3 cm® min~' and 40 bar pressure in

a single-pass experiment (see Table 1).

2.8.2. Experiment 2: vy-cell exposure 650°C

The magnetite samples were maintained at 650°C for
22-24 days using the gas composition and flow conditions
of experiment 1 (see Table 1).

3. Results
3.1. Characterisation of magnetite, Fe;0, crystal surfaces

The magnetite single crystals used in this study were
natural occurring specimens from W. Australia and ob-
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tained from Richard Taylor Minerals of Cobham, UK.
They exhibited an octahedral habit and ranged in size from
0.5-1.5 cm across. Some showed Fe,O, rich regions and
others were too brittle to be cut into specific orientations.
The importance of analysis of samples prior to exposure in
the gamma cell was highlighted by the discovery that some
of the octahedral crystals were in fact martite, and not
magnetite, or a mixture of the two. Martite is a form of
haematite, Fe,0;, and a pseudomorph of magnetite [9].
Examples were found among the crystals containing both
magnetite and Fe,O, regions. When such crystals were
cut, the lubricant turned red in colour, instead of the usual
black /grey found with genuine magnetite crystals. Cutting
also tended to take longer with these crystals. The XRD
spectrum from a polished (110) slice of a crystal contain-
ing Fe,0- showed not only a set of (220), (440) and (660)
peaks but also a series of Fe,0, signals including a strong
(300) peak (Fig. 6). (111) slices also gave XRD spectra
containing both Fe,O, and Fe,O; contributions.

A banded structure was sometimes apparent, with mag-
netite strips in a martite matrix. Silica, SiO,. inclusions
were sometimes seen. EDX was used to calculate the
oxygen content of a spectrum recorded from one of these
inclusions. Silicon dioxide was identified to within 1 at%
of the stoichiometric composition. Away from such inclu-
sions, an iron:oxygen atomic percentage ratio of 1:1.27
was obtained. After eighteen days in the gamma cell at
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Fig. 6. XRD spectrum of a martite-containing (110) magnetite slice.
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Table 3

Fe 2p; ,, XPS binding energy values obtained off Fe;0, slices prior to gamma cell exposure

Sample Binding energy (eV) FWHM (eV) Area ratio Fe(I1):Fe(III)
Fe 2p; 5 Fe(ID) 2p; , Fe(ITD) 2p; ,, Fe 2p; Fe(lD 2p; » Fe(IID) 2p, ,,
5 (100) 710.5 709.5 711.0 43 33 37 1:1.46
6(111) 710.3 709.2 710.9 4.3 33 3.6 1:1.86
9 (100) - 709.0 711.0 - 3.1 42 1:3.10
10(111) - 709.5 711.3 - 3.5 38 1:1.48
14(110) - 709.4 711.2 - 33 3.8 1:1.98
15(110) - 709.0 711.1 - 34 4.0 1:1.86
22 (100) - 709.3 711.3 - 34 39 1:1.45
57(11D) - 709.3 711.2 - 3.5 4.0 1:1.35

550°C, an almost pure Fe,O, XRD spectrum was obtained
from one of these slices, showing the effect of the reducing
conditions on the sample. An Fe:O atomic ratio of 1:12
was found using EDX and in the X-ray photoelectron
spectrometer the Fe 2p, , peak shifted to lower binding
energy.

3.2. Energy dispersive X-ray analvsis of magnetite crystals

EDX spectra often showed the presence of titanium and
vanadium impurities in the crystals at <1 at% concentra-
tion. In some samples Al /Si/Ca, Mg/Al/Si, Ba/S and
Mg /Al /Si /K particles were identified. After cutting, faces
of the magnetite crystals were examined using the ZAF
routines in the software to determine oxygen concentra-
tions. Atomic percentages close to those expected for
Fe,O, were obtained. Polished samples often gave results
high in iron and low in oxygen. Table 2 lists Fe:O ratios
recorded from various magnetite samples.

3.3. X-rav diffraction

X-ray diffraction was used to characterise the crystal
faces obtained by cutting the magnetite crystals. In each
case the appropriate reflections were obtained from the
crystal plane produced. Thus (100) slices gave peaks at the
(400) and (800) positions, (110) slices gave (220, (440)
and (660) reflections and for the (111) slices, (111), (222),
(333), (444), (555) and (666) reflections were obtained.
For the latter, it was noted that the signals generally
peaked at the (333) position. With increasing gamma cell
exposure, the peak intensity shifted to the (222) and (111)
signals. The K, X-ray contribution was more apparent at
higher 26 values.

3.4. X-ray photoelectron spectroscopy

Distinct Fe(II) peaks have been seen in XPS spectra of
Fe;0, [10]. This is explained in terms of the timescale of
the XPS experiment in comparison to the time required for
electron exchange.

The binding energy values recorded from the magnetite
samples prior to gamma cell exposure are summarised in
Table 5. In all cases, the peak shapes determined for Fe(II)
and Fe(IlI) compounds were used to fit the Fe 2p signals.
The overall Fe 2p,,; peak envelopes measured in the
present experiments were centred at 7104 ¢V, a little
lower than the average literature value of 710.9 eV refer-
enced to the C 1s signal at 285.0 eV [10,11]. However, the
Fe(I) and Fe(I1I) signals obtained by deconvolution agreed
well with published values [12—-16].

The polished (111) magnetite sample showed no change
in binding energy after being left in a vacuum desiccator
for several months, though the C 1s intensity increased at
the expense of the other signals. Similarly, no change was
noted upon leaving the sample in the spectrometer for four
days, although an increase in hydrocarbon contamination
occurred. XP spectra were recorded from a (110) sample
before and after a 5 min etch in 12 M HCl,,,, (using an
ultrasonic bath). A slight increase in intensity to the high
binding energy side of the Fe 2p,,, photoelectron peak
was noted indicating an increase in the Fe(ID):Fe(III) ratio
from 1:1.98 to 1:2.73 [17]. The contributing Fe(II) and
Fe(Ill) peaks were also broadened (FWHM,,,, = 3.4 eV:
FWHM¢,;;, = 4.3 eV) and an increase in the high binding
energy component of the O Is peak indicated an increase
in hydroxyl species at the surface of the sample [18].

3.5. Characterisation of magnetite after exposure in the
y-cell

3.5.1. Energy dispersive X-ray analysis
Most samples examined using the beryllium window
EDX analyser showed some surface oxidation. For exam-

Table 4
Fe(11):Fe(ITI) XPS peak area ratios after gamma cell exposure

Sample Area ratio Fe(ID):Fe(II1)
5 (100) 1:1.46
6(111) [:1.30
9 (100) 1:2.24
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ple, the (100) crystal surface after exposure gave the
formula Fe, ,,0, 44 in which the oxygen concentration was
calculated by difference. Before exposure, analysis of this
sample by the same method gave the composition
Fe;3,03.60-

When the windowless EDX detector was used the
exposed samples showed greater carbon signals in central
regions. The edges were shielded from the gas mixture by
silica spacers of the sample holder. Spectra were recorded
from many different areas of the samples but the analyses
were affected by the orientation of the area selected with
respect to the X-ray detector and the line-of-sight path
from the area selected. When looking at faces with a ready
line-of-sight to the detector, carbon and oxygen signals
were enhanced in comparison to spectra recorded from, for
instance, inner walls of etch pits or large areas covering a
range of surface topography. Low energy signals were
much reduced in intensity in spectra recorded from faces
directed away from the detector. Further evidence for this
effect was obtained from polished samples which gave
consistently greater count rates than the etched ones. The
strong influence of topography on the EDX spectra ac-
quired precluded the determination of relative deposition
rates for different samples by this method.

Table 5
Fe:C atomic ratios for samples before and after exposure, derived
from X-ray photoelectron spectra

Sample State 1 Fe:C
5(100) before exposure 0.40:1
5.3 after exposure at 550°C 0.01:1
6(111) before exposure 0.29:1
6.3 after expsure at 550°C 0.01:1
9 (100) before exposure 0.36:1
9.1 after exposure at 550°C -

93 after exposure at 650°C 0.12:1
9.2 after exposure at 550°C -

9.4 after exposure at 650°C 0.01:1
10(111) before exposure 0.63:1
10.1 after exposure at 550°C -
10.3 after exposure at 650°C 0.01:1
10.2 after exposure at 550°C -
10.4 after exposure at 650°C 0.02:1
14 (110) before exposure 0.32:1
14.1 after exposure at 550°C -
14.3 after exposure at 650°C 0.03:1
14.2 after exposure at 550°C -
14.4 after exposure at 650°C 0.03:1
15(110) before exposure 0.19:1
15.3 after exposure at 550°C -

15.2 after exposure at 650°C 0.02:1
57(111) before exposure 0.26:1
57.7.2 after exposure at 550°C -
57.8 after exposure at 650°C -

Fe3+

Fel+

715 710
Binding Energy

Fig. 7. An example of Fe 2p, ,» XPS peak fit (111) slice.

3.5.2. X-ray diffraction

After exposure in the gamma cell, the magnetite sam-
ples gave diffraction patterns with narrower peaks. The
only difference in the diffraction peaks recorded from the
(111) slice 57.7.2 after 23 days exposure in the gamma cell
at 550°C, compared to that recorded before exposure, was
the absence of Fe,O, peaks, following reduction of
haematite to magnetite in the gas conditions used. No
peaks other than those due to Fe;O,, magnetite, were
identified.

3.5.3. X-ray photoelectron spectroscopy (see also Tables 4
and 5)

All X-ray photoelectron spectra recorded after exposure
of a sample in the gamma cell showed much reduced Fe
2p photoelectron signals, a consequence of covering the
sample surfaces with a layer of carbon. These features
were also much broader than those recorded before expo-
sure but their positions had changed little. Fig. 8 compares
the wide scan spectra from a (111) crystalline sample
before and after exposure for 18 days at 550°C. A change
in the C 1s photoelectron signal is evident. In general the
C Is peak recorded from polished samples at 284.6 eV was
narrower than that from ‘adventitious’ carbon observed
before exposure.

4. Discussion

Magnetite oriented in the (111) direction is able to
present close packed arrays of octahedrally coordinated
ions to the gas phase. Thus, Fe(Il) /Fe(Ill) couples are
available to freely interact with gas phase species. (100)
and (110) faces only present the edges of the Fe(IT) /Fe(III)
planes. We might, therefore, anticipate seeing more rapid
carbon deposition on samples cut to expose (111) planes
than on those sliced to reveal (100) or (110) planes.
Magnetite, in the form of a pressed powder pellet, was
shown in an earlier study to produce filamentous carbon
deposition when exposed in the gamma cell at 650°C [19].
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We set out in this work to see if it was possible to detect
differences in deposition rate on different crystallographic
faces of large magnetite single crystals.

The task of preparing the desired crystallographically
smooth magnetite surfaces was a difficult one. Some
smooth surfaces and regular etch patterns were obtained,
although these were rarely continuous over the prepared
crystal face. To compound the problem, large topographi-
cal influences on the relative intensities of the detected

EDX signals were encountered. Effort was concentrated,
therefore, on topographically smooth and oriented regions
of the various faces obtained.

No filamentary carbon deposition was identified on any
of the magnetite samples exposed in the gamma cell. This
contrasts with the results obtained from pressed powder
pellet samples of Fe;O, [19] but can be explained by the
reduced ability of the sample to produce iron particles of
the correct size to initiate filamentary carbon deposition. It
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Fig. 8. XPS spectra of (111) magnetite slice 6.3: (a) before, and (b) after 18 days at 650°C.
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Fig. 9. Scanning electron micrograph of (110) magnetite slice (21

min 12 M HCl,,)) 14.3 after 22 days at 650°C.

would appear that any iron produced by reduction of the
Fe,O, remains firmly bound to the sample surface. Edge
(shielded from the gas phase by the silica spacers) and
central regions of the slices were identified, either visually
or using scanning electron microscopy. This, together with
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Fig. 10. Carbon growth initiated at Fe!' /Fe'!! site by w-bonding
with hydrocarbon radicals (typically C,H,).

the presence of carbon signals in the EDX and XP spectra,
suggested that carbon was deposited in a smooth blanket
form across the crystal faces. Two samples, etched and
exposed at 650°C, showed some regions where structure
was present in the deposition material. One of these sam-
ples was a (111) crystal and the structure was apparent on
a flat etched face approximately paraliel to the (111) plane.
The other slice showing such a surface teature was origi-
nally cut parallel to the (110) direction, but the deposit was
present on a face at an angle to this (Figs. 8 and 9). The
(111) plane of magnetite has previously been shown to be
the most rapidly etched of the (100), (110) and (111)
planes [18], and it was expected that this face would give
the greater amount of carbon deposition. It is able to
present to the gas phase large arrays of octahedrally coor-
dinated Fe’" and Fe’" ions, able to rapidly exchange
electrons and interact with gas phase hydrocarbon radicals.

Norfolk et al. [3] showed that the main deposit precur-
sor in irradiated gas systems of the type used here is
C,H,, which undergoes radiolysis to form C,H radicals.
Mechanisms for the deposition on magnetite surfaces could
include an initiation step resulting in the formation of a
w-bond between a C,H; radical and an octahedralty coor-
dinated Fe!l /Fe"! site at the surface through which elec-
tron transfer may occur (Fig. 10). Propagation of a carbon
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Fig. 11. Carbon growth initiated at Mn" /Mn™" site by o-bonding
with hydrocarbon radicals (typically C,H ).
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chain follows via the abstraction of hydrogen atoms from
the surface complex by positive ions such as CO,CO; in
the irradiated gas mixture [2]. Alternatively the initiation
stop may involve the formation of a o-bond between the
unpaired electron on a C,H; radical and a surface
Fe" /Fe'! site (Fig. 11). These mechanisms would be
expected to leave the catalytic site embedded in the iron
oxide surface, producing the thin, dense carbon deposit
layers observed in this study.

The appearance of carbon deposits on faces of approxi-
mately (111) orientation indicates preferential deposition
on the (111) face of the single crystal magnetite. Although
it proved impossible to prepare a perfect (111) plane which
could be presented to the gaseous environment, local areas
clearly identified as (111) were found to produce enhanced
deposition. For a quantitative study of the deposition phe-
nomenon it would be necessary to prepare larger surfaces
of uniform ortentation.

5. Conclusions

Perfectly selected Fe;O, crystallographic planes could
not be prepared but filamentary deposition was not ob-
served on the magnetite slices. However a thin, dense
carbon deposit was formed on all samples.

Structured deposit was seen on two smooth magnetite
faces, including one oriented approximately parallel to the
(111) direction. This face clearly produced enhanced car-
bon deposition, owing to its close packed arrays of inter-
acting Fe?* and Fe®* ions.
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