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Abstract

We report a unique in situ instrument development effort dedicated to studying gas/solid interactions relevant to heteroge-
neous catalysis and early stages of oxidation of materials via atom probe tomography and microscopy (APM). An in situ
reactor cell, similar in concept to other reports, has been developed to expose nanoscale volumes of material to reactive gas
environments, in which temperature, pressure, and gas chemistry are well controlled. We demonstrate that the combination
of this reactor cell with APM techniques can aid in building a better mechanistic understanding of resultant composition and
surface and subsurface structure changes accompanying gas/surface reactions in metal and metal alloy systems through a
series of case studies: O,/Rh, O,/Co, and O,/Zircaloy-4. In addition, the basis of a novel operando mode of analysis within
an atom probe instrument is also reported. The work presented here supports the implementation of APM techniques dedi-
cated to atomic to near-atomically resolved gas/surface interaction studies of materials broadly relevant to heterogeneous
catalysis and oxidation.

Keywords Atom probe tomography - Atom probe microscopy - Oxidation - In situ - Operando - Cobalt - Rhodium -
Zircaloy-4

1 Introduction

The physics governing chemical reactions at surfaces and
interfaces, involved in both heterogeneous catalysis and
oxidation processes, share fundamental synergistic inter-
actions between reactant gases and specific surface struc-
tures [1]. Additionally, gas phase reactions on surfaces have
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significant socioeconomic impact worldwide; heterogeneous
catalysis directly impacts the productivity of all major chem-
ical processes, whereas oxidation has serious implications
for the safety and economic viability of national and private
infrastructure. Importantly, scientific research into these
phenomena are heavily pursued. However, a fundamental
mechanistic understanding of gas-surface reactions leading
to the development of oxide scale on metal substrates rel-
evant to catalysis and oxidation remains inadequate, high-
lighting the need for the development and application of
novel analytical techniques that can probe such reactions at
relevant spatial and temporal scales.

As technology advances, surface science techniques
are continuously evolving to help bridge knowledge gaps
between fundamental research and real-world applications
[2, 3] that can lead to a better understanding of gas/surface
reactions in industrially relevant conditions. The develop-
ment and application of in situ and operando analytical tech-
niques are helping to address these gaps [3, 4] and recently,
such approaches are being developed for atom probe micros-
copy (APM) using a combination of commercially available
and custom built instrumentation [5, 6].
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The analytical techniques of 1-dimensional atom probe
(1DAP), field ion microscopy (FIM) and field emission
microscopy (FEM) are historically designated as field emis-
sion techniques (FET) [5, 7-17]. With atom probe tomogra-
phy (APT), these techniques are known collectively as atom
probe microscopy (APM) [18, 19]. The general experimental
setup of APM techniques relies on a needle shaped specimen
on a temperature-controlled stage with the surface point-
ing towards a detector within a high to ultra-high vacuum
(UHV) environment. An electric field is either used to ionize
individual gas atoms introduced to the analytical chamber
(FIM), emit electrons directly from the surface (FEM), or
trigger the field evaporation of surface atoms as positively
charged ions (1DAP and APT). In the case of 1DAP, a time-
of-flight detector or Wien filter can provide the chemical
identification of detected ionic species [13, 20-24], while
for APT, a position sensitive detector can provide tomo-
graphic composition mapping. Importantly, in the presence
of reactive gases, FET analyses can be used to directly study
surface reaction dynamics in situ to simultaneously reveal
crystallographic information and material heterogeneity with
sub-nanometer spatial resolution.

The difference in definition between the terms “in situ”
and “operando” are still subject to semantical harmonization
which varies by specific fields of study. Both terms refer to
the analytical characterization of a material under an applied
stimulus. However, within the field of heterogeneous cataly-
sis, the term “in situ” refers to the analytical characteriza-
tion of the system under reaction conditions or conditions
relevant to reaction conditions, while “operando” describes
the characterization under working or operating conditions
[25]. Thus an in situ experiment can refer to experiments
where the physiochemical characterization occurs sub-
sequent to reaction conditions, often in a separate reactor
chamber or cell, while an operando experiment is conducted
in a way where the characterization occurs simultaneously
under working conditions within the same chamber or tool.
For the purpose of describing our work here, we consider
controlled gas-phase exposure experiments using an annex
reactor chamber connected to an atom probe tomography
instrument and the pre- and post-characterization of which,
as in situ. Alternatively, we use the term operando to desig-
nate an experimental approach in which the gas-phase expo-
sure experiment and simultaneous characterization to occur
within the analytical chamber of an atom probe tomography
instrument; we define this explicitly as operando atom probe
tomography.

The application of FET techniques in the field of sur-
face science can reveal valuable insight into chemical
reaction dynamics on nanoscale metal surfaces [12, 26,
27], non-linear dynamics such as the oscillatory water
formation [28], and even be used to track the path of
activated oxygen atoms from their surface formation to

their subsurface penetration [29]. During these studies,
the specimen surfaces were directly imaged by FIM and
FEM while exposed to reactive gases, allowing the obser-
vation of reaction dynamics in real time over a structurally
complex hemispherical specimen surface. Although FET
techniques continue to make important contributions to
surface science, they also have their limitations. While
FIM and FEM are capable of mapping the crystallographic
structure of surfaces with atomic to nanoscale resolution,
they generally cannot directly provide the chemical iden-
tity of individual species making up the surface compo-
sition or the composition of products formed during a
chemical reaction. This limitation led Kruse et al. to adapt
1DAP to directly map surface dynamics as well as iden-
tify the chemical identity of subsequent surface products.
The principle of such an approach, described elsewhere
[21, 30], allowed for example, the study of NO adsorp-
tion dynamics on Rh restricted to a specific Rh(001) area
of 150 atomics sites revealing stepped Rh(001) surface
as more active in N-O bond breaking than any other Pt
surface structure. Additionally, Kruse et al. continues to
pioneer research into the importance of E-fields involved
in surface reactions and championing APM techniques as
uniquely suited to study such phenomena [31].

The long history of Kruse et al. to adapt FET techniques
to directly map chemical reaction dynamics on metal and
metal alloy surfaces has laid the foundation for the further
integration of in situ studies with APT [5, 6]. The analytical
technique of APT is fundamentally related to field emission
techniques, however, it is able to provide 3D atom-by-atom
composition maps with subnanometer spatial resolution and
part-per-million mass sensitivity. A significant advantage of
the APT technique is the ability to analyze the 3D composi-
tion across buried interfaces or microstructural features, such
as oxide/metal interfaces, as well as solute segregation to
grain boundaries and dislocations. Thus, the combination of
these APT and FET techniques, deemed APM, can provide
a powerful means to resolve reaction dynamics and lead to
fundamental mechanistic insight. For example, in collabo-
ration with Kruse et al. our group at PNNL reported on the
correlative combination of APM to study the mechanism of
subsurface oxygen formation observed on Rh while exposed
to either O,, N,O or CO, [5, 29]. This prior work reports
efforts to unlock the promising use of APM techniques for
surface—gas interaction studies and presents the most recent
technical development performed in this direction.

In the original work presented here, we detail the design
and operating principles of an in situ reactor directly
attached to a Local Electrode Atom Probe (LEAP) instru-
ment for studying material structure and composition
changes via correlative FEM and APT. Results obtained
using this capability are reported for a variety of mate-
rial systems, including cobalt (Co), rhodium (Rh), and a
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zirconium (Zr) alloy. All of these materials were exposed to
pure O, in situ. In addition to the in situ methodology and
application to industrially relevant systems, the development
of a unique operando mode of APT analysis within a LEAP
instrument is also presented.

2 Experimental Methods

2.1 Field lon Microscopy (FIM)

FIM imaging is an analytical imaging technique used to pro-
duce 2D maps of individual atom positions from a cryogen-
ically-cooled specimen surface, revealing crystallographic
structure with atomic resolution. The images produced by
FIM result from the field ionization of imaging gas atoms,
usually Ne, over individual surface atoms under positive
electrical bias [18, 32]. The creation of the intense E-field
necessary to ionize Ne (35 V/nm) requires the specimen
shape as a sharp needle with a few tens of nanometers radius
curvature at the apex. The positively charged imaging gas
ions are then point projected towards a detector screen usu-
ally made of a microchannel plate and a fluorescent screen.
The resulting FIM image corresponds to a stereographic pro-
jection of the apex and allows the identification of the crys-
tal orientations along with the exposed surface facets with
atomic resolution (0.2 nm lateral). In this work, the FIM
images were obtained with a LEAP 4000X-HR Local Elec-
trode Atom Probe APT system by CAMECA Instruments.

2.2 Atom Probe Tomography (APT)

Similar to FIM, the analytical imaging technique of APT
relies on the thermally assisted field evaporation of posi-
tively charged ions from a needle shaped specimen within
a high E-field. However, in the case of APT, individual sur-
face atoms are ionized, as opposed to imaging gas atoms,
thus making APT a destructive technique. Field evapora-
tion is controllably initiated by applying either short volt-
age pulses or assisted with a laser beam, in the presence of
a steady E-field. The atoms of a material can be extracted
one by one as positively charged ions and projected onto a
position sensitive detector, while the chemical identification
of the detected ions is determined via time-of-flight mass
spectrometry (ToF MS). Using the 3D position information
and the ToF chemical identification, a 3D chemical map of
the sample can be formed. A full description of this tech-
nique as well as references to the 3D data reconstruction
details are provided by Gault et al. [18]. A LEAP 4000X-
HR Local Electrode Atom Probe APT system by CAMECA
Instruments is used in the present study, with an approxi-
mate detector efficiency of 36%. A pulsed 355 nm UV laser
was used to induce thermally assisted field evaporation of
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specimens held at a stage temperature of 44 K. Laser energy
(100 pJ for Rh and Co; and 200 pJ for Zircaloy-4) and pulse
repetition rates (100—125 kHz) varied based on material ana-
lyzed. Tomographic data reconstruction and analysis were
performed using CAMECA'’s Integrated Visualization &
Analysis Software (IVAS) version 3.6.14.

2.3 Sample Preparation

All FIM and APT samples must be shaped as very sharp
needles, which can be accomplished using different meth-
ods. Rh sample were prepared by electrochemical etching
(EE) of a high purity Rh wire (99.8%, @~0.127 mm) in a
molten mixture of NaCl and NaNO; (1:4 w/w) at~520 °C,
with a potential of 2 V.. Co samples were prepared by EE
of high purity Co wire (99.99+%, @~0.1 mm) in droplets
of two different solutions: (1) 25% perchloric acid (70%) in
glacial acetic acid and (2) 2% perchloric acid in 2-butox-
yethanol [32]. Appropriated sample apex sharpness is con-
firmed using an optical microscope. Samples of Zircaloy-4
for in situ APT analysis were made from sectioned alloys
mounted and prepared per procedures detailed in prior work
[33]. APT sample preparation was performed using a FEI
Quanta dual beam focused ion beam-scanning electron
microscope (FIB-SEM). First, protective Pt capping layer
was deposited on the alloy surface to protect the material
from Ga ion damage during FIB milling. A cantilever was
extracted from the base alloy, pieces of which were mounted
onto a Si micropost array and shaped into needle-shaped
specimens for APT analysis. Details regarding FIB-based
APT needle preparation are provided elsewhere [34, 35].

3 In-Situ Reactor
3.1 Design and Operation

The ability to experimentally control the ambient reaction
conditions relevant to an atomic to nanoscale understanding
of oxidation or catalysis on a metal or metal alloy surface
is enabled by a reactor connected to an atom probe instru-
ment. The design, fabrication, and demonstration of a gas-
phase reactor attached to an atom probe has been previously
reported by Bagot and Visart de Bocarmé et al., and was
demonstrated to explore reactive gas interactions on bime-
tallic metal systems: H,/Pd [36], O,/Mg alloy [36, 37], NO/
PtRh [38], O,/PtRh [6] and O,/AuAg [39]. They reported
local chemical segregation within the bulk and on material
surfaces such as Ag- and Rh-enriched surface layers induced
by O, exposure of AuAg and PtRh respectively, or Rh deple-
tion caused by NO adsorption on PtRh.

At PNNL, significant effort has been dedicated to devel-
oping a suite of hardware and experimental protocols for the
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preparation and handling of environmentally sensitive mate-
rials centered around a unique environmental transfer hub
(ETH) chamber [40]. The ETH is a vacuum chamber which
hosts a specimen puck carousel with rotational and vertical
translation allowing the storage and transfer of specimens to
the LEAP under UHV conditions. Importantly, the central
hub chamber design also allows the connection of ancil-
lary chambers, such as an Environmental Chemical Reactor
(ECR) for controlled gas-phase surface reaction studies and
UHV specimen transfer to the LEAP for APT analysis. The
ETH and ECR attached to the LEAP APT system is shown
in Fig. la.

The ECR, designed in collaboration with OmniVac (Ger-
many) is defined as a dedicated reactor chamber connected
to the ETH enabling the gas-phase exposure of specimens
under controlled ambient conditions (i.e. temperature, pres-
sure, time). Within the main ECR chamber is a secondary
cylindrical volume making up a heated reactor cell where the
specimen is held and gas lines feed the flow of reactant gases
(Fig. 1b). The temperature is measured directly on the speci-
men stage near the specimen position with a type K thermo-
couple. The design of the ECR allows the specimen stage to
be heated to 500 °C and gas pressures of up to 1 atm. The
specimen stage is attached to a vertical transfer rod assembly
that moves between positions for controlled experimental
reactions and specimen transfer to/from the ECR and atom
probe under UHV. To eliminate the need to move specimens
between various specimen pucks we designed the specimen
stage to be compatible with the specific pucks used for APT
analysis in a CAMECA LEAP instrument.

The controlled introduction of reactant gases into the
ECR occurs through a gas mixing network consisting of
a central 1 inch diameter gas mixing tube manifold con-
nected to nine separate gas lines, including H, (>99.9%),
0, (99.993%), '%0, (99%), CO, (>99.9%), CO (10%in Ar),
N, (>99.9%) and three variable lines labeled as X, Y and
Z. The gas mixing manifold design allows the exposure of
specimens to either pure gases or variable gas mixes. The
gas introduction network allows gas mixture introduction
into the reactor at three working pressure ranges: (1) for a
pressure between 10~ and 10~ mbar, the gas is introduced
into the chamber through a variable leak valve (Fig. lc,
red path), connected to a low-pressure reservoir. The pres-
sure in the reservoir is maintained constant with a pressure
controller (PC2). Within this range of pressure, the reactor
can be used in static (batch) or continuous reactant gas flow
mode. In batch mode, the central reactor cell is closed and
the whole ECR chamber is isolated and the reactor cell is
filled with reactant gases to the desired pressure. In con-
tinuous mode, the leak valves are manipulated to allow a
continuous gas flow at a desired pressure while continuously
being evacuated by the pumping system. This latter mode
of gas introduction is only possible at a range of pressures

between 10~ and 10~ mbar. (2) For pressures between
1073 and 100 mbar, the gas is introduced into the chamber
through a needle valve (Fig. 1c, blue path). (3) For pressures
of 100 mbar to 1000 mbar (atmospheric pressure), gases are
introduced into the chamber through a quarter-turn valve
(Fig. 1c, green path).

As a general workflow for gas exposure experiments, the
specimen stage temperature is set and allowed to reach a
stable temperature prior to the introduction of the specimen
into the reactor cell. In parallel, prior to any experiment, the
specimen is cleaned within the LEAP of any surface con-
taminants that remain from EE or FIB-based preparation by
field evaporation of a few 10’s of nanometers. The sample
is considered as clean when contaminants, resulting from
the fabrication process, are not detected anymore. Typical
contaminations detected vary between the different fabrica-
tion processes: chlorine and derivates from EE and gallium
from FIB.

3.2 In Situ APT Studies of Pure Metal Oxidation
3.2.1 Rhodium Oxidation

Rhodium, as every other Platinum group metal, is highly
appreciated for its catalytic properties, its oxidation resist-
ance and finds an important role within the catalytic exhaust
systems equipped on every modern gasoline or diesel motor
vehicle. The role of Rh, is the neutralization of toxic NO,
gases expelled by the engine, into harmless water and N,.
Alternatively, Rh also has the capability to dissociate CO,
and participate in CO, revalorization by catalytic conversion.
However, the apparent oxidation resistance of Rh and Pt
results from their ability to bond with oxygen atoms to form
a thin protective oxidized layer. Subsequently, the catalytic
activity of these metals evolves with their surface oxidation.
In our previous work, we used the combination of FIM/FEM
and APT to establish 3D chemical mapping analysis of the
O atoms over and under the Rh surface [5, 29].

Before the in situ oxygen treatment, the Rh surface is
cleaned by field evaporation in the LEAP analytical cham-
ber and a FIM image is taken with the use of Ne as imaging
gas. The FIM image depicted in Fig. 2a displays a Rh single
crystal in a 001-orientation due to its central (001) facet.
Following the LEAP-based cleaning process, the cleaned Rh
surface presents a small amount of native contaminants such
as water, carbon monoxide, carbon dioxide and Rh oxides
(Fig. 2b), but the sum of these contaminants (C, H and O
atoms) represent less than 0.7% of the total ions detected
within the volume analyzed of 25 nm depth corresponding
to 66 atomic layers.

After a 30 min O, exposure (P(O,)=1.0%x 1073 mbar)
at 750 K, a significant amount of RhO)‘(‘Jr (x=1,2;n=1,
2) species are detected dominated by RhO*, RhO,*,
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Fig. 1 Design of a custom gas phase reactor for in situ APT studies.
a Photograph of the reactor and the gas introduction network (green)
connected to the gas mixing manifold (red) and the ETH (blue), con-

RhO**and RhO,>* at 119 Da, 135 Da, 59.5 Da and 67.5 Da
respectively (Fig. 2d). The RhO}* species represent up to
20% of the ions detected in the first 2 nm near the surface.
The 2D composition map of RhO}* and O*, shown as a
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nected to the LEAP system (orange). b 3D inside view of the reactor
cell. ¢ Schematic description of the reactor system and its gas intro-
duction networks

heat map (Fig. 2c) shows that the density of oxygen atoms
and Rh oxides species are concentrated over the specific
crystal orientations (001), {113} and (101). Notably, the
O atoms represent up to 40% of the atoms detected in
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Fig.2 Oxidation of Rh. a FIM image of (001) oriented Rh. Condi-
tions of acquisition: 40.0 K, 3700 V, P(Ne)=2.2 x 107% mbar. b Mass
spectra of the Rh sample after cleaning the surface by field evapo-

the first nanometers of the {113} regions. Similar results
have been obtained in our previous work on (001)-oriented
Rh samples and APT on (111)-oriented Rh samples [5]
where FIM/FEM experiments suggested that O, dissocia-
tive adsorption occurs over {012}, followed by the O(ads)
spillover to {113} vicinal facets resulting in the penetra-
tion of subsurface oxygen O(sub). The current results pre-
sented in Fig. 2 show the highest oxygen concentrations
over the specific crystal orientations of (001) and {113}
through which the oxygen penetration is preferential and
serve to confirm our previous conclusion [5] which is in
line with other studies in literature [41, 42]. A FIM image
can be taken after exposure to O,, but the obtention of a
clean FIM image requires the evaporation of the gas mol-
ecules adsorbed over the surface, a process that can result
in the evaporation of the first atomic layers of the surface
and the subsequent compromising of the APT analysis of
the intentional oxide. During our investigation, we didn’t
observe noticeable surface reconstruction or crystallo-
graphic orientation modification of the sample after its
exposition to O, (not shown). We can note the presence of
remaining contaminants such as Cu, Na and NaCl. These

40 60 80 100
Mass-to-Charge-State Ratio (Da)

ration. ¢ 2D projection of RhO}" composition density after oxygen
exposure. d Mass spectra of a Rh sample after oxygen exposure

contaminants are diffusing from the sides of the needle
during the oxidation treatment at 750 K. The presence of
Na and NaCl results of the electrochemical etching pro-
cess using molten salts, while the Cu contamination results
from the diffusion of Cu from the Cu sleeves in which the
Rh needle is crimped.

The combination of FIM/FEM and an in situ reactor with
APT allowed us to provide a highly accurate map of the path
taken by oxygen atoms. Critical to the ability to identify the
different crystal orientations of the surface, and subsequently
reconstruct the dynamics of Rh oxidation, was the ability
to fabricate Rh wire into needle shaped specimens with a
single crystal terminus. From O(ads) formation following
dissociative adsorption over {012} to their penetration into
the bulk through {113}, {111} and {001} vicinal facets and
O(sub) formation, it is the unprecedent local atomic to near
atomic resolution composition mapping which makes APM
a highly suited for near-surface/gas interaction studies. The
results presented here were enabled by the fabrication of
specimens as single crystal sharp needles, which is can be a
great challenge to overcome.
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3.2.2 Cobalt Oxidation

The use of Co-based catalysts in Fischer—Tropsch synthe-
sis and CO, hydrogenation is well establish especially in
gas-to-liquid (GTL) industrial chemical production plants,
however Co suffers from rapid ageing decreasing its catalytic
activity leading to a decay in the global activity within only
few months [43]. Metallic Co presents different crystalline
forms, a-Co (hep) and B-Co (fec), with different surface and
chemical properties; the fcc form is more stable, while the
hcp form is more active in FT synthesis [44]. Additionally,
the ageing process leads to structural modifications of the
Co surface during the ongoing reaction to CoO (fcc) and
Co;0, (spinel). The strong influence of particle size, shape
and composition on reactive properties has been demon-
strated for pure Co(0) metal [45, 46]. Most recent investi-
gations, some by Kruse et al. propose to tune Co catalytic
properties by alloying with Cu and Mn metals or to prepare
size-selective NPs on suitable supports [46—49]. However,
changes to nanoparticle shape and formation of complex
surface and subsurface compositional heterogeneity during
exposure to oxygen is challenging to investigate and can be
aided by APM studies. Within this context, we have chosen
to investigate Co oxidation by following the same methodo-
logical pathway than Rh described in the previous section.
Following FIM analysis of Co needle wire specimens pre-
pared via EE, we will present the APT analytical results of
native and controlled oxidation. We will present the first
results as well as the challenges that are yet to overcome.

Contrary to Rh, Co exhibits various crystal structures
that enhance polycrystallinity of the samples which pre-
sents practical challenges to APM based analyses. The first
FIM analyses were reported by Nishikawa and Muller in
1967 [50] and already attempted to overcome the high poly-
crystallinity of Co. The polycrystallinity of Co is typically
detected by the presence of linear surface defects (i.e. grain
boundaries) that will affect the surface dynamics such as O
penetration within the bulk, but also unfortunately, makes it
very challenging for crystal orientation identification with
the use of the stereographical projection approach.

As depicted on Fig. 3a, FIM imaging reveals a Co surface
highly impact by surface defects (white arrows), resulting in
the presence of multiple nanocrystals delineated with white
dashed lines. One of the major challenges posed by the
polycrystallinity, besides the difficulty to identify specific
crystal orientation surface structure, is that the exposed sur-
face structure may evolve during field evaporations between
subsequent APT analysis of the same tip. As illustrated on
Fig. 3b, Co APT imaging of a Co native surface oxide pre-
sents inhomogeneous penetration of the oxygen within the
bulk. Within the first 5 nm below the surface, the most oxi-
dized region exhibits a 1:1 ratio in the detected Co and O
atoms, which is consistent with the stochiometric CoO oxide
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(Fig. 3c). After field evaporation cleaning to remove native
Co oxide from the surface, the sample is directly transferred
to the reactor for oxygen exposure. After three successive
oxygen exposure/APT analysis cycles at 300 °C for 10 min,
a FIM image was taken to reveal the evolution of the sur-
face structure and oxide distribution as shown in Fig. 3d.
Empirically, the surface appears smoother with fewer sur-
face defects and only three disguisable crystallographic
zones on the surface delineated with white dashed lines on
the FIM image. At this state, the overall surface structure
does not evolve anymore and is considered as stable for a
further controlled O, exposure. From this clean surface, the
sample is exposed to oxygen (P(O,)=9.0X 107> mbar) at
300 °C during 10 min. The oxygen distribution displayed
as a 2D concentration profile shows an enhancement that is
highlighted over zone 1 and 3 (Fig. 3e—f). The concentration
of penetrated oxygen varies from 30 to 20% along the first 5
nm of the Co surface (Fig. 3f). If the CoO™* (detected at 75
and 37.5 Da) distribution geographically follows the oxygen
atom distribution, the Co,O™" (detected at 67 Da) is mainly
detected along the surface defects delimiting the three sepa-
rate nanocrystals (Fig. 3g-h). The respective CoO™* and
Co,0™" 1D concentration profiles probed in regions R1, in
the middle of zone 1, and R2, on a surface defect, show a
significant Co,0™* enrichment in defect region R2 with a
concentration varying between 15 and 5% in the first 5 nm
depths, while this C020n+ concentration never outreach 5%
in R1 (Fig. 3i). Even if it is challenging to clearly identify
the specific crystallographic structure, it is clear that the Co
oxidation process is inhomogeneous and depends on these
surface structures (Fig. 3f), with such surface defects offer-
ing potential binding sites for O, molecules with variable
dissociative adsorptions. An example of mass spectra of
oxidized Co can be found in supplementary information.
Following a similar workflow, we proceeded with the
successive oxidation of cleaned Co surface obtained from
one different Co specimen at different temperatures between
200 “C and 350 °C to observe the progression of the oxida-
tion front with APT after 5, 10, 15, 30 and 60 min of O,
exposure. For each reconstruction, the number of O atoms
detected were counted and reported on Fig. 4a. The number
of O atoms are counted by from the decomposed composi-
tion of every oxygen carrier species including: O™, O5*,
CoO*, HO"" and H,0™. As expected, the strongest oxi-
dation rates are found for temperatures higher than 300 °C
with the surface oxidized layer fully converted to CoO after
only 30 min at 350 °C. The progression of the oxide front
into the metal is depicted in Fig. 4b which reports the Co
and O atoms composition (%) of the sample along the z
axis from the surface. From these fronts it is possible to
estimate the average speed of oxygen penetration within
the bulk and reconstruct the path of oxygen atoms during
the oxidation process. Considering 5 and 30 min oxygen
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Native Co Oxidation

Fig.3 Mapping oxide distribution over the surface and within the
bulk. Concentration plots are measured within 1 nm bins width.
a FIM image of a Co sample after the first cleaning process. (Con-
ditions of acquisition: 28.6 K, 6800 V, P(Ne)=9.7x10~7 mbar).
b 2D projection of O atoms concentration (at%) of the Co APT
reconstruction after field evaporation cleaning of the native oxide.
¢ 1D concentration profile in Co and O atoms detected along the z
axis of the region of interest depicted on (b) with a yellow circle.
d FIM image of a Co sample after three separate field evaporation
runs removing the oxide. (Conditions of acquisition: 20.0 K, 7600 V,
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exposures as “extremes’’ between the full transformation of
Co into CoO, the 10 and 15 min oxygen penetration front
plots present two distinguishable sections, a first part with
a relatively linear O % decreasing and a second part with
a concave curve shape. By calculating the first and second
derivate of these curves, it becomes possible to find the
inflection point between the two parts and we used these
inflection points to measure the position of the front over
time (i.e. distance). Since we know the time, we are able
to calculate an estimated speed as distance/time. The front
progression speed is estimated at 2.1 nm-min~' between the
5 and 10 min fronts, and 4.2 nm-min~" between the 10 and
15 min fronts. In first approximation we observe that the
oxidation seems to accelerate over time until reaching a full
CoO volume (30 min). We hypothesize that this acceleration
probably reflects the fact that the oxygen atoms penetrate the
Co needle isostatically from every direction. Note that here
we are considering this penetration with only one dimension
and thus is only a first approximation [37]. The next steps of
this work will consist of improving the reconstruction scal-
ing based on correlative TEM imaging of the needle shape
taken before/after oxidation. Such geometrical information
will guide APT reconstruction parameters as well as provide
information about the precise surface exposed to O, needed
to build a model that consider the oxygen penetration from
every direction. In the case of Co, its polycrystallinity poses
the problem that the surface exposed evolves as the speci-
men is evaporated. The consequence is directly observable
in Fig. 4a where the number of O atoms detected at 300 °C
after 15, 30 and 60 min are significantly lower than after
15 min. Such evolution may be the result of a drastic change
of the surface exposed at 10 min experiment and at 15 min
and following.

The multiplication of these measurements at different
temperature/pressure on different specimen and the experi-
mental reconstructions of the oxygen front progression will
be used to support theoretical efforts aimed at building a
better understanding of these bulk diffusion mechanisms.

For APT, the major challenge to overcome is the samples
fabrication and the stabilization of a single crystal. With a
stable single crystal, we believe that this methodology has
the unprecedent capability to experimentally reconstruct the
full oxidation process of Co from the first surface/gas inter-
actions to the subsurface and bulk diffusion mechanisms,
and will lead to a better understanding of the mechanistic
relationships existing between surface, subsurface and bulk
during surface reactions. A direct application of this method
can be reasonably considered in the case of “real” nano-
particles such as enriched Co nanoparticles, Co/MnO, [47],
and nanoalloys, CoCu [51]. Finally, it is important to notice
that even if the oxygen exposure is performed in absence of
electric field, the precise mechanism of field evaporation
remains widely unknown and is still a matter of discussion
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within the APM community [52]. For the Co oxidation case,
an additional investigation will be necessary to determine
the influence of the electric field and the laser energy on the
nature of the ions detected [53].

3.3 In Situ APT Studies of Alloy Oxidation

Beyond catalytic materials, the in situ APT approach is also
valuable for studying early stages of alloy oxidation relevant
to various applications, from nuclear energy to structural
materials [37, 54]. Traditionally, alloy oxidation behavior
is studied with longer-term experiments (on the order of
several to tens to even hundreds of days) in which samples
are exposed to the oxidative or corrosive environment of
interest. During these experiments, samples are removed at
different time steps and characterized using analytical tech-
niques such as electron microscopy and APT to understand
changes in structure-composition accompanying the oxida-
tion or corrosion process. However, using this approach the
time scales accessible are limited, making it challenging to
monitor how the composition and crystallography changes
across the evolving oxide/metal interface and in the oxide
itself, especially in early stages of oxidation. Hence, we
have adapted the in situ APT approach to help us better
understand initial composition changes that occur across
the oxide/metal interface during initial alloy oxidation up to
time durations of 5 min. Here, we summarize our findings on
zirconium alloy (Zircaloy-4) oxidation, and discuss impor-
tant sample preparation considerations for these experiments
[33].

Zirconium (Zr) alloys are used in the nuclear industry as
reactor fuel cladding and tritium absorbing materials, owing
to their favorable combination of corrosion resistance, low
neutron cross section, and mechanical properties [55-57].
In both of these applications, Zr alloys experience waterside
corrosion, which can significantly impact structural integrity
and limit component lifetime [58]. During waterside corro-
sion, both oxidation and hydrogen (H) ingress occur, and are
phenomena that have been studied extensively for a variety
of Zr alloys [58]. However, the evolution of composition and
structure across the oxide/metal interface is still an active
area of research, due to its important role in corrosion kinet-
ics [59]. Application of the in situ APT approach enables us
to track composition changes during the very early stages of
oxide film developent on an industrially relevant Zr alloy,
Zircaloy-4, with composition 1.02+0.03 Sn, 0.72+0.02
0O, 0.38+0.01 Fe, 0.23+0.01 Cr in at. % with balance Zr.
Changes in Zr and O concentrations from before intentional
oxidation (i.e. native air oxide) to after intentional oxidation
for 1 and 5 min time steps at 300 °C and 10 mbar O, were
determined [33], with results after the longest oxidation time
step (5 min) summarized in Fig. 5. After just 5 min, a muti-
layered oxide film was developed, consisting of ZrO, ZrO,_,,
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and ZrO, layers (see Fig. 5a and b, with concentration profile
across the oxide/metal interface given in 5c) [33]. In addi-
tion, the Sn distribution across the oxide/metal interface was
investigated. After 5 min, a non-uniform distribution of Sn
across the oxide metal interface and within the oxide was
observed (see Fig. 5d, e, f). Sn was locally enriched in some
regions of the oxide/metal interface (Fig. Se), and depleted
in others (Fig. 5f). Sn segregation in the oxide observed
after 5 min at 300 °C may stabilise tetragonal ZrO, grains
[60, 61]. While no Sn precipitates were observed within the
oxide, the redistribution of Sn observed in the oxidation
experiments may be indicative of precursors to the forma-
tion of larger Sn clusters, which may required more time
at elevated temperature to develop [60]. Interestingly, the
degree of O penetration into the base alloy was not con-
sistent across the different oxide/metal interface facets. The
presence of such directional O penetration requires further
study on the structure across the oxide/metal interface via
electron microscopy and/or FIM/FEM methods. It is also
important to highlight that quantitative analysis of oxygen

in oxide layers via APT is a significant challenge [62—64],
and the oxide concentrations reported may be lower than
true oxygen concentration. The use of isotopic tracers, such
as 180, as was performed in work by Bachhav et al. [63]
may be helpful in improving accuracy of oxygen concentra-
tion measurements. Correlative high resolution transmission
electron microscopy to identify structure of oxide phases is
another experimental method that can help accurately assign
oxide stoichiometries [33].

3.4 Sample Preparation Considerations for In Situ
APT Oxidation Studies

It is crucial to consider the challenges behind the prepara-
tion of the various samples and the many steps involved in
the experimental process for a successful application of this
approach for the oxidation of metallic alloys. These pro-
cesses and corresponding considerations are summarized
in the flowchart shown in Fig. 6, and include: bulk sample
preparation, APT needle preparation via the FIB lift-out
method, transfer of specimens to the APT instrument, and
movement of samples around the various chambers under
UHYV. An important note is that for such oxidation experi-
ments, it is critical to understand, and ultimately reduce
or eliminate, all instances when elements such as Gallium
(Ga), H and O may be picked up by the sample or needle
specimens at various points in the process from preparing
bulk specimens to final polishing to transfer of specimens.
Several considerations are listed in an effort to reduce H or O
ingress from atmosphere, or the sample preparation environ-
ment. First, polishing procedures using non-aqueous media
or ion milling can significantly reduce any H ingress during
bulk sample preparation. For the data presented in Fig. 5,
needles were prepared from a Zircaloy-4 specimen that was
ion milled. In addition, unintentional implantation of Gal-
lium (Ga) from the FIB-SEM during specimen preparation
can damage the specimen surface, and possibly impact result
from compositional analysis via APT. Ga segregation to the
oxide/metal interface can affect interpretation of results
related to composition at this interface. Ga contamination
is most significant for the analysis of the oxide formed in
air during sample transfer and is then removed during the
field evaporation process in APT analysis. Initial analysis
of the air oxide and removal of Ga contamination is thus
an important first step for all subsequent high temperature
oxidation studies using the reactor chamber. It is also noted
that while Ga contamination is effectively reduced via the
field evaporation process, it is not entirely removed, and
could also impact subsequent analyses and should therefore
be considered throughout the analysis process. The presence
of high-Ga regions can reflect artificial trends in composi-
tion across the oxide/metal interface that do not represent
any physical phenomena such as element partitioning or
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depletion. In an effort to reduce concerns associated with
Ga, alternative sample preparation methods should be con-
sidered, such as with the use of a Xe plasma FIB.

During FIB sample preparation sufficient material needs to
be removed from the needle/Pt capping layer interface during
final stages of annular milling using 2 kV or 5 kV with low
current. The amount of material removed may vary based on
bulk sample preparation methods, although it is noted that if a
significant amount of material is removed (~ 1 um), the needle
shape becomes blunt, making atom probe analysis more chal-
lenging. The oxidation of Zr alloys (or other environmentally-
sensitive) materials is important to characterize by running all
needles before oxidation. During this analysis, the air oxide
formed in the transfer time from FIB to APT can be character-
ized. In the case of Zr alloys, a~30 at% O oxide is formed [33].
Storage of specimens in vacuum should also be considered, but
likely does not impact any H or O pick-up significantly. Pres-
sure of all vacuum chambers should be monitored closely in
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in different regions across the alloy/oxide interface. The error, based
on counting statistics, is depicted by the light blue shaded bounding
curve

order to ensure UHV is maintained during sample storage and
during transfer between vacuum chambers. Lastly, residual H
exists in the analysis chamber [65], and may adsorb onto the
needle apex during analysis, making it difficult to distinguish
between this residual H and solute H. For these experiments,
changes in H and O at% can be carefully tracked by analyzing
the same needle before and after gas exposure. Best practices
for minimizing H adsorption during atom probe analysis, and
quantification challenges related to Zr alloys are detailed else-
where [66—68].
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Fig.6 Flowchart process for in situ APT oxidation studies and corresponding considerations

4 Development of Operando APT Analysis
for Metal Oxidation

4.1 Experimental Description Design and Operation

FIM and FEM allows a real-time observation at the
nanoscale of the model nanoparticle’s surface but does not
provide a direct chemical identification of the observation.
APT allows this chemical identification with similar resolu-
tion but cannot provide a real time observation. With the
use of a in situ reactor, each gas phase exposure for variable
times corresponds to a “snapshot” of the complex dynam-
ics. In the 1970s, Panitz started the development of the first
Atom Probe also known as the “1-Dimensional Atom Probe”
(1DAP) capable of probing the chemical composition of a
small central area of the specimen [69]. In the 1980s Kruse,
Abend and Block developed a new methodology using the
1DAP, also referring as “Pulsed Field Desorption Mass
Spectrometry” (PFDMS), to provide directly kinetics meas-
urements at the nanoscale [20]. This technique innovatively
used the variable repetition rate of the E-field pulses, used to
trigger field evaporation, to connect to a time of reaction ty.
As reactant gas adsorption takes place between pulses, each
applied pulse desorbs adsorbates as ions which are projected
towards the ion detector. By varying the frequency of volt-
age pulses, it becomes possible to study reaction dynamics
such as observing the earlier stages of surface oxidation.

However, the 1DAP is only capable of probing a very small
restricted area field of view of the surface [22]. In this sec-
tion we present the first report of an adapted 1DAP appli-
cation within a modern commercial APT system equipped
with a position ion detector for studying surface reaction
dynamics.

Our approach involves the use of the atom probe voltage
pulses evaporation mode while exposing the sample to a
very low pressure of O, (up to 2.4 x 10~ mbar) in the ana-
lytical chamber. A gas introduction manifold on the FIM
system has been modified on the LEAP APT system to allow
evacuation of gases, including O, from the gas manifold
through the load lock to avoid any oxygen contamination in
the buffer storage chamber (Fig. 7). To increase the rate of
oxidation, the specimen stage cooling system is suspended
and the specimen stage is heated to 300 K. The sample sur-
face is firstly cleaned by field evaporation at 300 K before
oxygen gas is introduced in the analytical chamber. Consid-
ering the very low work pressure, we have chosen to perform
our preliminary measurement on a material that is highly
sensitive to the presence of oxygen: pure Co.

4.2 Co Oxidation Observed in Real-Time
with Operando APT

A Co sample has been exposed to 2.36 x 10~ mbar of
oxygen at 300 K within the LEAP APT system. The 3D
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Fig.7 Schematic description of the gas network connected to the
LEAP analytical chamber for operando experiments

reconstructed APT results, shown in Fig. 9a, are of a “vir-
tual” needle where the z-axis represents changes to the com-
position as a function of controlled reactant gas exposure in
time. Under a constant applied bias, field evaporation occurs
continuously, and the surface is constantly renewed.

The topmost part of the virtual needle corresponds to the
beginning of the experiment with a pure Co surface shown
as z=0 in Fig. 8a. As soon that the oxygen is introduced
in the chamber, the Co(%) decreases while more Co,0,
(x=1,2; y=0,1) are detected. The inertia of gas flow into
the large size of the analysis chamber relative to the gas
introduction manifold lines leads to a progressive increase of
P(O,) during the experiment which was corrected manually
(Fig. 8b). The comparison of the detected oxidation with
the P(O,) plot shows a correlation between the slow P(O,)
increasing and the increasing of Co,O, detected. Different
phases can be distinguished, with more or less Co"", C020n+
or CoO"" (n=1, 2), but as soon as the 0, is evacuated from
the analytical chamber, a clean Co surface is recovered. The
detected Co,0"" and CoO"™* variations corresponds to the
variation of P(O,) and variation of voltage pulses frequency.
The current LEAP system has a limited range of pulse fre-
quencies available: 25, 100 and 200 kHz, and a limited maxi-
mum voltage pulse of 1314 V. Based on 1DAP principles,
higher frequencies should reveal the earlier oxidation steps.

Additionally, the 2D projections of the different Co,O,
concentration reveal an inhomogeneous distribution of
the different oxides along the surface. Most of the CoO"*
are detected at the center while Co,0™" are detected at the
periphery of the apex (Fig. 8c). The highest amount of
Co,0 detected can be identify as an early oxidation stage
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but the regular distribution of the Co,0™* make us to think
that the surface oxidation may be influenced strongly by
applied E-field during the oxidation process, thus providing
a rational approach to further studying the effects of E-fields
on surface reaction dynamics.

Within these preliminary experimental results, we were
able to isolate three experimental sections in the whole
measurement in which the O, pressure and temperature
were maintained constant at respectively 2.1 x 10~ mbar
and 300 K, while maintaining a constant voltage at three dif-
ferent values of 3000, 3300 and 3700 V, and three constant
pulsed frequencies of 25, 100, and 200 kHz. The difference
between these sections lays in the applied stationary voltage
of 3000, 3300 and 3700 V. For each of these conditions, we
applied different voltage pulses frequencies (25, 100 and
200 kHz) to observe its influence on the species detected.
The composition of each section in different ions detected
(Co™, Co, O™, CoO™, O™ and O5*) and the ratio of O:Co
atoms are reported on Fig. 9. At 3000 V we can observe
an almost constant O:Co ratio between the three different
voltage pulses frequencies. The application of these differ-
ent frequencies did not drastically impact the CoO"*(%)
detected. However, more noticeable differences are observed
for Co™ (%) and Co,0"*(%) with respectively 48.6%>*12,
45.99100kHz g4 (7 200kHz o4 9 79,25kHz 33 407 100kHZ
36.0%200kHz.

The influence of the pulse frequency can be observed
at higher voltage. At 3300 V, both O:Co ratio and CoO %
increase as the frequency decreases and this difference is
increasing even more markedly at 3700 V. This preliminary
observations at 3300 and 3700 V correlates with the Kruse
et al. concept [20, 22] that at lower frequencies, the surface
has more time to interact with O, and form Co-oxides on the
surface. The relative ratio of Co,O does not change as drasti-
cally as the ratio of detected CoO, emphasizing the idea that

Co,0 is a transient species as the system tends toward the
formation of CoO. However, the results at 3000 V suggest
that the influence of the electric field must be considered in
interpreting the results relevant to understanding the details
of reaction kinetics.

The presence of a strong electric field, such as in the APT
of several tens of V/nm, can drastically reshape the molecu-
lar orbitals of the O, molecules as it has been described by
Kreuzer et al. on N, [70]. Consequently, O, may become
more reactive as its molecular bond is polarized in the pres-
ence of a strong inhomogeneous electric field near the sur-
face and enhance its chemisorption rate. Additionally, the
presence of a high electric field increases the rate of field
evaporation of the surface leaving less time for O, mole-
cules to adsorb. Thus, the electric field plays a double role
to enhance O, reactivity while at the same time decreasing
the rate of chemisorption through the constant field evapo-
ration of the exposed surface. At 3000 V, we can imagine
that the presence of a relatively low electric field allows
the surface to reach a higher O:Co ratio than at 3300 and
3700 V. However, the precise reason for the higher rela-
tive portion of Co,0% at high frequency is unknown where
time-dependent computational methods may provide insight.
Finally, we must consider that, despite a constant applied
voltage, the electric field at the surface is varying as the
specimen’s radius of curvature increases over time as the
surface is eroded by field evaporation. This supports the
development in APT instrumentation that allows for the
automatic adjusting of the applied voltage as a function of
a constant detected O:Metal ratio (i.e. the maintaining of a
constant evaporation electric field).

Despite the low working pressure used, it is possible to
observe a surface oxidation phenomenon with the use of
atom probe tomography. The use of a LEAP for operando
experiments represents an advancement to developing a new
type of experimental mode with APT. The next steps will
explore the influence of the E-field by performing experi-
ments without laser and only voltage pulses on different met-
als specimen surfaces to explore the temporal and spatial
dynamics of metal oxide formation. A Rh single crystal will
be used for the next attempts, where initial insight being pro-
vided via in situ reactor. These first experiments shown here
reveal a promising new tool to explore, via a tridimensional
map, the surface composition of a nanoparticle over time
during an ongoing chemical reaction.

5 Conclusion
Recent developments in APM offer promise for investigat-
ing the complex composition and structure changes accom-

panying gas/surface interactions. The in situ reactor, for
APT analysis first described by others [6, 36—39] and more
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broadly for APM analysis reported here and elsewhere [5],
provides a new pathway for understanding atomic-scale pro-
cesses involved in gas/surface reactions in a wide range of
material systems, from single crystals of pure metals like
Rh, to more complex alloys such as zirconium alloys. We
have detailed how APM allows the tracking of oxygen atoms
from their adsorption on a Rh surface to their penetration
within the bulk which is revealed to be highly sensitive to the
different crystal structure composing the surface. Similarly,
the systematic measurements at variable times allowed us to
follow the progression of the oxygen penetration front inside
of the Co bulk with the in situ reactor as well. In the case of
Zircaloy-4, in situ reactor experiments revealed the forma-
tion of a multi-layered oxide film comprised of metastable
phases and the important considerations on understanding
influence of Ga implantation during sample preparation
for such in situ reactor oxidation experiments is discussed.
Finally, our first experiments of an “operando” mode of APT
for Co oxidation demonstrates a promising application of
Kruse et al.’s IDAP Pulsed Field Desorption Mass Spec-
trometry methodology to a modern APT instrument and the
necessity to pursue the develop of new instrumentation and
methodologies.

The application of APM continues to progressively
evolve, not only for materials mapping at the atomic scale,
but also for the exploration of surface reactions. Correlative
studies using real time observation with FIM and FEM, and
in situ APT are capable of reconstructing the path of the
adsorbents, from their formation on the surface, to their pen-
etration and incorporation within the bulk. With this same
approach in mind, correlative studies using other nanoscale
to atomic scale imaging and chemical mapping techniques
such as Environmental TEM (ETEM) [71], in situ SEM [72]
and photoemission electron microscopy (PEEM) [16] must
continue be considered. To establish a stronger understand-
ing of the dynamic process of heterogeneous catalysis, the
operando APT can allow for direct observation of nanoscale
chemical reactions on surfaces in real time replacing the
third spatial dimension by a time dimension.
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