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Abstract
Noncatalytic gas-solid reactions are a large group of heterogeneous reactions that are usually assumed to occur
irreversibly because of the strong driving force to favor the forward direction toward the product formation. Using
the example of Ni oxidation into NiO with CO,, herein we demonstrate the existence of the reverse element that
results in the NiO reduction from the countering effect of the gaseous product of CO. Using in-situ electron
microscopy observations and atomistic modeling, we show that the oxidation process occurs via preferential CO;
adsorption along step edges that results in step-flow growth of NiO layers, and the presence of Ni atoms on the flat
NiO surface promotes the nucleation of NiO layers. Simultaneously, the NiO reduction happens via preferential
step-edge adsorption of CO that leads to the receding motion of atomic steps, and the presence of Ni vacancies in
the NiO surface facilitates the CO adsorption induced surface pitting. Based on the in-situ TEM observations,
temperature and CO; pressure effect maps are constructed to illustrate the spatiotemporal dynamics of the
competing NiO redox reactions. These results demonstrate the rich gas-solid surface reaction dynamics induced by
the co-existing forward and reverse reaction elements and have practical applicability in manipulating gas-solid
reactions via controlling the gas environment or atomic structure of the solid surface to steer the reaction toward

the desired direction.
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Introduction

Noncatalytic gas-solid reactions are of considerable industrial importance and are readily found in chemical
and metallurgical industries. Examples include the oxidation of metals or the reduction of metal oxides, the
combustion of solid fuels and solid propellants, the gasification of coal, and the regeneration of catalysts, among
others.!® In general, they are usually extremely complex, and experiments performed to estimate the intrinsic
kinetics can easily fail to reveal the true mechanism. This is because of the large number of variables involved,
including the complex mixed gas atmospheres, transfer of gas molecules to the solid surface, chemical reaction at
the gas/solid interface, and changes in size, shape and microstructure of the solid surface during the reaction and
product formation on the solid.?"!? Particularly, the chemical reaction at the gas-solid interface is a critical step in
determining the rate law for the overall reaction and is usually assumed to occur irreversibly because the equilibrium
is totally shifted to the reaction products.””'® Herein, we demonstrate that this assumption of the irreversibility is
oversimplified, and conditions exist for the reverse element of the reaction to occur, even for the simple case with
a pure feeding gas to strongly favor the forward direction of the reaction.

Our work is based on real-time atomic-scale observations of the oxidation of metallic Ni into NiO in a CO»
atmosphere. This is performed with the use of dedicated environmental transmission electron microscopy (TEM)
to flow COs gas in the sample area to activate the reaction between CO» and Ni at elevated temperature while at the
same time temporally and spatially resolving the dynamic evolution of local atomic configurations at the gas-solid
interface. Our interest in the CO,-Ni reaction system stems from its technological importance, including CO,
capture and utilization through its conversion into value-added chemicals (CO, methane, methanol and
hydrocarbon)!'"!7 and high-temperature corrosion of structural alloys used in next-generation power cycles that use
supercritical CO; as the working fluid to obtain high conversion efficiency (> 50%).!32! With the in-situ atomistic
observations, we capture the simultancously occurring forward reaction of NiO growth and backward reaction of
NiO reduction under the condition far from the chemical equilibrium. This phenomenon has not been recognized
due to the difficulty of probing the fast dynamics of the local atomic configurations of the gas-solid interface under
the reaction conditions of elevated temperature and pressure. By combining the in-situ microscopic observations
with density-functional theory (DFT) simulations, we identify the atomistic mechanism by which the surface defects
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of atomic vacancies and ledges regulate the forward and reverse reactions. The phenomenon shown here has wide
relevance and is of considerable practical importance, as the existence of the reversible steps is expected to result
in large departure from the prediction by the irreversible assumption of the rate of the overall conversion for a wide

range of noncatalytic gas-solid reactions.



Results and Discussion
2.1 In-situ environmental TEM observations

In-situ TEM imaging is used to monitor the surface evolution of Ni during the CO; exposure and shows
that the surface reaction is dominated by NiO growth (see Fig. S1 captured from in-situ TEM video 1). However,
some local areas exhibit simultaneous NiO growth and reduction, and Fig. 1 illustrates time-sequence HRTEM
images (captured from supporting in-situ TEM Movie 2) revealing such an instance while exposing Ni at T = 450
°C to ~ 4x107 Torr of CO, gas flow. As seen in Fig. 1(a), the Ni oxidation in CO, results in NiO grain growth,
where the two NiO grains have the zone axes of [001] and [011] and form a V-shape grain-boundary groove with
the exposed {100} facets. The (100) facet on the left is atomically flat whereas the (100) facet on the right is
defective with presence of monoatomic steps, as outlined by the dashed white and cyan lines, respectively. As
shown in Fig. 1(b), a monoatomic layer (numbered 1) nucleates at the corner of the flat (100) facet of the grain on
the left, and this results in a step-terrace configuration. The step is observed to sweep laterally via the step-flow
NiO growth by the attachment of O and Ni adatoms to the step edge, where O atoms are supplied from the
dissociative adsorption of CO, molecules in the surrounding gas phase (CO, — CO + O) whereas the Ni atoms are
either from the Ni substrate via the outward diffusion or from the NiO reduction of the neighboring NiO grain, as
supported by DFT-calculated Ni diffusion energy barrier of 0.28 eV in Fig. S2. As seen in Figs. 1(b-d), this step-
flow NiO growth results in the formation of a complete atomic layer on the (100) facet. Figs. 1(e, f) illustrate that
monoatomic layers can also nucleate at the two corner regions (numbered 2, 3) of the flat (100) facet of the left
grain. These atomic layers propagate toward each other via step-flow growth and their perfect merging leads to the
growth of a complete new atomic layer (Fig. 1(f)). Fig. 1(g) shows that the nucleation of a monoatomic layer
(numbered 4) can also takes place in the middle of the flat (100) terrace of the left grain, where the step-flow growth
of the two atomic steps in the opposite directions results in the formation of a new atomic layer of NiO (Figs. 1(h,
1)).

In contrast to the step-flow, layer-by-layer oxide growth on the flat (100) facet, the defective (100) facet of

the neighboring NiO grain shows the reverse reaction of the oxide reduction in the same CO; atmosphere. The



dashed cyan lines in Figs. 1(a-h) are used to track the locations of the atomic steps, revealing that the NiO grain on
the right undergoes the reduction reaction by the retraction motion of the atomic steps and inward nucleation of
new monoatomic steps along the (100) facet. As marked by the red arrow in Fig. 1(h), the retraction motion of the
monoatomic steps results in the bunching of the atomic steps into a microfacet that is perpendicular to the (100)
facet and slows down the oxide reduction. Detailed tracing of the temporal evolution of the surface profile is
presented in Fig. 1(i), showing the oxidation reaction on the flat (100) facet on the left that results in the growth of
three complete atomic Ni-O layers whereas the oxide reduction on the defective (100) facet on the right that leads
to the decay of multiple Ni-O layers from the surface. The red dotted lines in Fig. 1 mark the growth front of an
NiO overlayer on the planar surface, which also shows oscillatory forward and backward motion as a result of the
coexisting oxide growth and reduction along the step edge. As marked by the red dotted lines in Fig. 1(b) and seen
in Supplementary in-situ TEM Movie 2, the surface-like mobile species is visible, which can be related to the
dynamic motion of the growth front of the NiO overlayer that is observed to grow and shrink laterally on the planar
surface region and momentarily extending into the vacuum. In general, the in-situ TEM imaging does not show
obvious buildup of mobile surface species in front of surface steps. This is probably because of the extremely fast
rates of step-edge attachment and detachment that lead to the quick depletion of Ni adatoms in front of surface steps.
By contrast, terrace regions away from the surface steps show a relatively longer lifetime of Ni adatoms that display
fast aggregation and disaggregation dynamics before being trapped by surface steps. This is captured by in-situ

TEM imaging (Supplementary in-situ TEM Movie 3) and shown in Fig. S3.



Figure 1. In-situ atomic-scale imaging of the simultaneous oxide growth and reduction at a grain-boundary groove of NiO
during the Ni oxidation at 450 °C and ~ 4x10- Torr of CO, gas flow. a-i Time-sequence HRTEM images (Supplementary
Movie 2) showing the forward reaction of oxide formation via the step-flow oxide growth on the flat (100) facet on the left
whereas the reverse reaction of oxide reduction via the retraction motion of atomic steps on the defective (100) facet on the
right. The inset in (a) is a schematic view of the presence of atomic steps on the planar surface. The dashed white and cyan
lines in (a-h) outline the evolution of the surface profile of the two NiO grains. The green and red dashed lines in (i) are the
traces of the position and configuration of the outmost surface facets of the grain boundary groove at 0 s and 116 s, respectively,
showing the oxide growth on the left grain whereas the oxide reduction on the right grain. Red dotted lines in (a-h) mark the
growth front of an NiO overlayer on the planar surface. Scale bar, 2 nm a-i.

The observed simultaneous reactions of the oxide growth and reduction in CO; are not tied to separate NiO
grains but also occurs on the different surface facets of the same NiO grain, and Fig. 2 depicts such an example
(snapshots from in-situ TEM Movie 4). As shown in Fig. 2(a), the (100) side facet of the NiO island is atomically
flat whereas the top (100) facet consists of multiple atomic steps. The oxidation reaction occurs on the flat (100)
facet, as indicated by the nucleation and step-flow growth of two monoatomic steps (numbered 1 and 2 in Fig. 2(b)).
The two atomic steps are observed to propagate toward each other and merge into a complete atomic layer of NiO
(Fig. 2(c)). A new monoatomic layer nucleates in the middle of the grown layer, and this results in two new atomic
steps (numbered 3, 4 in Fig. 2(d)) that propagate laterally to form another complete atomic layer of NiO (Fig. 2(e)).
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This process of nucleating monoatomic layers of NiO and the lateral step-flow growth repeats itself and leads to the
layer-by-layer growth of multiple atomic layers of NiO along the side (100) facet (Fig. 2(f-i)). By contrast, the
highly stepped (100) facet on the top undergoes the oxide reduction reaction. This is indicated in Figs. 2(a-i),
showing the lateral retraction motion of steps and inward nucleation and lateral decay of new atomic steps. Figs.
2(c, d) show the HRTEM images that illustrate the nucleation of two new atomic steps (marked by the cyan arrow)
by surface pitting at the flattened terrace and their lateral retraction motion. As shown by the detailed tracing of the
temporal evolution of the surface profile in Fig. 2(i), the oxidation reaction on the flat side (100) facet results in the
growth of four complete atomic layers of Ni-O layers whereas the oxide reduction on the top defective (100) facet
leads to the NiO reduction by a thickness of ~ 2 nm. Also shown by the inset schematic in Fig. 2(a), surface steps
are also present on the planar surface region, where the location of the step edge is visible as a slight change in the
image contrast due to the difference in thickness across the lower and upper sides of the step edge. Detailed tracing
of the positions of the step edge at different times shows the oscillatory forward and backward movement of the

step edge on the planar surface.



98 s

tion

o)
@)
R~

Oxamaoc

TEM visualization of the oxide growth and decomposition of a single NiO grain during the e

4x107° Torr of CO; gas flow. a
oxide nucleation and growth on the flat (100) side facet whereas the oxide reduction on the top, stepped (100) facet via the
retraction motion of atomic steps. The inset in (a) is a schematic illustrating the presence of atomic steps on the planar surface.
The red arrow in (c) marks the nucleation of a monoatomic deep surface pit that results in the formation of two monatomic

steps. The red dotted lines in (a-h) are the detailed traces of the stepped features on the planar surface. The green and red dashed
lines in (i) are the traces of the position and configuration of the outermost surface facets at 0 s and 98 s, respectively, showing

the oxide growth on the flat side facet whereas the oxide reduction on the top rough facet. Scale bar, 2 nm a-i.

posure of Ni at

X

-situ

n

I

Figure 2.

-layer

by

-i In-situ HRTEM images (Supplementary Movie 4) displaying the layer-

450 °C to =~



Fig. 3 illustrates time-sequence HRTEM images (extracted from in-situ Movie 5) that demonstrate that the
competing oxide growth and decomposition can also take place on the same NiO surface in the CO, atmosphere.
As shown in Figs. 3(a, b), a monoatomic oxide layer nucleates on an initially atomically flat NiO(100), which results
in two monoatomic steps (numbered 1 and 2). The step-flow propagation of the two atomic steps in the opposite
directions results in the growth of a new atomic layer of NiO (numbered i in Figs. 3(b-¢)). As seen in Fig. 3(f), a
new monoatomic step (numbered 3) enters the field of view from the left side, and this results in a step-and-terrace
surface configuration. Similarly, the lateral flow of the surface step leads to the growth of another new atomic layer
of NiO (numbered ii in Figs. 3(f-i)). As shown in Figs. 3(h, 1), this newly formed surface layer shows much weaker
lattice image contrast than that of the atomic planes below the surface, indicating its smaller thickness and/or the
presence of a high density of atomic defects such as vacancies, steps, and kinks in the topmost layer. This defective
surface layer is unstable, and a local area decomposes into a monoatomic deep pit with two newly formed surface
steps (numbered 4 and 5 in Fig. 3(i)). Step 4 is observed to undergo the backward motion (induced by the oxide
reduction) whereas step 5 experiences the forward motion (induced by the oxide growth). After ~ 3 s, the oxide
reduction at step 4 is reverted to the oxide growth while in contrast step 5 still undergoes the oxidation reaction,
thereby resulting in the recovery of the oxide layer after the encountering of steps 4 and 5 (Fig. 3(j)). It can be also
noted from Fig. 3(k), an atomic layer with the weaker image contrast develops between steps 4 and 5, which has a
slightly lower surface height with a smaller interplanar spacing of 1.8 + 0.1 A compared to the adjacent NiO(200)
lattice spacing and can thus be related to the two-dimensional aggregation of Ni adatoms from the adjacent reducing
NiO layer. The presence of metallic Ni can promote the adsorption of CO, molecules and facilitate the re-growth
of the oxide layer, leading to the recovery of the NiO layer, as shown in Fig. 3(1). By monitoring the evolution of
the image contrast as shown in Figs. 3(k, 1), it can be seen that the lattice contrast of the two topmost oxide layers
grows progressively stronger, indicating the gradual healing of the lattice defects and thickness of the oxide layers.
The competing oxide growth and reduction reactions on the same NiO surface are confirmed at multiple places and

samples (see more examples in Supplementary Figs. S3, S4).
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g oxide growth and decomposition on the same NiO(100) surface
facet during the Ni oxidation at 450 °C and ~ 4x107 Torr of CO, gas flow. a-i Time-sequence HRTEM images (Supplementary
Movie 5) showing a cycle of step-flow oxide growth, oxide reduction via surface pitting at the terrace, and again the step-flow
oxide growth leading to the recovery of the topmost NiO layer. The area marked by the red dashed oval shows a smaller
interplanar spacing compared to the NiO(200) lattice, indicating the aggregation of Ni adatoms into a metallic-like Ni layer
that is subsequently re-oxidized into NiO. Scale bar, 2 nm a-i.

Consistent with the above atomic-scale imaging of simultaneous NiO growth and reduction are the in-situ
TEM observations of morphological evolution of NiO islands shown in Fig. 4. The initial-stage oxidation processes
of metals typically feature the nucleation and growth of oxide nano-islands on the metal surface.?>*® As shown in
Figs. 4(a-f), the areas marked by dashed boxes correspond to NiO islands formed during the Ni oxidation in CO,.
This is confirmed by HRTEM imaging of the oxidized surface, where the regions with NiO islands show moire
fringe contrast (marked by dashed circles in Fig. 4(g)) formed as a result of interference between diffracted beams
from overlapping NiO islands and the Ni substrate. One obvious feature in the HRTEM image is that moire fringes
do not extend continuously to the entire surface, confirming the NiO island growth mode during the early-stage
oxidation of Ni in CO». Regions between NiO islands have the lattice spacing consistent with the interplanar spacing
of Ni{110}. Indexing of the diffractogram (Fig. 4(h)) of the HRTEM image identifies that one set of the reflections
is from the Ni<112> substrate and the other is from NiO islands with the epitaxial relationship of [112]y;o |l
[112]y; and (220)nio I (220)y;. As seen in Figs. 4(a-f), the image contrast for NiO island 1 becomes gradually
weaker, indicating its reduction reaction leading to the oxide decomposition. By contrast, the contrast for island 2

grows darker in the first ~60 s and then becomes weaker afterwards, suggesting the oxide growth and subsequent
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reduction to this NiO island. Similarly, the temporal evolution of the image contrast for islands 3 and 4 from growing

darker and then weaker is caused by the competing oxidation and reduction reactions of the oxide islands.

N

Figure 4. In-situ TEM observations of the morphological evolution of NiO islands during the exposure of Ni at 450 °C to =
4x107 Torr of CO, gas flow. a-f Time-sequence low-magnification TEM images (Supplementary Movie 7) showing the growth
and shrinkage of NiO islands (marked by dashed white and cyan boxes, respectively) induced by the competing oxide growth
and reduction. g HRTEM image showing Ni(110) lattice fringes and electron moire fringes due to the lattice superimposition
of NiO islands and the Ni substrate. h Diffractogram of the HRTEM in (g), showing the epitaxial relationship between the NiO
and Ni substrate. Scale bar, 10 nm a-f, 2 nm g.

The effect of temperature and CO, pressure on the spatiotemporal evolution of the competing redox
dynamics of NiO is also examined with in-situ TEM observations. Figs. 5(a-d) display in-sitt HRTEM images
showing the forward growth and backward retraction of the oxide layers while exposing Ni at T =300 °C to = 3x10°
4 Torr of CO, gas flow, where the oscillatory oxide growth and reduction is observed to occur in close proximity
(i.e., on the same surface facets). Increasing the temperature to 450 °C (still in ~ 3x10* Torr CO, gas flow) speeds

up the NiO growth and reduction as shown in Figs. 5(e-h), where the competing oxide growth and reduction occurs

on two separate facets, indicating a transition of the competing redox dynamics from local areas to the more global
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areas. To further demonstrate the influence of CO, pressure, Figs. 5(i-1) depict such an example with increasing the
COs pressure by two orders of magnitude to ~ 3x102 Torr, showing competing NiO growth and reduction on the
same facet. By contrast, the higher temperature promotes the transition to the more global redox dynamics, and Figs.
5(m-p) reveal such an instance showing NiO growth on one surface facet whereas NiO reduction on the adjacent
facet while exposing Ni at T = 600 °C to ~ 3x10* Torr of CO» gas flow. Based on the in-situ TEM observations
performed with the four orders of magnitude difference in CO» pressure and temperature varying from 300 to 600
°C, the temperature and CO, pressure effect maps are constructed, respectively. Fig. 5(q) corresponds to the
temperature effect, showing that the increase of temperature (at 3x10* Torr CO») results in the transition of the
competing oxide growth and reduction dynamics from localized surface areas to a more global scale of the mass
transport. By contrast, the increase of the CO, pressure from ~ 4x107° Torr to ~ 3x107 Torr at 450 °C leads to the

opposite trend of the transition from the global to more local mass transport of the spatiotemporal redox dynamics

(Fig. 5(r)).
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Figure 5. In-situ TEM imaging of the temperature and CO; pressure effect on NiO redox dynamics. a-d Local redox:
simultaneous oxidation and reduction on the same facets at 300 °C and ~ 3x10"* Torr CO, (Supplementary Movie 8). e-h Global
redox: oxidation and reduction on separate NiO facets at 450 °C and ~ 3x10** Torr CO, (Supplementary Movie 9). The red
dashed line in (h) is the superimposed trace of the surface position and profile of the oxide at t=0 s in (e). i-1 Local redox:
simultaneous oxidation and reduction on the same NiO facet at 450 °C and ~ 3x10°2 Torr CO, (Supplementary Movie 10). m-
p Global redox: NiO growth and reduction on separate facets at 600 °C and ~ 3x10™* Torr CO, (Supplementary Movie 11). The
red dashed line in (p) is the superimposed trace of the surface position and profile of the oxide at t=0 s in (m). Scale bar, 2 nm
a-p. q, r Temperature and pressure effects on the spatiotemporal redox dynamics of NiO, where “Local” means simultaneous
NiO growth/reduction reactions on the same facets and “Global” refers to the competing NiO growth/reduction reactions on
separated NiO grains.

The NiO growth requires the transport of Ni atoms to the growing step edges whereas the NiO reduction
involves the transport of Ni atoms away from the receding step edges. As shown in Figs. 1-5, the CO-adsorption
induced Ni oxidation occurs via an adatom process, in which the step-flow NiO growth takes place as a result of

the surface diffusion of O and Ni adatoms, where O adatoms are supplied from dissociative adsorption of CO,

molecules (CO, — CO + O) whereas Ni adatoms are provided from the Ni substrate and reducing NiO in the
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neighboring area. Conversely, the observed receding motion of atomic steps is induced by the reduction of NiO to
Ni, where the adsorbed CO reacts with lattice O along the step edge to form CO,. The surface desorption of the CO,
molecule formed along the step edge is accompanied with the loss of lattice O, which therefore destabilizes the Ni
atoms at the edge and leads to the Ni detachment from the step edge. Morphologically, this phenomenon appears
similar to an etching process, but its origin is related to the loss of lattice O that results in the reduction NiO to Ni.
Experimentally, the NiO — Ni reduction is confirmed by several mutually consistent phenomena from the in-situ
TEM observations, including the presence of mobile Ni adatoms formed from the receding motion of atomic steps
(Fig. S3), coordinated NiO growth with the supply of Ni adatoms from reducing NiO regions (Figs. 1-5), and the
aggregation of Ni adatoms into a metallic-like Ni layer in the adjacent area of the same surface terrace, as indicated
by the smaller interplanar spacing in the region marked by the red dashed oval in Fig. 3(k). Such oxide-reduction
induced receding motion of atomic steps is also consistent with the microscopic processes underlying the reduction
of Cu oxides (Cu,0 and CuO) to Cu adatoms in the H, atmosphere.?’?® Meanwhile, our DFT calculations indicate
that it is energetically more favorable for Ni adatoms attaching to a step edge to result in increased coordination
than staying on the terrace (Fig. S2(a)). The calculated energy barrier for Ni adatoms hopping between fcc hollow
sites via a minimum energy path passing the bridge site is ~ 0. 28 eV (Fig. S2(b)), indicating the high kinetic
efficiency of the mass transport between oxidizing and reducing surface regions of the NiO islands. This
involvement of the Ni transport can be further reflected from the temperature and CO, pressure effect on the
spatiotemporal redox dynamics shown in Fig. 5, where the higher temperature results in more efficient surface
diffusion of Ni atoms, thereby leading to the more global redox dynamics across the different surface regions. By
contrast, the increase in CO; pressure leads to a higher surface density of adsorbed CO,, which results in more local
redox dynamics by capturing or trapping Ni adatoms.

The electron beam effects must be carefully examined when working with in-situ TEM observations. We
perform both the “low-dose” and “blank-beam” experiments” to ensure that an intrinsic behavior is studied. By
blanking the electron beam, simultaneous oxide growth and reduction still happens in “the dark” (Fig. S5).
Additionally, low-magnification TEM imaging (Fig. 4) is performed at a significantly lower electron beam dose

(810 e/A? s) rate than the HRTEM imaging (8400 e/A? s) in Figs. 1-3, and their mutual consistence confirms the
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negligible electron beam effects. This is further verified by in-situ TEM observations of the oxidation of metallic
Ni into NiO in a pure O, atmosphere (Figs. S6, S7), showing the monotonic NiO growth via the step-flow
mechanism without experiencing any noticeable oxide decomposition under the same electron-beam irradiation
condition as the CO; gas flow. Furthermore, our in-sitt HRTEM imaging (Fig. S8) indicates that the NiO lattice is
stable during vacuum annealing at 450 °C, and the continuous electron beam irradiation does not induce noticeable
oxide reduction, as confirmed from the negligible changes in the lattice contrast and the step-terrace surface
morphology. Therefore, the observed competing oxidation and reduction is inherent and can be attributed to the
dissociative CO; adsorption that results in adsorbed O and CO, where the adsorbed O is converted into the lattice
O via the oxidation of Ni adatoms whereas the resulting CO serves as a reducing agent to react with lattice O and

lead to the oxide reduction.

2.2 AP-XP, RGA and IR measurements

Ambient-pressure X-ray photoelectron spectroscopy (AP-XPS), residual gas analyzer (RGA) and infrared
(IR) spectroscopy measurements are performed to further elucidate the reaction pathway derived from the in-situ
TEM observations shown above. Same as the environmental TEM experiments, the AP-XPS, IR and RGA
measurements also start from freshly cleaned Ni by H, annealing (pH>= 1x10"! Torr) at T =450 °C to remove native
oxide. Fig. 6(a) illustrates the time-series O 1s XPS spectra, showing that the Ni surface is initially oxide-free and
the subsequent CO, exposure results in growing intensity of the O 1s peak at the binding energy of 530.5 eV, which
corresponds to lattice O in NiO. Fig. 6(b) presents the time evolution of the peak intensity of the O 1s spectra
obtained during the CO; gas flow, which shows the gradually increased peak intensity without exhibiting noticeable
intensity oscillation. The XPS measurements are performed under the condition of 450 °C and ~ 1x10™! Torr COa,
where the CO; pressure is an order of magnitude higher than the highest CO, pressure employed in the in-situ TEM
observation (Fig. 5(i-1)). Based on the trend extrapolated from Fig. 5(r), increasing the CO, pressure leads to more
localized redox dynamics, which cannot be probed by XPS because its large probed area (~ 300 um) and long data
acquisition time (~ 1 min) result in the temporal and spatial summation of the overall signals from the probed surface

area. As a result, the ensemble average of a large surface area has washed out the uncorrelated oxidation and
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reduction reaction elements at different surface regions. This also underscores the need of in-situ TEM observations

(shown in Figs. 1-5) to probe the intrinsic kinetics of the gas-surface reactions by temporally and spatially resolving

the local reaction dynamics.
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Fig. 6. AP-XPS, IR, and RGA measurements. a-¢ Time sequence and intensity evolution of O 1s and C 1s spectra acquired
during the exposure of freshly cleaned Ni at 450 °C to 0.1 Torr of CO; gas flow. d Time-resolved IR measurements showing

the absence of adsorbed CO, and CO (wavenumber range between 2250 and 2000 cm™'), where the bright color bands
correspond to the adsorption lines by gaseous CO». e Evolution of the partial pressure of CO; (black), total detected CO (red),

and background CO (blue) measured by RGA.

Fig. 6(c) corresponds to coordinated XPS C 1s spectra obtained during the CO; flow, showing the absence
of detectable intensity of C 1s signal. This indicates the extremely rapid dissociation reaction of CO, — CO +
O(ad) and rapid surface desorption of CO. The lack of stably adsorbed CO, or CO is further confirmed by a flow-
reactor system equipped with an IR spectrometer and a RGA setup. Time-resolved IR measurements (Fig. 6(d))
indicate the absence of adsorbed CO, and CO due to the facile dissociation of CO, and rapid desorption of the

resulting CO at the elevated temperature, which corroborate well with the AP-XPS measurements (Fig. 6(a-c)). Fig.
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6(e) illustrates the coordinated RGA results, showing the presence of gaseous CO (the grey shaded area in Fig. 6(¢))
after flowing CO; gas at the elevated temperature, confirming the desorption of CO from the CO, dissociation. The
RGA measurements also show that the gaseous CO amount drops to the background level (CO fragment) after
cooling the Ni sample to room temperature, indicating that the elevated temperature is required to promote the CO»

dissociation.

2.3 Atomistic insights into the competing oxidation and reduction reactions

The above in-situ TEM observations along with AP-XPS, IR and RGA measurements demonstrate the
existence of competing oxide growth and shrinkage during the CO, induced Ni oxidation. The NiO shrinkage is
induced by the presence of gaseous CO (resulting from the dissociative adsorption of CO;) that leads to the oxide
reduction. The surface reactions can be represented as follows:

CO, » CO(ad) + O(ad) — 0% (lattice)
Ct(gas) + 07 (lattice) — CO,

Primarily, CO, adsorbs onto the Ni surface and dissociates to CO and atomic O. The lack of C signal in the AP-
XPS and IR measurements suggests the extremely rapid adsorption and desorption rates of CO, and CO molecules.
As a result, no significant coverage of CO, and CO could build up to the level that can be detected experimentally.
The in-situ HRTEM imaging (Figs. 1-3) clearly shows the step-flow oxide growth, which demonstrates an adatom
mechanism of the oxidation process via surface diffusion of Ni and O adatoms onto the oxide growth front (step
edges), where Ni adatoms are from the Ni substrate and O adatoms are supplied by dissociative CO, adsorption.
Two further processes are the rapid desorption of adsorbed CO and the possibility of the removal of lattice O* by
its reaction with CO molecules from the gas phase, the latter of which leads to the NiO reduction via the retraction
motion of atomic steps, as shown from the above in-situ TEM observations.

To further substantiate the experimentally observed step-flow dynamics of the competing oxide growth and
reduction, we employ DFT to elucidate the microscopic mechanisms by evaluating the adsorption energetics of CO,
and CO at various surface sites. As shown in panel i of Fig. 7(a), we first consider CO, adsorption on bulk-
terminated, perfect NiO(100). After considering all the C-Ni, O-Ni, and C-O coordination cases, CO; is found to
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preferably adsorb in a monodentate configuration (in which the C is bound to the O atom) through the weak
physisorption. This is reflected from the calculated adsorption of -0.03 eV, which is in the range of the physisorption.
That is, adsorption energies of -0.01 ~ -0.1 eV correspond to the physical adsorption and the adsorption energies of
-1 ~-10 eV belong to chemisorption. It has been well established in the literature that NiO formed from Ni oxidation
is intrinsically Ni-deficient with the existence of a small concentration of Ni vacancies.?*! As illustrated in panel
ii of Fig. 7(a), our DFT calculation shows that the presence of a Ni vacancy makes CO, adsorption further
unfavorable and results in spontaneous CO, desorption from the surface terrace. On the contrary, the presence of a
Ni adatom (as supplied from the Ni substrate) makes the CO, adsorption favorable with the adsorption energy of —
0.99 eV (panel iii of Fig. 7(a)) and facilitates the nucleation of a new atomic layer of NiO on the flat NiO surface.
This is consistent with our in-situ TEM observations in Fig. 2(d-h), showing the layer-by-layer NiO nucleation
along the side (100) facet. Along with the experimentally observed step-flow NiO growth, the lack of CO;
adsorption for the flat surface terrace suggests preferred CO, adsorption along step edges. Indeed, our DFT
calculations show that the CO, molecule preferentially adsorbs along the step edge with an adsorption energy of -
1.31 eV, as shown in panel iv of Fig. 7(a). The CO; step-edge adsorption is still quite favorable (with the adsorption
of -1.15 eV) even with the presence of a Ni vacancy along the step edge (panel v of Fig. 7(a)).

We then examine CO adsorption at various surface sites leading to NiO reduction. As shown in panel i of
Fig. 7(b), CO on perfect NiO(100) is unstable and desorbs spontaneously from the surface. The presence of a Ni
vacancy leads to a significant increase of the CO affinity with the NiO surface with an adsorption energy of -4.36
eV (panel ii of Fig. 7(b)). It can also be seen that the adsorbed CO directly bonds with the lattice O adjacent to the
Ni vacancy. This results in the formation of a CO, molecule that tends to desorb from the surface, as evidenced by
the upward relaxation of the lattice O from the surface. This is consistent with the in-situ TEM observations (Figs.
2 and 3), showing the formation of atomic pits on the flat terraces, where the presence of Ni vacancies is evidenced
by significantly weakened lattice image contrast of topmost atomic layer. The surface pitting also results in the
information of atomic steps that are found to be energetically favorable for CO adsorption (-1.09 eV) (panel iii, Fig.
7(b)). The presence of a Ni vacancy along the atomic step further promotes the step-edge CO adsorption with a

significantly lower adsorption energy of -5.72 eV. As shown in panel iv of Fig. 7(b), this step-edge CO adsorption
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results in the formation of a CO; molecule by bonding with the lattice O at the step edge. This is accordance with

our experimental results (Figs. 1, 2), showing receding motion of atomic steps induced by CO adsorption induced

NiO reduction.
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Figure 7. DFT modeling of competing redox reactions on Ni(100). a CO, adsorption at various surface sites for NiO growth,
(i) perfect, buck-terminated NiO(100), (ii) the surface with a Ni vacancy, (iii) the surface with a Ni adatom, (iv) surface step,
(v) surface step containing a Ni vacancy. b. CO adsorption at various surface sites for NiO reduction, (i) perfect NiO(100), (ii)

the surface with a Ni vacancy, (iii) surface step, (iv) surface step containing a Ni vacancy.

Non-catalytic gas-solid reactions are usually assumed to occur irreversibly when being analyzed in
conjunction to designing large-scale chemical reactions. By contrast, our results shown above demonstrate that this
assumption is oversimplified for reactions even with a pure gaseous reactant. That is, although the feed gas of CO»
favors the oxidation of Ni into NiO, the simultaneous presence of the gaseous reaction product (CO) can lead to
appreciable reverse reaction in local areas because the solid is exposed to a mixture of the reactant and product
gases. The reverse element of the reaction from the product gas slows down the overall rate of the conversion and
should be taken into consideration because it is usually difficult to separate the product gas from the feed gas in a
chemical reactor. Using the oxidation of metals as an example, Wagner theory is widely employed to explain the
parabolic-type kinetics of the oxidation resulting from the control of the oxide growth by lattice or volume diffusion.
However, deviations from the parabolic kinetics during the steady-state oxide scale growth period has frequently
been observed. Several interpretations have been used to explain such deviations, including a phase-boundary

process as the rate determining step of the reaction,*>3? built-in electric field driven ionic diffusion,**** doping effect



3639 and microstructure evolution effect on the oxide scale growth.***® The reverse reaction is

in the oxide scale,
often ignored to explain the deviations from the parabolic kinetics of the scale oxide growth. As shown from our

results of the CO, induced N1 oxidation, the reverse element of the reaction indeed exists and should be taken into

account in order to understand the overall reaction rate.



Conclusions

We have provided direct evidence for the existence of simultaneously occurring forward and reverse
reactions during the oxidation of Ni by CO,. We have identified the atomic processes leading to the simultaneously
occurring redox reactions. The oxidation reaction occurs via the preferential CO; adsorption along step edges that
results in step-flow growth of NiO layers, and the presence of Ni atoms on the flat NiO surface promotes the
nucleation of NiO layers. Simultaneously, the preferential step-edge adsorption of CO from the dissociative CO;
adsorption results in the NiO reduction via the receding motion of the atomic steps, and the presence of Ni vacancies
on the flat NiO surface facilitates the CO adsorption induced surface pitting that results in the formation of new
atomic steps and thus further enhances the oxide reduction. The results provide mechanistic insight into the gas-
surface reactions, which may find broader implication in tuning the interfacial reactions via controlling the

composition of the gas reactants or atomic structure of the solid surface.



Experimental and modeling methods

In-situ environmental TEM experiments. Ni thin foils with a normal thickness (~ 50 nm) were prepared
using Focused Ion Beam (FIB) lift-out techniques. To minimize potential surface damage and possible Ga
contamination, a lower voltage (5 kV) and current (9 pA) of the Ga ion beam were used to perform the final surface
trimming of the sliced sample. The Ni slice was loaded on a Mo Omniprobe Lift-out grid and further polished by a
NanoMill TEM specimen preparation system with a low voltage (900 V) and current (80 pA) of Ar+ ions to remove
surface damage and contamination. The as-prepared Ni surface was examined by EDX analyses, showing the
absence of Ga contamination from the FIB process (see Fig. S9). Our environmental TEM experiments were
performed with FEI Titan 80-300, equipped with an image aberration corrector and differential pumping apertures.
The microscope has a spatial resolution of 0.8 A in the high-resolution TEM mode.

Our in-situ TEM experiment encountered a two-step process. First, the Ni foil was annealed at ~ 450 °C
and 5x1073 Torr of H, gas flow in the sample region, which reduced any native Ni oxides to metallic Ni and
generated tears and holes. The atomic structure and surface cleanliness of the as-prepared Ni surfaces were
confirmed by HRTEM imaging, electron diffraction, and electron energy loss spectroscopy (see details in Fig. S10).
The temperature and CO, pressure effects on the NiO redox dynamics were examined by two sets of in-situ TEM
experiments: i) constant CO, pressure (3x10* Torr) while varying temperature from 300 °C to 600 °C, and ii)
constant temperature (450 °C) while increasing CO, pressure from 4x10° Torr to 3x10% Torr. In-situ TEM
observations of the CO» reaction with Ni were made in both planar and cross-sectional views. To ensure that we
observed intrinsic behavior of the surface phenomena, an imaging protocol based on low-dose microscopy
techniques was adopted to minimize the effects of electron beam irradiation, including performing focusing and
crystal zone-axis orientation on an adjacent region of the specimen and then moving the specimen to the area of
interest for TEM imaging.

The in-situ TEM experiments are performed using a Gatan heating holder. The Ni foil was firstly reduced
in the TEM to remove native oxides at ~ 450 °C and 5x10 Torr of H, gas. The switch of the gas flow from H; to

CO; resulted in the specimen drift, and it took ~ 5 min to stabilize the specimen. As a result, the Ni surface was



already oxidized into NiO islands under the CO, gas before in-situ TEM observations can be performed. It should
be noted that metallic Ni regions were still available between NiO islands. Our in-situ TEM observations were
focused on the oxidized regions, where the competing oxide growth and reduction reactions occurred.

AP-XPS and flow-reactor measurements. For cross-validating the in-situ TEM observations,
complementary AP-XPS experiments were performed at the Center for Functional Nanomaterials at Brookhaven
National Laboratory. The system is equipped with an XPS spectrometer (SPECS Phoibos 100 MCD analyzer), and
a monochromatic Al Ka X-ray source (1486.6 eV, ~ 0.25 eV line width) focused on the sample to a spot size < 300
um. The Ni foil was heated up by a laser heater at the backside of the sample holder. The AP-XPS equipped with
multiple differential pumping apertures allows for gas pressure in the Torr range in the sample region while
maintaining ultrahigh vacuum (UHV) conditions in the hemispherical analyzer. All spectra were collected at a
takeoff angle of 20° between the surface and the electron analyzer optics of the XPS spectrometer. Binding energies
in each spectrum were referred to the Fermi level for correction and XPS spectra were analyzed with the Voigt line
shape and Shirley-type background. The line shape of a Gaussian/Lorentzian sum formula modified using an
exponential tail function was introduced for accurate peak fitting and deconvolution. A flat Ni foil (Princeton
Scientific Corp, purity = 99.9999%) was cut to a 1 cm x 1 cm square shape and fixed on the sample holder by spot
welding. The Ni sample was firstly annealed at pO> = 10 Torr oxygen gas at 450 °C for 20 min to burn out the
carbon-containing contamination and then switch to 1 Torr of H2 gas flow for 30 min to remove any Ni oxide. The
surface cleanliness was checked by XPS spectra until no obvious peaks showed up in O 1s and C 1s spectra. The
flow-reactor measurements were carried out in an FTIR spectrometer (Thermo Nicolet 6700) equipped with a
Harrick Praying Mantis™ high temperature reaction cell. An appropriate amount of Ni powder was loaded into the
cell and firstly reduced by 20 vol% H; in He (20 mL min™) at 450 °C for 60 min, followed by an exposure to 10
vol% CO; in He (20 mL min™") at 450 °C. The IR spectra were successively collected (32 scans) at a resolution of
4 cm’!. The outlet species were continuously detected by a Stanford RGA setup (200 amu). To determine the 28
amu fragment from the product CO, the background of m/z=28 was measured with CO; purging at room temperature

where no observable reaction occurred.



DFT calculations. DFT calculations were performed using the Vienna Ab initio Simulation Package
(VASP) codes.””**® The exchange and correlation were described by the Perdew—Burke—Ernzerhof (PBE) exchange-
correlation functional under generalized gradient approximation (GGA). The values of Hubbard parameters were
U=5¢VandJ =0 eV. The projector augmented-wave (PAW)*° potential was used to describe the interaction
between the ion and valence electrons, and the cut-off energy was set to be 500 eV, similar as the previous
calculations.®® In our calculations, the k-point grid within the Monkhorst-Pack scheme employed for the flat and
stepped surfaces was 2x4x1. All the surface structures were fully relaxed by using the conjugate gradient method,
until the forces on each atom were less than 0.015 eV/A. Our calculated lattice parameter for bulk NiO is 4.17 A.
A periodically repeated six-layer slab was employed in our calculations for the flat surface, with the bottom three
atom layers fixed at their bulk positions and the other layers to relax fully. The surface step was generated by
removing some atomic columns in the topmost layer. Successive slabs are separated by a vacuum region of at least
15 A to avoid interactions between slabs. We investigated the adsorption of both CO, and CO molecules at different
sites of the NiO(100) surfaces. Additionally, the adsorption energies and diffusion energy barriers of Ni adatoms
on the NiO surfaces were calculated. All the atomic structures are visualized using the Visualization for Electronic

and Structure Analysis (VESTA).
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