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Summary and scientific contributions

Hematite a-Fe,03 (0001) is one of the most studied yet controversial surfaces of transition metal oxides. It
involves polar instability, strong bulk-surface coupling, and sensitivity to preparation history in a way that
has resisted clean interpretation for decades. This thesis engages with that difficulty directly and makes a
genuine contribution on two fronts.

The most significant scientific contribution is the quantitative kinetic study of the magnetite-hematite
surface recovery. The central finding, that oxidation slows with increasing temperature at constant oxygen
pressure, is genuinely counterintuitive and its correct rationalization through the temperature-dependence
of oxygen chemical potential is physically sound and non-trivial. Many surface oxidation studies report rates
as a function of a single variable. The three-series experimental analysis of the student at constant pressure,
temperature and oxygen chemical potential (o) is a direct probe into the kinetics of hematite growth. The
observation that growth kinetics saturate above approximately 2 x 10~® mbar oxygen pressure establishes
that oxygen supply is the rate-limiting factor for lateral H-phase propagation. This is a clean and important
result for the field.

The cross-sectional STEM-EELS work provides genuine added value over conventional surface-sensitive
probes. The direct visualization of the sharp Fes04 (111) / a-Fe,0s (0001) interface settles an interpretive
ambiguity that LEED and XPS alone cannot resolve. The discovery of Mn-rich ferrite-like inclusions in the
natural crystal, and their effect in locally blocking reoxidation even at thermodynamically sufficient uo, is an
original finding with broader implications. The fact that natural single crystals carry an intrinsic structural
defect that can locally override thermodynamic driving forces is a cautionary result well beyond the scope
of this thesis.

Critical assessment

The data clearly show that the nucleation time shortens with increasing oxygen pressure, which is
reconciled by supplying more oxygen molecules to the surface. However, it is not clear whether the
increased oxygen pressure promotes dissociation of O, molecules, creation of Fe vacancies, or it affects the
precursor adsorption equilibrium. Given the existing literature on Fe30, (100) oxidation and the role of Fe
vacancy kinetics, a more explicit discussion of which step is rate-limiting for nucleation on the (111)-
oriented layer, and whether this differs from the (100) case, would strengthen the work considerably.
Similarly, the observation in Fig. 4.5(c) that the nucleation rate at constant temperature is linear at low
pressures and tends to saturate at high pressures suggests that nucleation strongly depends on oxygen
availability, which becomes a rate-limiting factor at high pressures. On the other hand, Fig. 4.5(d) shows that
the growth rate intermittently slows down at intermediate pressures but then keeps increasing with



pressure. The student invokes transport limitation without ruling out the possibility that the growth rate
depends on the nucleation density.

It is shown that increasing temperature at constant oxygen pressure accelerates nucleation but slows H-
phase growth (Fig. 4.5a, b). This is rationalized through the accompanying decrease in oxygen chemical
potential. However, in the constant pg series, nucleation also accelerates with temperature despite uo being
fixed (Fig. 4.5e), which is interpreted as the intrinsic thermal activation of nucleation. If nucleation were
purely thermally activated, one would expect it to accelerate with temperature in the constant-pressure
series too. It does that, but only modestly (see Fig. 4.5a) compared to the dramatic pressure dependence
seen in the constant-temperature series (Fig. 4.5c). This suggests that oxygen supply dominates nucleation
kinetics, not thermal activation.

The thesis would also benefit from a more critical discussion of the constant oxygen chemical potential
series as a control experiment. Holding o simultaneously couples temperature to oxygen pressure in a way
that changes the molecular oxygen flux at the surface. The candidate acknowledges kinetic and
thermodynamic contributions are intertwined but does not fully disentangle them. These are open scientific
questions rather than deficiencies in execution, and they do not diminish the value of the work.

Recommendation

This Ph.D. thesis makes a clear and original contribution to the understanding of hematite surface kinetics
and delivers the first quantitative kinetic framework for the R-to-H transformation. After its successful
defense, | recommend that Mr. Kumar is awarded the degree of Doctor of Philosophy (Ph.D.)

Questions for the defense

1. Below approximately 2 x 107® mbar oxygen pressure, the H-phase growth rate drops dramatically, and
you interpret this as a transition from a reaction-limited to an oxygen-supply-limited regime. However, you
also show that the growth rate is approximately linear in time and spatially uniform across the surface
throughout most of the transformation. In classical models of surface phase growth, a supply-limited
process would be expected to produce growth rates that depend on the perimeter of the H-phase islands
and, therefore, on coverage, rather than a coverage-independent linear rate. How do you interpret the
linear growth kinetics in terms of the proposed oxygen-supply limitation, and does the spatial uniformity of
the transformation support or challenge this picture?

2. You found that Mn-rich ferrite-like inclusions in the natural crystal locally prevented complete reoxidation
even at oxygen chemical potentials sufficient to recover stoichiometric hematite. This is a striking result.
Can you comment on whether this blocking effect is thermodynamic in nature? In other words, does Mn
stabilize the spinel phase relative to hematite at these conditions or it simply slows down the oxygen
incorporation or Fe vacancy diffusion locally?
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