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Highlights

Mn30a4-like and Mn203-like surfaces can be formed in UHV by the oxidation with O2 of the clean
and nearly-stoichiometric MnO(100).

« A NaMnO2-like surface can be produced by oxidation of the MnO(100) pre-covered with
multilayers of metallic Na.

« Water is sensitive to the Mn oxidation state, and desorbs at different temperatures from the
manganese oxide surfaces dependent on the Mn oxidation state.

« On the NaMnO2-like surface, pre-adsorbed water blocks the uptake of COz2, and water displaces
pre-adsorbed CO2.
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ABSTRACT

The oxidation of clean and Na precovered MnO(100) has been investigated by X-ray
photoelectron spectroscopy (XPS), low energy electron diffraction (LEED) and temperature
programmed desorption (TPD) of adsorbed water. XPS results indicate that Mn3;0,-like-and
Mn,O3-like surfaces can be formed by various oxidation treatments of clean and nearly-
stoichiometric MnO(100), while a NaMnO,-like surface can be produced by the.oxidation of
MnO(100) pre-covered with multilayers of metallic Na. Water TPD resultsindicate that water
adsorption/desorption is sensitive to the available oxidation states-of surface Mn cations, and can
be used to distinguish between surfaces exposing Mn®*and Mn**.cations, or a combination of
these oxidation states. Carbon dioxide and water TPD results from the NaMnO,-like surface
indicate that pre-adsorbed water blocks the uptake,of CO3z;while water displaces pre-adsorbed
CO,. No indication of a strong reactive interaction is,observed between CO,, water and the

NaMnO,-like surface under the conditions of.our study.



1. Introduction

NaMnO, has been studied primary in electrochemistry as a novel cathode material for
lithium/sodium-ion batteries because of its competitive ability for the intercalation and de-
intercalation of Na [1, 2]. For these investigations, the first and critical step is the synthesis of
NaMnO,. Ma, Chen and Cedar [2] synthesized NaMnO, via a solid-state reaction of
stoichiometric amounts of Na,CO3; and Mn,0O3 powders. Parant et al. [3] grew' NaMnO single
crystals by a solid state reaction of Na,O, with MnO. Hirano, Narita and'Naka-[4] synthesized
single crystals of Nag70MnO2+y (0<y<0.25) via hydrothermal synthesis starting from various
manganese oxides and sodium hydroxide solutions. Howeverthere is no report of the formation
and characterization of a NaMnO, surface in a well-defined model system, which is desirable in
order to understand the basic structural and electronic properties of NaMnO, and its interfacial
behavior in electrochemistry.

In recent years, NaMnQO; has also gained- interests in catalysis. Xu, Bhawe and Davis [5]
reported a low-temperature, manganese-oxide-based, catalytic thermochemical water splitting
cycle. In this complex system; the'redox reactions of Mn®*/Mn** oxides play important roles in
the water splitting cycle«In theibydrogen evolution steps, water reacts with a Na,CO3/MnO
mixture to produce hydrogen and release CO,, while Na* intercalates into MnO to form o-
NaMnO, where Mn**is oxidized to Mn®". In the catalyst recovery steps, aqueous CO, at 80 °C is
used to facilitate the removal of Na® from a-NaMnO,. Water intercalation into this layered
compound.increases the mobility of Na* and leads to the formation of Na,COs3 and birnessite-
type manganese oxides (HxMnO,-yH,0). The remaining manganese compound then thermally
reduced from Mn®*" to Mn?*. Therefore, a study of the formation and redox cycles of MnO and

NaMnO, may provide insight into the fundamental steps in this innovative water splitting cycle.



A number of studies have been reported for the formation of manganese oxides with
various Mn oxidation states from 2+ (MnQO) to 4+ (MnO,) from the oxidation of manganese
powder or metal films [6-9]. X-ray photoelectron spectroscopy (XPS) was used to characterize
various Mn oxidation states by using the Mn 2pz, binding energy and the Mn 3s splitting.
Despite a wide range of overlapping values reported for the Mn 2p3/, binding energy and. Mn 3s
splitting for various manganese oxides, a higher Mn 2p, binding energy and a weaker Mn 3s
splitting are commonly observed for higher Mn oxidation states.

A few studies have been reported for the oxidation of well-ordered MnO(100) surfaces to
higher-valence manganese oxides [10, 11]. Bayer et al. [10] produced an ordered Mn3O,4(001)
surface by oxidizing a Pd(100)-supported MnO(001) thinfilm. Langell et al. [11] performed the
Mn%*/Mn®" redox cycle by the oxidation of a MnO(100).single crystal surface to Mn,Os, with
subsequent thermal reduction to MnzO4 and MnO(100).

In this work, we start from the oxidation of a clean MnO(100) surface to produce Mn30,-
and Mn,0s-like surfaces, then we investigate the oxidation of Na-precovered MnO(100) and
report the first NaMnO,-like surface formed on a MnO(100) substrate. X-ray photoelectron
spectroscopy (XPS) was usedito characterize and compare changes in chemical states of the
surface elements (Na, Mn and O) and surface composition of the formed manganese oxide and
NaMnO, surfaces. Imaddition, water was used as a probe molecule in temperature programmed
desorption (TPD)-to further distinguish the formed manganese oxide and NaMnO, surfaces. TPD
of CO,.and water on the NaMnO,-like surface was examined for any insight into the mechanism

of Na'extraction from NaMnO; by aqueous CO,.

2. Model Surface: MnO(100)



Fig.1 shows a ball model illustration of an ideal stoichiometric MnO(100) surface, with
atom sizes referenced to Mn and O bonded radii [12]. MnO has the simple rocksalt structure [13].
In the bulk, each Mn?* cation is surrounded by six equidistant O* anions, while each O* anion is
surrounded by six equidistant Mn?* cations. The crystal structure of MnO can be considered as
the insertion of two fcc lattices of Mn?* and O% ions [14]. The non-polar MnO(100)&utface has
the lowest surface energy among all the low miller-index surfaces, and is thermodynamically
stable [13]. An ideal (100) surface exposes an atomically flat plane containing equal numbers of
Mn?* cations and O® anions with a square periodicity (a:b = 1:1), however in’practice, surface
defects such as steps, kinks, missing ions or adatoms (or ions).cannot be avoided [13]. The clean
MnO(100) surface shows very little rumpling or reconstruction inthe ultra-high vacuum

environment [11, 15].
3. Experimental

All experiments were carried out in a‘turbo-pumped, dual-chamber, stainless steel ultra-
high vacuum (UHV) system. The. preparation chamber with a base pressure of 2x10™*° Torr is
equipped with a Leybold IQE10/35 ion gun, a set of Princeton Research Instruments reverse
view LEED optics and‘an Inficon Quaqrex 200 mass spectrometer for TPD. The analysis
chamber with a base presstire of 1x10™° Torr is equipped with a Leybold EA-11 hemispherical
analyzer and ‘a Mg Ka radiation source for XPS, and a Na evaporator with an SAES getter as the
Na source.

The MnO(100) single crystal was purchased from SurfaceNet GmbH with an EPI polish.
The sample was mechanically clamped onto a Ta stage that was fastened to LN,-cooled copper
electrical feedthroughs in a sample rod manipulator. The sample temperature was directly

measured by a type K thermocouple attached to the back of the single crystal through a hole in



the Ta stage using Aremco 569 ceramic cement. The sample holder can be resistively heated to
1000 K and LN,-cooled to 125 K. A low heating rate of 2.5 K-s™ was used for TPD to avoid
thermal-induced fracture of the ceramic MnO sample.

Na was evaporated onto the sample from a resistively heated Na SAES getter placed
approximately 30 mm away from the sample. O, (Matheson, 99.998%) and CO, (Matheson,
99.999%) were used as received. D,0 (Sigma-Aldrich, 99.9 atom % D) was degassed by
repeated freeze-pump-thaw cycles prior to use. Gases were introduced bybackfilling the
chamber through a variable leak valve, and the reported exposures have been’corrected for an ion
gauge sensitivity of 1.4 for CO, and 1.0 for O, and D,0 [16].

LEED was used to examine the surface long-range order at a temperature of 473 K, high
enough to provide sufficient conductivity to this room temperature insulator to avoid surface
charging [17]. XPS spectra were acquired at 60 eV pass energy for Mn, O and Na 1s which gives
a Ag 3dsy, line width of 1.06 eV, and 200°eV/*pass €nergy for Na KLL which gives a Ag 3ds, line
width of 2.1 eV. All binding energies of the MnO(100), Mn3O4-like and Mn,Os-like surfaces
have been referenced to an O 4s binding energy of 530.1 eV for the MnO(100) substrate using an
approach similar to that of Langell'et al. [11]. This value was obtained with clean MnO(100) at
an elevated temperature'of 473 K which provides sufficient conductivity to eliminate surface
charging. Simifarly, binding energies of the NaMnO,-like surface have been referenced to the O
1s binding energyvalue obtained with the NaMnO,-like surface at an elevated temperature of
473 K. where a value of 530.1 eV is also found.

Reported values for XPS O/Mn and O/Na ratios are determined from the integrated
intensity of the O 1s, Mn 2p and Na 1s photoemission features following satellite and Shirley

background [18] subtraction. All XPS ratios have been corrected by atomic sensitivity factors



except where noted. The ratio of XPS atomic sensitivity factors are estimated by% ~ % as
2 212 2

described elsewhere [19, 20], where o is the photoionization cross section of the element core
level found in published data [21], KE is the kinetic energy of the photoemitted electron, and 4 is
the inelastic mean free path of the photoemitted electron. Mean free paths have been estimated
by a predictive formula (TPP-2M equation [22, 23]) in the NIST Electron Inelastic=IMean-Free-
Path Database [24]. A detailed description of methods used to calculate the ratios of XPS atomic
sensitivity factor can be found in the supplementary material. All XPS spectra shown in the
figures have been corrected by satellite subtraction, but no backgroeund.corrections have been

applied.
4. Results and Discussion
4.1. Oxidation of clean MnO(100): Formation of MnzOgand Mn,03

A clean and nearly-stoichiometric'Mn@(100) surface was prepared by 2 keV Ar* ion
bombardment at room temperature and annealing to 1000 K in UHV as reported elsewhere [17].
After the preparation procedure, the sample exhibits a sharp (1x1) LEED pattern characteristic of
a simple termination of the rocksalt-structured (cubic) MnO bulk [17]. As shown in Fig. 2(a),
this surface gives aMn 2ps; binding energy of 641.1 eV, with a shake-up satellite feature at 6.2
eV higher binding energy. Both values are in good agreement with previous reports for a clean
and stoichiometricMnO(100) surface [11]. A Mn 3s splitting of 6.1 eV is observed, which also
agrees, with'values reported for MnO [6, 8, 9, 25-28].

The O 1s to Mn 2p XPS integrated intensity ratio is used to estimate the surface
composition. XPS for the as-prepared surface gives an uncorrected O 1s to Mn 2p intensity ratio

of 0.24, which matches the value for a clean and stoichiometric MnO(100) surface reported by



Langell et al. [11] using a different preparation method. After correction with standard empirical
XPS atomic sensitivity factors for our analyzer, the experimental O 1s/Mn 2p ratio is 1.20, 20%
greater than the ideal 1:1 stoichiometry for the MnO bulk. However, given the different kinetic
energies of the Mn and O photoelectron and hence the inelastic mean free path, deviations from
the bulk composition are not unexpected for a single crystal compound surface [19]:

A conventional layer-by-layer summation was used to simulate the expected O/Mn ratio
for an ideal MnO(100) surface [19]. This method assumes an exponentialdecay of signal
intensity with distance into the bulk for normal emission, and no diffraction,effects. The inelastic
mean free paths of Mn and O in MnO were predicted using the NIST Electron Inelastic-Mean-
Free-Path Database [24] as described in the experimentalsection. This simulation gives an O/Mn
ratio of 1.15, which is close to the experimental value of 1.20.

Various oxidation treatments on the clean MnO(100) surface result in the formation of
Mn30;-like and Mn,0s-like surfaces as charaeterized by XPS. Di Castro and Polzonetti [9]
oxidized MnO layers to Mn,O3 by annealing in 1 atm of O, at 673 K for 15 min without the
intermediate formation of MngO,. L.angell et al. [11] reported the formation of a Mn,O3 surface
by annealing a MnO(100) single crystal surface in 5x10” Torr of O, at 625 K for 2.5 h. We have
repeated their preparation procedures (5x107 - 1x10® Torr Oy, 625 - 673 K, up to 2.5 h) but fail
to obtain a Mn;05-likesurface. Instead, we find Mn3O,-like surfaces as characterized by XPS.
We find that anhealing the MnO(100) surface in 1x10° Torr of O, at 673 K for 15 min is
sufficient toform the MnzO,-like surface as characterized by XPS and shown in Fig. 2(b). The
Mn 2pgj, binding energy of 641.8 eV is 0.7 eV higher than MnO(100), indicating the presence of
higher Mn oxidation states than for MnO alone (2+) [6, 7, 9]. This result is consistent with the

expected mixed Mn oxidation states of 2+ and 3+ for Mn3O,4. The measured Mn 2ps/, peak width



(FWHM = 4.0 eV) is broadened by 0.3 eV compared to MnO(100) (3.7 eV), which may be
attributed to the co-existence of two Mn oxidation states. The previously observed shake-up
satellite feature for MnO disappears, consistent with literature reports for Mn;O, that the satellite
shifts to higher binding energies and overlaps with the Mn 2p,, feature (not shown) [9, 11, 26].
The Mn 3s splitting decreases to 5.6 eV, also in agreement with values reported for MnzO, [6, 9],
indicating the presence of Mn®". No obvious differences in the characteristics of the’O 1s binding
energy (530.1 eV) or peak width (2.0 eV) are observed compared to MnQ(100). The uncorrected
O 1s/Mn 2p XPS intensity ratio for this surface is 1.55, which is 29% greater than the value
observed for near ly-stoichiometric MnO(100). This increase is close to the ideal 33% increase
of the O/Mn ratio expected for a stoichiometry change fram MnO,to Mn30,. Only a diffuse
background is observed in LEED, indicating that the structure of this oxidized surface has no
long-range periodicity.

In order to further oxidize Mn3;O4ta Mn,03, a mild ion bombardment followed by a UHV
annealing was used to generate surface defects as an attempt to facilitate further oxidation before
additional annealing in O,. It is found that a Mn,Os-like surface, as characterized by XPS, could
be formed by repeatedly treating a'Mn3O,-like surface by ion bombardment at room temperature
(Ar" bombardment,500'€V), UHV annealing to 1000 K for 10 min, then annealing in 1x10°®
Torr of O, at 673 Kfor“15 min and 625 K for 2 h. Here we need to note that this method did not
always give a reproducible surface composition. Fig. 2(c) shows the XPS spectra of a Mn,03-
like'surface formed by this procedure. Similar to the Mn3O4-like surface, the Mn 2ps;; binding
energyrof 641.8 eV and the absence of the shake-up satellite feature both indicate the presence of
Mn®". However, with the exception of surface composition, the characteristics of the XPS signals

are essentially indistinguishable between the Mn,Os-like and Mn3;O4-like surfaces. The



uncorrected O 1s/Mn 2p XPS intensity ratio for the Mn,O3-like surface in Fig. 2(c) is 1.85 and is
54% greater than that observed for MnO(100). This increase is close to the ideal 50% increase
expected in the O/Mn ratio for a stoichiometry change from MnO to Mn,QOg3. Similar to the
Mn30O,-like surface, only a diffuse background is observed in LEED, indicating that the structure
of this oxidized surface has no long-range periodicity. We note that our data do not provide a
good indication of the thickness of the MnzO,4 and Mn,O3 surfaces prepared by our.oxidation
treatments. However, the similarity in measured compositions to those expected for the
stoichiometric materials suggests the thickness of the oxidized layers are at least on the order of

the XPS sampling depth.
4.2. Oxidation Na-precovered MnO(100): Formation of NaMnQ;

Parant et al. [3] have synthesized NaMnOgzerystalsvia a solid state reaction between
MnO and sodium oxide. A similar approach was.envisioned here where metallic Na deposited
on the MnO(100) surface is oxidized to generate a Na oxide overlayer that can react with the
underlying MnO(100) substrate. Since Na,O decomposes at 800K in UHV during TPD [29],
flashing the sample to 1000K"in'UHY following the oxidation treatment will remove any excess
Na oxide not used for the bimetallic compound formation.

Fig. 3(a) shows the XPS spectra of a MnO(100) surface pre-covered with 11.5 ML of Na.
The method used for the Na coverage determination and a description of the interactions between
Na and MnO(100) in a non-oxidizing environment are reported elsewhere [17]. The appearance
of plasmon loss features in both the Na 1s and Na KLL spectra indicates the dominant presence
of metallic Na on MnO(100) at this coverage [30-33]. While the Mn and O XPS signals are
greatly attenuated by the Na overlayer, the binding energies of Mn2p3, and O1s, the peak width

of Mn2ps/2, and the Mn 3s splitting are similar to those of clean MnO(100).



A NaMnO,-like surface was produced by annealing the 11.5 ML Na-precovered
MnO(100) surface in 1x10° Torr of O, at 673 K for 15 min, then briefly heating (flash) to 1000
K in UHV. This surface is characterized by XPS as shown in Fig. 3(b). The plasmon loss
features are absent in both Na 1s and Na KLL spectra, indicating that metallic Na is no longer
present. Na KLL shows a single peak, indicating Na in the form of a non-metallic Na compound
[30, 32-34]. A Na 1s peak at 1071.2 eV is observed, which is 0.2 eV lower than that for metallic
Na. In our previous work of Na deposition on MnO(100) [17], we found.that oxidic Na on the
MnO substrate exhibits higher Na 1s binding energy than that for metallic Na, as would be
normally expected. Nonetheless, although unexpected, the Na.ds binding energy of several
bimetallic sodium oxides, such as NaCrO,4, NaAsO, and INa,SeOs3, are reported to be 0.1 - 0.9 eV
lower than that for metallic Na [34]. Due to the lack of reported data for NaMnO, here we
consider the measured Na 1s binding energy of NaMnO; to be consistent with those reported for
other bimetallic sodium oxides. Additional.support for this assignment can be found in the
supplementary material where the Na Auger parameter from this work is compared to other
bimetallic sodium oxides on aAVagner plot. The Mn 2ps, binding energy is 641.9 eV with the
absence of a shake-up satellite feature, and the Mn 3s splitting of this surface is 5.5 eV, which
are all similar to these for. the Mn3O4-like and Mn,O3-like surface and indicate the presence of
Mn®*. This result is in.agreement with the expected Mn oxidation state (3+) in NaMnO [35].
The peak' width (FWHM) of Mn 2ps/, is 3.4 eV, narrower than both clean (3.7 eV) and oxidized
(4.0e\V) MNO(100), and the O 1s signal for this surface has a similar binding energy (530.1 eV)
but a narrower peak width (1.6 eV) compared to those for the clean and oxidized MnO(100). The
increased Mn intensity following oxidation of the deposited Na layer suggests that the remaining

sodium intermixes with the underlying substrate rather than remaining as a sodium oxide over



layer. The surface composition estimated by XPS gives a Na:Mn:O XPS intensity ratio of
1.19:0.93:2 using atomic sensitivity factors estimated specifically for NaMnO, (see supplemental
material). This surface composition is close to that expected for NaMnO,, and indicates a film of
the bimetallic oxide at least as thick as the XPS sampling depth. Similar to the MnzO,-like and
Mn,Os-like surfaces, only a diffuse background is observed in LEED, indicating that the
structure of this surface has no long-range periodicity. While we start with a well-defined
substrate, the resulting film is not structurally well-defined since epitaxial growth is not achieved.
Prolonged annealing (> 10 min) of the NaMnO,-like surface in UHV at 1000 K results in
the reduction of Mn as shown in Fig. 3(c). The Mn 2ps/; binding energy (641.1 eV) and peak
width (3.7 eV), the presence of shake-up satellite featuregandithe Mn 3s splitting (6.0 eV) are all
similar to those for the clean MnO(100) and characteristic of Mn®*. These results indicate that
Mn®*" in NaMnO, is reduced to Mn?* by the thermaltreatment in UHV of the NaMnO.-like
surface. Na 1s and Na KLL signals are significantly attenuated with no Na desorption signal (m/z
= 23) detected in TPD. Similar observations were reported in our previous work of Na deposition
on MnO(100) [17] at elevated4temperatures in UHV, and are attributed to the thermally-induced

inward diffusion of adsorbed'Na.
4.3. D,O TPD

Water was used as a probe molecule to examine and further distinguish the clean and
oxidized MnO(100) surfaces and the NaMnO,-like surface. Fig. 4 shows the TPD traces of D,0
(m/z'=20) following 0.5 L (1 L = 1x10°® Torr-s) D,O dose on the four surfaces. For each dose,
the surface was cooled to 125 K prior to dosing, and TPD was run for the temperature range
from 125 K to 600 K. For clean MnO(100) exposing cations in a 2+ oxidation state, the main

D0 desorption feature is observed below 300 K with a peak maximum at 230 K as shown in Fig.
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4(a). Water desorption features in a similar temperature range are reported on other rocksalt-
structured metal oxide surfaces such as MgO(100) [36, 37] and NiO(100) [38, 39], and have
been attributed to molecularly adsorbed water on terrace sites. The high temperature tail of the
water desorption peak above 300 K is assigned to the recombination of dissociated water in
agreement with most literature reports [40, 41].

Fig. 4(b) shows the water TPD traces on the Mn3O4-like surface. Similar to:MnO(100),
water desorbs primarily below 300 K. However two desorption features are observed at 195 K
and 235 K, suggesting that two types of water adsorption sites are present. The desorption peak
at 235 K is at a similar temperature to the main water desorptian peak on the MnO(100) surface
(Mn*"), suggesting that it may be associated with surfacedVin?’ in MnzO,. The other water
desorption feature appears at lower temperature (195 K), suggesting that water binds more
weakly on a second type of adsorption site.

On the Mn,O3-like surface exposing eations in a 3+ oxidation state, a single desorption
feature is observed in Fig. 4(c) with‘a peak maximum at 190 K. This desorption temperature is
similar to the lower temperature feature from the Mn3O,-like surface. Considering that the two
surfaces both likely expose surface Mn** cations, the feature near 190 K is attributed to
desorption from surface'Mn** cations. This conclusion is also consistent with the mixed Mn
oxidation states (2+and 3+) in MnzOy.

Fig. 4(d)'shows the water TPD traces on the NaMnO,-like surface. A single desorption
peaksat 182K is observed, similar to that seen for the Mn,O3-like surface. This result is
consistent with the expected Mn** oxidation state in NaMnO,. Therefore, water TPD appears to
be sensitive to surface Mn cations in different oxidation states, and confirms the Mn** oxidation

state for the NaMnO,-like surface.
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We note that this interpretation of the water TPD from the NaMnO-like surface implies
that the Na” sites are either inaccessible or negligibly bind water. Our water TPD data do not
distinguish between these two possibilities. However, sodium-manganese oxides are layered
compounds with Na* located between sheets of MnOg octahedra [42, 43], so the possibility exists
that Na" is buried between MnO; layers and inaccessible to water. The CO, TPD data (below)

suggest that this is the case.
4.4. CO, and D,O TPD on the NaMnO,-like surface

A TPD study of the interactions between CO,, water and the NaMnO,-like surface was
performed in the hopes of gaining insight into the mechanism of-Na*-€xtraction from aqueous
CO,. TPD traces for 0.5 L CO,, 0.5 L D,0 and sequential 0.5 L CO; and 0.5 L D,0 doses in
both orders on the NaMnO,-like surface are shownein Fig»5. For each run, the surface was
cooled to 125 K before gas exposure, then TPD was run for the temperature range from 125 K to
600 K. For CO, alone in Fig. 5(a), the primary CO, desorption features are below 300 K,
indicating that Na in the NaMnQ,-like surface does not strongly bind CO,, in contrast to
observations for oxidic sodiim adatoms (Na*) on MnO(100) seen in our earlier work [17]. This
result suggests that Na‘in‘'our NaMnO;, layer is not accessible at the surface. For D,O alone in
Fig. 5(b), the single D»O. desorption feature at 182 K is associated with surface Mn** as
discussed in section)4.3. For sequential D,0 and CO, doses, when D,0 is dosed prior to CO, as
shown in Fig. 5(c), the CO, desorption features are significantly attenuated compared to that for
CO, alone'on the NaMnO,-like surface, while the D,O desorption features show no significant
difference compared to that for D,O alone on the NaMnO,-like surface. These results suggest

that water blocks the uptake of CO, on the NaMnO,-like surface. Similar TPD results are
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observed when CO; is dosed prior to D,0, indicating that water displaces pre-adsorbed CO,
from the NaMnO,-like surface.

In the recovery steps of the reported thermochemical water splitting cycle [5], CO; is
bubbled through an aqueous suspension of NaMnO, at 80°C to extract Na* from NaMnO, to
form Na,COj3 and protonic birnessite-type manganese oxides (HxMnO;-yH,0). In odr work on
the formation of Na,O and Na,CO3 on MnO(100) [44], the decomposition of Na,CO3 on
MnO(100) gives rise to a high temperature CO, TPD desorption peak around 800 K. However in
this study, the majority of adsorbed CO, on the NaMnO,-like surface desorbs below 300 K with
no high temperature (> 300 K) CO, desorption peak observed,ssuggesting no strong interaction
between water, CO, and Na in NaMnO; under the conditions:of our study, and no sign of the
formation of Na,COs. In our study of sequential CO, and water doses on MnO(100) [45], water
is found to stabilize pre-adsorbed CO; near surface ‘defects on MnO(100), leading to an increase
in temperature of the CO, desorption to 400K;.presumably resulting from the decomposition of
bicarbonate species. However a similar stabilization is not observed on the NaMnO,-like surface,
suggesting no strong interactions between CO, and Na in the presence of water on the NaMnO,-
like surface and no formation.of sodium bicarbonate. These results for NaMnO; indicate that our
simple TPD study with D,0 and CO, adsorption at low temperature in UHV provides no real
insight into the mechanism of Na™ extraction by aqueous CO; seen in the study of Davis and
coworkers [5]. Given that carbon dioxide and water desorb primarily below 300 K in our study,
it isvikely that the activation barrier for water intercalation to enhance the Na* mobility for the
extraction reaction [5] exceeds those for the simple desorption of CO, and D,0 in our TPD

experiments.

5. Conclusions
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Mn3O4-like and Mn,O3-like surfaces can be formed in UHV by the oxidation of the clean
and nearly-stoichiometric MnO(100). A NaMnO,-like surface can be produced by oxidation of
the MnO(100) pre-covered by a high coverage of metallic Na. No long range order is observed
for these oxidized surfaces. Water is sensitive to Mn oxidation state, and desorbs at different
temperatures from the manganese oxide surfaces dependent on the Mn oxidation state. ©n the
NaMnO,-like surface, pre-adsorbed water blocks the uptake of CO,, and waterdisplaces pre-

adsorbed CO..
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Figure 1. Ball model illustration of'theideal st01ch10metr1c MnO(100) surface. Grey spheres
represent O anions, and black spheres represent Mn cations. Atom sizes are referenced to Mn

and O bonded radii [ 12]*Surface O anions on the (100) plane are marked with lighter grey
color for clarity. The top picture shows the surface periodicity (a:b = 1:1) looking down the [100]
surface normal. The bottom picture shows a cross-section view along the [001] direction.
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Figure 2. Mn 2ps3,,, Mn 3s and O'1s XPS spectra of (a) the clean and nearly-stoichiometric
MnO(100); (b) the Mn304-like surface; (c) the Mn,Os-like surface. Curves for the Mn 3s spectra
smoothed using an FFTfilter are also shown. Symbol S represents the shake-up satellite feature
of Mn 2p3/2.
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Figure 3. Na Is and KLL, Mn 2ps3,; and 3s and © 1s\XPS spectra of (a) 11.5 ML Na-precovered
MnO(100); (b) the NaMnO,-like surface;(e).the NaMnO,-like surface after prolonged UHV
annealing (> 10 min) at 1000 K. Curves for the Mn 3s spectra smoothed using an FFT filter are
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also shown. Symbol p represents the-plasmon loss features of metallic Na and symbol S
represents the shake-up satellite feature of Mn 2p;,.
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Figure 4. TPD traces of D,O (m/z'=20) following 0.5 L D,O adsorption on (a) the clean and
nearly-stoichiometric MnO(100); (b) the'Mn;04-like surface; (¢) the Mn,Os;-like surface; (d) the
NaMnO,-like surface.
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Figure 5. TPD traces of CO, (m/z = 44) and D,0 (m/z = 20) from the NaMnO,-like surface
following (a) a 0.5 L CO; dose; (b) a 0.5 L D, dose; (¢) a 0.5 L CO; dose following a 0.5 L
D,0 pre-dose; (d) a 0.5 L D,0 dose following'a 0.5 I CO; pre-dose.
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