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ABSTRACT

A catalytic route to hydrogen production via thermochemical water splitting is
highly desirable because it directly converts thermal energy into stored chemical energy
in the form of hydrogen and oxygen. Recently, the Davis group at Caltech reported an
innovative low-temperature (max 850°C) catalytic cycle for thermochemical water
splitting based on sodium and manganese oxides (Xu, Bhawe and Davis, PNAS, 2012).
The key steps are thought to be hydrogen evolution from a Na2CO3/MnO mixture, and
oxygen evolution by thermal reduction of solids formed by Na+ extraction from NaMnO2.
Our work is aimed at understanding the fundamental chemical processes involved in the
catalytic cycle, especially the hydrogen evolution from water. In this project, efforts are
made to understand the interactions between the key components (Na, O2, CO2, and water)
in the hydrogen evolution steps on a well-defined MnO(100) single crystal surface,
utilizing x-ray photoelectron spectroscopy (XPS), low energy electron diffraction (LEED)
and temperature programmed desorption (TPD).
While some of the behavior of the catalytic system is observed with the model
system developed in this work, hydrogen is only produced from water in the presence of
metallic sodium, in contrast to the proposal of Xu et al. that water splitting occurs from
the reaction of water with a mixture of Na2CO3 and MnO. These differences are
discussed in light of the different operating conditions for the catalytic system and the
surface science model developed in this work.
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Chapter 1
Introduction

1.1 Thermochemical water splitting
Although not a primary energy source, hydrogen can serve as a clean and efficient
energy carrier in conversion, storage and utilization of conventional fossil fuels as well as
alternative energy sources such as hydroelectric, nuclear, solar, and wind power. The
proposal of a “hydrogen economy” has been promoted and reviewed by scientific
researchers and government agencies [1-8]. One key component in the hydrogen
economy is hydrogen production. Industrial processes have been developed using several
feedstocks such as natural gas (steam reforming and pyrolysis), coal (gasification and
partial oxidation), water (electrolysis and thermal splitting) and biomass (fermentation
and pyrolysis) [7, 9]. Among these feedstocks, water draws great interests because it is
abundant on earth and does not result in direct carbon emissions in the hydrogen
production: H2O → H2 + 0.5O2.
Compared to water electrolysis which dates back to the eighteenth century [10],
the first scientific research project involving thermochemical water splitting was initiated
only several decades ago in the 1960s [11]. This process allows for the direct conversion
of thermal energy into stored chemical energy, which results in a higher overall
efficiency than water electrolysis for hydrogen production. For example, from nuclear
heat to hydrogen, the water electrolysis process utilizing electricity generated from a
nuclear reactor gives a maximum efficiency of 36% [11], while the overall efficiency of
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the thermochemical water splitting process using a sulfur-iodine cycle developed by
General Atomics is estimated to be about 47% [11].
The simplest thermochemical water splitting process is the direct thermal
decomposition of water above 4700 K, but it is not a practical strategy for industrial
manufacture. A comprehensive list of different thermochemical water splitting processes
is reviewed in Ref. [11]. In general, two types of thermochemical water splitting cycles
are investigated dependent of operating temperature: the low-temperature multi-step
processes, and the high-temperature two-step processes.
1.1.1. Low-temperature multi-step processes
Low temperature (T < 1200 K [12]) thermochemical water splitting processes
have been in development since the 1960s. Normally, more than two steps are required.
The low temperature requirement allows the application of wide range of energy sources,
e.g. heat generated by nuclear plants. One well-known low temperature water splitting
process developed by General Atomics is the “GA process [13]”, which consists of a
sulfur-iodine cycle [13-18]. The reactions can be written as [11]:
𝐻2 𝑆𝑂4 → 𝐻2 𝑂 + 𝑆𝑂2 + 0.5𝑂2
2𝐻2 𝑂 + 𝐼2 + 𝑆𝑂2 → 𝐻2 𝑆𝑂4 + 2𝐻𝐼
2𝐻𝐼 → 𝐼2 + 𝐻2
The highest temperature in this process is 1120 K [11], which is required for the
decomposition of sulfuric acid. Another “UT-3 process [19]” involves a calcium-ironbromide cycle [20, 21]. Most of these low temperature cycles involve acidic, toxic or
corrosive reagents, thus generating serious issues for industrial implementation [22].
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1.1.2 High-temperature two-step processes
The study of high temperature (typically over 2000 K [12]) thermochemical water
splitting processes has grown rapidly in recently years due to the development of high
temperature solar energy collection systems. Reviews of high-temperature solar
hydrogen production can be found in Ref. [12, 23]. Only two steps are needed to close a
high temperature water splitting cycle [12]:
𝑦

1st step (solar): 𝑀𝑥 𝑂𝑦 → 𝑥𝑀 + 2 𝑂2
2nd step (non-solar): 𝑥𝑀 + 𝑦𝐻2 𝑂 → 𝑀𝑥 𝑂𝑦 + 𝑦𝐻2
where M is metal and MxOy is a corresponding metal oxide. The highest temperature
required in the process is the thermal reduction of metal oxide to a lower metal oxidation
state. Redox pairs of Fe3O4/FeO [24-27], ZnO/Zn [28-30], TiO2/TiOx [31, 32],
Mn3O4/MnO [25], Co3O4/CoO [25] and mixed metal oxides [33-37] have been
investigated.
1.2 Innovative thermochemical water splitting cycle based on manganese oxides
Recently, the Davis group at Caltech reported a low-temperature, manganeseoxide-based, catalytic thermochemical water splitting cycle [22]. It combines the
advantages of both low and high temperature thermochemical water splitting to create a
novel process which consists of only non-toxic, non-corrosive reagents and operates
below 850 °C (1123 K). This cycle consists of four steps as shown in Fig. 1.1.
Step 1: Thermal treatment of the Na2CO3/Mn3O4 mixture at 850 °C. Na2CO3 reacts
with Mn3O4 (Mn2+ and Mn3+) at 500 - 850 °C to form NaMnO2 (Mn3+), MnO (Mn2+) and
release CO2.
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Figure 1.1 Description of the thermochemical water splitting cycle developed by Davis’
group. There are four steps that complete this cycle. Hydrogen evolution occurs from
water on manganese oxides with the presence of Na2CO3. Complete shuttling of Na+ into
and out of the manganese oxides contributes to the recyclability of the Mn-based system.
(Figure reproduced from Fig. 2, Ref. [22])
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2𝑁𝑎2 𝐶𝑂3 (𝑠) + 2𝑀𝑛3 𝑂4 (𝑠) → 4𝑁𝑎𝑀𝑛𝑂2 (𝑠) + 2𝐶𝑂2 (𝑔) + 2𝑀𝑛𝑂(𝑠) + 𝑁𝑎2 𝐶𝑂3 (𝑠)
Step 2: Hydrogen evolution on the Na2CO3/MnO mixture at 850 °C. In the presence
of water, Na2CO3 reacts with MnO (Mn2+) to form α-NaMnO2 (Mn3+) and release CO2,
while water splits to produce hydrogen. Na+ in Na2CO3 is thought to enable the oxidation
of Mn from 2+ to 3+ by water. This step is the key step for hydrogen evolution and
draws our primary interest.
2𝑀𝑛𝑂(𝑠) + 𝑁𝑎2 𝐶𝑂3 (𝑠) + 𝐻2 𝑂(𝑔) → 𝐻2 (𝑔) + 𝐶𝑂2 (𝑔) + 2𝑁𝑎𝑀𝑛𝑂2 (𝑠)
Step 3: Na+ extraction from α-NaMnO2 by aqueous CO2 at 80 °C. Water intercalates
into the layered α-NaMnO2 and expands the distance between MnO6 tetrahedral sheets to
greatly enhance the mobility of Na+ sandwiched between the adjacent manganese oxide
layers. Then CO2 is bubbled through the α-NaMnO2 aqueous suspension to extract Na+
out and forms Na2CO3, while the proton from water occupies the position for Na+ and
forms H+ birnessite (HxMnO2·yH2O) (Mn3+).
6𝑁𝑎𝑀𝑛𝑂2 (𝑠) + 𝑎𝑦𝐻2 𝑂(𝑙) + (3 + 𝑏)𝐶𝑂2 (𝑔) →
3𝑁𝑎2 𝐶𝑂3 (𝑎𝑞) + 𝑎𝐻𝑥 𝑀𝑛𝑂2 ∙ 𝑦𝐻2 𝑂(𝑠) + 𝑏𝑀𝑛𝐶𝑂3 (𝑠) + 𝑐𝑀𝑛3 𝑂4 (𝑠)
Step 4: Oxygen evolution by thermal reduction of solids following Na+ extraction at
850 °C. After the Na+ extraction from α-NaMnO2, the resulting H+ birnessite compound
(Mn3+) is less thermally stable and is reduced to the reactant Mn3O4 (Mn2+ and Mn3+) in
step 1 by heating at 850 °C (1123 K) which closes the cycle. The temperature for the
reduction of Mn from 3+ to 2+ is much lower than the temperature over 2000 K for the
reduction of metal oxides in high temperature 2-step water splitting cycles.
𝑎𝐻𝑥 𝑀𝑛𝑂2 ∙ 𝑦𝐻2 𝑂(𝑠) + 𝑏𝑀𝑛𝐶𝑂3 (𝑠)
→ (2 − 𝑐)𝑀𝑛3 𝑂4 (𝑠) + 2𝑦𝐻2 𝑂(𝑔) + 𝑏𝐶𝑂2 (𝑔) + 0.5𝑂2 (𝑔)
5

This manganese-oxide-based thermochemical system exhibits > 90% yield for
both hydrogen and oxygen evolution and shows no sign of deactivation during five cycles.
Ideally, it closes the cycle without the sacrifice of any catalytic components, and none of
the material is toxic or corrosive.
1.3 Objective
In this ultra-high vacuum (UHV) surface science study, the interactions of Na, O2,
CO2 and water with MnO(100) are investigated using x-ray photoelectron spectroscopy
(XPS), low energy electron diffraction (LEED) and temperature programmed desorption
(TPD) in an effort to model the complex Na2CO3/MnO mixed oxide system reported by
Xu et al. [22] for the thermochemical splitting of water, to provide insights into the
fundamentals of the reaction mechanism for hydrogen evolution on Na2CO3/MnO.
1.4 Model surface: MnO(100)
Fig. 1.2 shows a ball model illustration of an ideal stoichiometric MnO(100)
surface, with atom sizes referenced to Mn and O bonded radii [38]. Bulk MnO has a
rocksalt structure which is the simplest oxide structure [39]. In the bulk, each Mn2+
cation is surrounded by six equidistant O2- anions, while each O2- anion is surrounded by
six equidistant Mn2+ cations. The crystal structure of MnO can be considered as the
insertion of two fcc lattices of Mn2+ and O2- ions [40]. The non-polar MnO(100) surface
has the lowest surface energy among all the low miller-index surfaces, and is
thermodynamically stable [39]. An ideal (100) surface exposes an atomically flat plane
containing equal numbers of Mn2+ cations and O2- anions with a square periodicity (a:b =
1:1), however in practice, surface defects such as steps or missing ions cannot be avoided

6

[001]
b

[010]

a

O

Mn
[100] [001]

Figure 1.2 Ball model illustration of the ideal stoichiometric MnO(100) surface. Grey
spheres represent O2- anions, and black spheres represent Mn2+ cations. Atom sizes are
referenced to Mn and O bonded radii [38]. Surface O2- 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 crosssection view along the [001] direction.
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[39]. The clean MnO(100) surface shows very little rumpling or reconstruction in the
ultra-high vacuum environment [41, 42].
1.5 Experimental methods
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
2×10-10 Torr is equipped with a Leybold IQE 10/35 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 pressure of 1×10-10 Torr is equipped with a
Leybold EA-11 hemispherical analyzer and a Mg Kα 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 LN2cooled 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 can be resistively heated to 1000 K and LN2-cooled to 125 K.
A heating rate of 2.5 K·s-1 was used in TPD. The low heating rate was used to
avoid thermal-induced fracture of the ceramic MnO sample. In TPD spectra, the
intensity of the CO, CO2, D2O and D2 traces have been corrected for relative mass
spectrometer sensitivity factors. CO signals have been corrected for CO2 cracking
contributions as appropriate.
Na was evaporated onto the sample from a resistively heated Na SAES getter
placed approximately 30 mm away from the sample. O2 (Matheson, 99.998%), 18O2
(Linde Specialty Gases, >97 atom% 18O, 99.9%), CO2 (Matheson, 99.999%) and 13CO2
8

(Sigma-Aldrich, 99 atom % 13C, < 3 atom % 18O) were used as received. D2O (SigmaAldrich, 99.9 atom % D) was degassed by repeated freeze-pump-thaw cycles prior to use.
Gases were introduced by backfilling the chamber through a variable leak valve, and the
reported exposures have been corrected for an ion gauge sensitivity of 1.4 for CO2 and
1.0 for O2/D2O [43].
XPS spectra were acquired at 60 eV pass energy for Mn, O and Na 1s which gives
a Ag 3d5/2 line width of 1.06 eV, and 200 eV pass energy for Na KLL which gives a Ag
3d5/2 line width of 2.1 eV. All binding energies of surfaces without Na have been
referenced to an O 1s binding energy of 530.1 eV for the MnO(100) substrate using an
approach similar to that of Langell et al. [42]. This value was obtained with the sample
at an elevated temperature of 473 K which provides sufficient conductivity to eliminate
surface charging on MnO which is an insulator at room temperature. Similarly, binding
energies of Na-containing surfaces such as the NaMnO2-like surface have been
referenced to the O 1s binding energy value obtained with the NaMnO2-like surface at an
elevated temperature of 473 K which is also 530.1 eV. All XPS spectra were taken at
300 K expect where noted.
Reported values for XPS Na/Mn, 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 [44] subtraction. All XPS ratios have been corrected by
atomic sensitivity factors except where noted. The ratio of XPS atomic sensitivity factors
𝑆

𝜎 𝜆 /𝐾𝐸

are estimated by 𝑆1 ≈ 𝜎1 𝜆1 /𝐾𝐸1 as described elsewhere [45, 46], where σ is the
2

2 2

2

photoionization cross section of the element core level found in published data [47], KE
is the kinetic energy of the photoemitted electron, and λ is the inelastic mean free path of
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the photoemitted electron estimated by a predictive formula (TPP-2M equation [48, 49])
in the NIST Electron Inelastic-Mean-Free-Path Database [50]. A detailed description of
methods used to calculate the ratios of XPS atomic sensitivity factors can be found in
Appendix A. All XPS spectra shown in this work have been corrected by satellite
subtraction but no background corrections have been applied.
All reported LEED patterns utilize a beam energy of 90 eV, and were collected at
elevated temperatures high enough to provide sufficient conductivity to avoid surface
charging. For the clean surface, a temperature of 473K was used. For Na covered
surfaces, a temperature of 350 K is sufficient to prevent charging, with no thermallyinduced chemical change in the deposited Na as verified by XPS.
A clean and nearly-stoichiometric MnO(100) surface was prepared by ion
bombardment at room temperature (Ar+ bombardment, 2 KeV) and annealing to 1000 K
in UHV for experiments in the absence of Na. If Na is involved, ion bombardment at
elevated temperature (Ar+ bombardment, 2 KeV, 1000 K) and annealing to 1000 K in
UHV is performed. For the cleaning procedure, ion bombardment was begun with the
sample at 300 K, the temperature was raised to 1000 K in the ion beam, and then the
sample was cooled back to 300 K in the ion beam before the annealing process. We note
that after multiple Na doses, it was found that low temperature (300 K) ion bombardment
could produce a Na-free disordered MnO(100) surface (as determined by XPS), but
subsequent 1000 K annealing in UHV to order the surface always resulted in a detectable
amount of Na in the surface region due to the outward diffusion of Na from the bulk at
high temperatures, thereby necessitating the need for ion bombardment at elevated
temperatures in the sample preparation process. After the preparation procedure, the
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sample exhibits a sharp (1×1) LEED pattern (Fig. 1.3a) characteristic of a simple
termination of the rocksalt-structured (cubic) MnO bulk. This surface gives a Mn 2p3/2
binding energy of 641.0 eV, with a satellite feature at 6.2 eV higher binding energy (Fig.
1.3b). Both values are in good agreement with previous reports for a clean and
stoichiometric MnO(100) surface [42]. A Mn 3s splitting of 6.1 eV is observed in Fig.
1.3(b), which also agrees with values reported for MnO [51-57]. XPS 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. [42].
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Figure 1.3 Characterizations of a clean and nearly-stoichiometric MnO(100) surface: (a)
LEED pattern; (b) Mn 2p3/2 and Mn 3s XPS spectra. Symbol S represents the shake-up
satellite feature of Mn 2p3/2.
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Chapter 2
Na Deposition on MnO(100)

2.1 Introduction
In the reported thermochemical water splitting cycle, the shuttling of Na+ into and
out of manganese oxides was determined to be a key factor to drive the water splitting
cycle below 1000 °C. These observations provide a motivation for studying the
interaction of Na with manganese oxide surfaces and any corresponding solid state
reactions.
Alkali-metal-promoted, rocksalt-structured metal oxides have found applications
in heterogeneous catalysis for chemistry such as the oxidative coupling of methane [5862], oxidative dehydrogenation of ethane [61, 63], DeSOx [64-66], water gas shift [67]
and soot combustion [68]. Studies of interactions between alkali metals and rocksaltstructured metal oxides are essential to understand the fundamental properties of these
alkali metal-promoted catalytic surfaces. From a surface science perspective, a number
of alkali metal/rocksalt-structured metal oxide surface combinations have been
investigated, such as Na on NiO(111) [69], Na/K on NiO(100) [70-72], Li/Na/K on
Ni(110)-O [73-75], Na/K/Cs on MgO(100) [76-81], Na on MgO(111) [77], and Na on
CaO(100) [64, 66]. To the best of our knowledge, no study of interactions between alkali
metals and the rocksalt-structured MnO has been reported.
In this chapter, Na deposition on MnO(100) was studied for various Na coverages.
Temperature programmed desorption (TPD) and X-ray photoelectron spectroscopy (XPS)
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were used to characterize the forms of deposited Na, and CO2 TPD was used as a probe
to further distinguish different forms of surface Na. Low energy electron diffraction
(LEED) was also used to monitor variations of the surface periodicity. A StranskiKrastanov (SK) growth mechanism for Na deposition on MnO(100) is proposed.
2.2 Computational Methods
DFT has been used to examine the preferred adsorption site for Na on MnO(100).
All calculations were performed using the projector-augmented-wave method [82, 83]
within the Vienna Ab-initio Simulation Package (VASP) [84-86]. The Perdue-BurkeErnzerhof (PBE) approximation was used to treat exchange and correlation utilizing a
standard generalized gradient approximation (GGA) [87]. A 256 atom cell was used that
exposed a (4×4) surface mesh with a thickness of four atomic layers along [100].
Following optimization of the bulk structure, a 15 Å vacuum gap was introduced, and the
atoms in the bottom atomic layer were fixed at the bulk positions. A 1×3×3 k-point
sampling based on the Monkhorst-Pack scheme [88] was used. For all calculations, the
initial magnetic moments of the Mn2+ cations (d3) were set following the known AFM-II
antiferromagnetic ordering in MnO [89], which is also found to be the ground-state
magnetic ordering for DFT within the GGA [90]. A 400 eV cut-off energy was used
throughout. For all geometry optimized structures, the forces on the individual atoms are
less than 0.01 eV/Å.
In addition to PBE, PBE+U in the form proposed by Dudarev et al. [91] has been
used to examine the Na adsorption site. Following the work of Franchini et al. [92] for
bulk MnO and Bayer et al. [93] for MnO(100), we used a value of U‒J=6.0 eV that is
thought to be optimal for MnO.
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2.3 Results and Discussion
2.3.1. Na TPD
Na TPD was used to characterize energetically-different bound forms of Na on
MnO(100). Before each Na deposition, a clean and nearly-stoichiometric MnO(100)
surface was prepared. The surface then was exposed to Na vapor at a sample temperature
of 300 K, and TPD was run for the temperature range from 300 K to 1000 K.
Fig. 2.1 shows the TPD traces of Na (m/z = 23) from MnO(100) with increasing
Na deposition time and coverage. (The method used to determine Na coverage is given
in Fig. 2.2 and described in Section 2.3.2.1) For Na deposition times up to 60 seconds (1
ML), no Na desorption feature is observed. No other Na-related products such as Na2O
(m/z = 62), NaOH (m/z = 40) or Na-O fragments (m/z = 39) are detected. These results
indicate that for coverages up to 1 ML, Na is irreversibly adsorbed. For a Na deposition
time of 90 seconds (1.09 ML), a single Na desorption feature appears in the temperature
range from 385 to 430 K, indicating that a second form of Na with weaker binding to the
surface is present for coverages exceeding 1 ML. For increasing Na deposition times,
this feature grows with a common leading edge, but shifts to higher peak temperatures
with increasing coverage, suggesting a zeroth-order desorption process [94]. The
activation energy of this zeroth-order desorption is estimated by an Arrhenius analysis of
the leading edge data [94] as 116 kJ·mol-1, which is close to the heat of sublimation of
metallic Na (108 kJ·mol-1) [40]. Similarly, a Na desorption feature near 400 K was
reported for the desorption of a metallic Na multilayer from Au(111) [95]. In summary,
two forms of Na are indicated: (1) irreversibly-adsorbed Na for coverages up to 1 ML,
and (2) metallic Na above 1 ML coverage which desorbs near 430 K.
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430 K

Na TPD
m/z = 23
600 s (2.33 ML)

Desorption Rate

450 s (1.89 ML)
300 s (1.62 ML)
180 s (1.26 ML)
120 s (1.11 ML)
90 s (1.09 ML)
60 s (1.00 ML)
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Figure 2.1 TPD traces of Na (m/z = 23) following Na deposition on the clean and nearlystoichiometric MnO(100) surface with increasing Na deposition time (coverage). The
coverage calibration is discussed in Section 2.3.2.1. Na is irreversibly-adsorbed up to 1
ML coverage, and metallic Na desorbs below 500 K above 1 ML coverage.
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2.3.2. XPS study of Na deposition on MnO(100)
2.3.2.1. Na Growth Mode
Fig. 2.2 shows a plot of the Na 1s/Mn 2p XPS intensity ratio as a function of Na
deposition time. The Na/Mn ratio increases linearly with increasing Na deposition time
until a break point is observed for a Na dosing time of about 60 seconds. For Na
exposures beyond 60 seconds, the Na/Mn ratio increases linearly, but with a lower slope.
This growth behavior matches the Stranski-Krastanov (SK) growth mode [96], which can
be described as the completion of a Na monolayer followed by island formation. A
similar growth mode was reported for Na adsorption on MgO(111) [77] and K adsorption
on NiO(100) [71]. Following the SK growth mode description, 1 ML Na coverage
occurs at the break point near 60 seconds of Na exposure (Na/Mn = 0.64). Applying a
linear correlation between the Na/Mn XPS intensity ratio and the break point associated
with 1 ML gives the ML coverage scale on the right hand side of Fig. 2.2.
2.3.2.2. XPS spectra of deposited Na
XPS was used to characterize the Na chemical states arising from Na deposition
on MnO(100). Before each Na deposition, a clean and nearly-stoichiometric MnO(100)
surface was prepared. The surface was maintained at 300 K during Na deposition, and
XPS spectra were collected at 300 K after deposition.
Fig. 2.3 shows the Na 1s and Na KLL XPS spectra for Na on MnO(100) at
various coverages. No Na signal is detected for the clean MnO(100) surface. In the Na
1s XPS spectra, a Na 1s peak appears at 1072.2 eV for a 0.36 ML Na coverage. For Na
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Figure 2.2 Na1s/Mn2p XPS intensity ratio (left ordinate) and Na coverage (right ordinate)
as a function of Na deposition time. 1 ML Na coverage occurs at the break point near 60
seconds of Na exposure following the Stranski-Krastanov (SK) growth mode description.
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Figure 2.3 Na 1s and Na KLL XPS spectra of Na on MnO(100) at various coverages.
An oxidic Na compound is formed up to 1 ML coverage, and metallic Na builds up for
coverages above 1 ML.
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coverages up to 1 ML, the Na 1s binding energy remains fairly constant, indicating the
that Na chemical state is nominally constant within the first monolayer. For higher Na
coverages above 1 ML, the Na 1s binding energy shifts to lower values. At 2.33 ML Na
coverage, the Na 1s binding energy has shifted down by 0.7 eV to 1071.5 eV. At this
point, two plasmon loss features are apparent at binding energies 5.7 eV and 11.4 eV
higher than that of Na 1s, indicating the presence of metallic Na [69, 77, 97, 98]. The
variation of the Na 1s binding energy with increasing Na coverage is highlighted in Fig.
2.4. Compared to the 1s binding energy of metallic Na, the 0.7 eV higher binding energy
in the first monolayer matches the difference between Na2O and metallic Na [64, 77, 98],
suggesting that the Na in the first monolayer interacts strongly with the MnO substrate,
resulting in the formation of an oxidic Na compound. Similar observations have been
reported for Na deposition on several other rocksalt-structured metal oxides, such as
MgO(111) [77] and CaO(100) [64, 66]. For MgO and CaO, the formation of Na2O
within the first monolayer [64, 70, 77], followed by the buildup of metallic Na [64, 76, 77]
was suggested. These reports are in agreement with our results for Na on MnO(100).
A more significant variation with increasing Na coverage is observed in the Na
KLL Auger features in Fig. 2.3. At 0.36 ML Na coverage, a single Na KLL peak at
263.9 eV is present, suggesting the formation of a Na surface compound [69, 97-99]. For
increasing Na coverages up to 1 ML, this feature broadens. At 1 ML coverage, this
signal shows evidence of a split into two separate features. A third feature at lower
binding energy becomes apparent at 1.11 ML coverage, and all three features continue to
grow for higher Na coverages. At 2.33 ML Na coverage, three peaks are well resolved:
the Na KLL at 259.5 eV, and two plasmon loss features at binding energies 5.7 eV and
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Figure 2.4 Na 1s binding energy as a function of Na coverage.
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2.0

2.5

11.4 eV higher than that of Na KLL which are characteristic of metallic Na [69, 97, 98].
Compared to the KLL binding energy of metallic Na, the 4.4 eV increase for the Na
compound matches the reported 4.5 eV difference of Na KLL binding energy between
Na2O and metallic Na [98], suggesting again the formation of an oxidic Na compound
within the first monolayer. These results are consistent with the Na 1s results described
above, and the Na KLL features appear to give a more sensitive indication of the
appearance of metallic Na characterized by intense plasmon loss features. In summary,
two Na chemical states are present during Na adsorption on MnO(100): oxidic Na within
the first ML, and metallic Na at higher coverages.
The Na XPS and Na TPD results support the previously proposed SK growth
mode of Na adsorption on MnO(100). For Na coverages up to 1 ML, Na interacts
strongly with the MnO substrate to form an irreversibly-adsorbed, oxidic Na compound,
followed by the formation of metallic Na islands for coverages above 1 ML.
2.3.2.3. XPS Spectra of Mn and O
Mn and O XPS signals were also examined in an attempt to probe Na binding site
preferences on MnO(100). Mn and O XPS spectra were acquired in the same
measurements along with the Na XPS spectra discussed above.
Fig. 2.5 shows the Mn 2p3/2, Mn 3s and O 1s XPS spectra of Na on MnO(100) for
various Na coverages. With increasing Na coverage, both Mn 2p3/2 and Mn 3s signal
intensities decrease due to the deposition of Na. However, no obvious differences are
observed in other characteristics of the XPS signals such as peak width (FWHM), giving
no indication of a change in Mn chemical state. For the rocksalt-structured metal oxide
NiO, there are several reports of the partial reduction of Ni2+ cations to Ni0 metal upon
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Figure 2.5 Mn 2p3/2, Mn 3s and O 1s XPS spectra of Na on MnO(100) at various
coverages. No clear indication of Na binding preference to the MnO substrate is
observed. Symbol S represents the shake-up satellite feature for Mn 2p3/2.
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interactions with alkali metals (Li [74, 75], Na [69, 74, 75] and K [72-75]), although
similar reductions are not reported for Na on MgO(100) [77] or CaO(100) [64, 66]. In
this chapter, Mn2+ reduction to Mn0 is not observed. Similar to the observations for Mn,
the O 1s features also exhibit attenuated intensities with increasing Na coverage but are
essentially unchanged in width and position relative to the O 1s signal from the clean
surface. Hence, the XPS results for Mn and O provide no clear indication of the
preferred Na binding sites on the MnO substrate. Nonetheless, the Na 1s binding energy
for sub-monolayer coverages of Na (section 2.3.2.2) indicates the involvement of surface
O atoms to form an oxidic Na surface compound.
2.3.2.4. XPS Spectra of thermally-treated Na
Na XPS was used to investigate thermally-induced changes in deposited Na. Two
surfaces were prepared for this study: surface (a) with an initial 0.36 ML Na coverage
associated with irreversibly-adsorbed, oxidic Na, and surface (b) with an initial 1.26 ML
Na coverage exhibiting both irreversibly-adsorbed and metallic Na. For each surface, Na
XPS measurements were performed after Na deposition at 300 K, after heating to 500 K
(above the temperature where Na desorption is observed in TPD), and after heating to
1000 K.
Fig. 2.6(a) shows the Na 1s and Na KLL XPS spectra for surface (a) with an
initial 0.36 ML Na coverage associated with irreversibly-adsorbed Na. After heating to
500 K, Na 1s binding energy remains nominally unchanged, suggesting no change in Na
chemical state. While, the Na 1s peak is sharper after heating, the peak areas are
nominally constant, indicating some minor nonuniformity in the Na deposited at 300 K.
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Figure 2.6 Na 1s and Na KLL XPS spectra of Na on MnO(100) for initial coverages of (a)
0.36 ML (exhibiting only irreversibly-adsorbed, oxidic Na in the first monolayer) and (b)
1.26 ML (exhibiting both irreversibly-adsorbed and metallic Na) at 300 K, after heating
to 500 K, and heating to 1000 K. Symbol p represents plasmon loss features for metallic
Na.
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This difference shows up as a small shoulder on the higher binding energy side for the asdeposited Na. Similarly the Na KLL feature also appears sharper after heating to 500 K.
These results are consistent with the Na TPD and Na XPS results, indicating that the
surface concentration of Na in the first monolayer does not change for heating to
temperatures up to 500 K. After further heating to 1000 K, there is a significant decrease
of the Na signal intensities compared to those after heating to 500 K. Given that Na
desorption is not observed in TPD above 500 K, the results indicate that irreversiblyadsorbed Na in the first monolayer diffuses into the MnO bulk and near-surface region at
temperatures between 500 and 1000 K.
Fig. 2.6(b) shows the Na 1s and Na KLL XPS spectra for surface (b) with an
initial 1.26 ML Na coverage exhibiting both irreversibly-adsorbed and metallic Na. After
Na deposition, metallic Na is present with characteristic plasmon loss features in both Na
1s and Na KLL spectra. After heating to 500 K, the plasmon loss features characteristic
of metallic Na disappear, indicating that metallic Na is no long present. This result
coincides with the temperature range where the Na TPD desorption feature at 430 K is
observed, leading to the conclusion that the Na desorption feature at 430 K in TPD is
associated with metallic Na sublimation. XPS signals of the irreversibly-adsorbed Na
remaining after heating to 500 K attenuate after heating to 1000 K, also suggesting that
Na in the first monolayer diffuses into the MnO subsurface and bulk, similar to the
observations for surface (a).
2.3.3. LEED study of Na adsorption on MnO(100)
LEED was used to characterize surface periodicity of clean and Na-covered
MnO(100). Four surfaces were prepared: (a) the clean and nearly-stoichiometric
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MnO(100) surface; (b) a surface with 1.26 ML Na coverage exhibiting both irreversiblyadsorbed and metallic Na as in Fig. 2.6b; (c) the surface in (b) heated to 500 K and
exhibiting only irreversibly-adsorbed Na in the first monolayer with no metallic Na; and
(d) the surface in (c) heated to 1000 K where irreversibly-adsorbed Na has diffused into
the near surface region and MnO bulk. As shown in Fig. 2.7, surface (b) with both
irreversibly-adsorbed and metallic Na exhibits a more diffuse (1×1) LEED pattern
compared to the sharper (1×1) pattern of the clean surface (a), suggesting some disorder
in the Na overlayers. Surface (c) exhibiting only irreversibly-adsorbed Na with no
metallic Na also exhibits a diffuse (1×1) LEED pattern similar to surface (b), again
suggesting some disorder in the Na distributed within the first monolayer. The surface in
Fig. 2.6d exhibits a (2×2) LEED pattern after heating to 1000 K, indicating a surface
reconstruction is associated with the inward diffusion of Na to subsurface sites at
temperatures between 500 and 1000 K.
We note that our LEED observations differ from others in the literature. Langell
and Cameron [100] reported a preparation procedure where 2 Kev Ar+ bombardment
followed by annealing at 650 K in 5×10-7 Torr of O2 was used to give a reproducible
surface composition and a (1×1) LEED periodicity. Extended thermal annealing in UHV
at 800 K gave rise to a (2×2) surface reconstruction, with a (6×6) periodicity obtained by
heating to 1000 K. They note that varying levels of Ca segregate to their surface during
annealing, and that the amount of Ca contamination can impact the temperatures required
to drive the reconstructions. We have repeated their preparation procedures (2 Kev Ar+
bombardment, annealing in O2, followed by prolonged UHV annealing) and fail to see
any reconstructions when our XPS characterization suggests a clean near-surface
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Figure 2.7 LEED patterns of (a) the clean and nearly-stoichiometric MnO(100) surface;
(b) the MnO(100) surface with 1.26 ML Na coverage exhibiting both irreversiblyadsorbed, oxidic Na in the first monolayer and metallic Na; (c) the MnO(100) surface
with initial 1.26 ML Na coverage heating to 500 K to remove metallic Na, and exhibiting
only irreversibly-adsorbed, oxidic Na in the first monolayer; (d) the MnO(100) surface
with initial 1.26 ML Na coverage heating to 1000 K, where irreversibly-adsorbed Na has
diffused into the MnO subsurface and bulk.
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composition. We only observe a (2×2) reconstruction in the presence of Na in subsurface
sites. We feel it is likely that the Ca contamination in their study played a similar role to
the Na in our study, with the Ca contamination being responsible for the observed
reconstructions.
2.3.4. DFT simulation of surface Na
DFT was used to simulate the binding of Na at low coverage for insight into the
preferred binding site on flat MnO(100). For both the PBE and the PBE+U simulations,
the low energy binding site is found to be associated with a surface O anion, in agreement
with the XPS results which suggests an oxidic character to the Na atoms within the first
monolayer. Fig. 2.8 shows the predicted structures for one Na atom. While both
methods predict an O anion binding sites, the binding geometry varies greatly. Fig 2.8 (a)
and (b) show the local geometry of the adsorption site for PBE and PBE+U, respectively,
while the impact of Na on the underlying surface layer is illustrated in Fig. 2.8 (c) and (d)
for PBE and PBE+U, respectively.
For the PBE calculations, a single Na atom drives a (2×2) reconstruction of the
top atomic layer of MnO(100) across the full (4×4) surface mesh. This reconstruction is
not observed with DFT+U, and simple atop configuration is found for Na with a Na–O
bond length of 2.32 Å. Note that while experimentally a (2×2) reconstruction was
observed with LEED for Na in subsurface sites, irreversibly adsorbed Na in the first
monolayer exhibits a (1×1) periodicity. For this system, PBE+U gives a structural
prediction more in line with experiment.
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Figure 2.8 DFT binding sites for a single Na atom on a (4×4) unit cell of MnO(100).
The top figures show the predicted local binding configurations for (a) PBE and (b)
PBE+U, while the bottom figures show the predicted impact of the Na atom on the
underlying first atomic layer of MnO(100) for (c) PBE and (d) PBE+U. See text for
description.
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2.3.5. CO2 TPD
CO2 was used as a probe molecule to further distinguish the different forms of
surface Na. Fig. 2.9 shows the TPD traces of 13CO2 (m/z = 45) for several different
surface treatments. For each TPD trace, the surface was cooled to 125 K, then exposed to
0.5 L (1 L = 1×10-6 Torr·s) of 13CO2 for TPD. For clean MnO(100) in Fig. 2.9(a), 13CO2
desorbs primarily below 200 K with a peak at 150 K and a minor broad desorption
feature in the range of 200 – 400 K, suggesting that CO2 interacts relatively weakly with
MnO(100) in the absence of Na. In Fig. 2.9(b) on the surface with a 2.33 ML Na
coverage dominated by metallic Na, a high temperature 13CO2 desorption feature at 735
K is observed, indicating that CO2 interacts much more strongly with this surface than the
clean MnO(100) due to a strong binding with metallic Na. A broad 13CO signal is also
observed between 450 K and 800 K indicating a disproportionation reaction of strongly
adsorbed CO2 on metallic sodium [101]: 2NaCO2 → Na2CO3 + CO. Less than 20% of
the adsorbed CO2 is estimated to go through the disproportionation reaction to form
Na2CO3, indicating that the majority of the 13CO2 desorption feature originates from
chemisorbed CO2 on Na. In Fig. 2.9(c), a surface exposing only irreversibly adsorbed Na
gives a 13CO2 desorption feature at 650 K with no 13CO desorption, indicating that CO2
also interacts strongly with oxidic Na in the first monolayer, but more weakly than with
metallic Na. The different binding strengths of CO2 clearly distinguishes the two
different forms of Na. Heating a surface similar to that in Fig. 2.9(c) briefly to 600 K
gives rise to the trace in Fig. 2.9(d). The 650 K CO2 desorption feature at 650 K is
significantly attenuated, indicating that a temperature of 600 K is sufficient to activate the
thermally-induced diffusion of a significant fraction of the Na into the subsurface.
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Figure 2.9 TPD traces of 13CO2 (m/z = 45) following 0.5 L 13CO2 adsorption on: (a) the
clean and nearly-stoichiometric MnO(100) surface; (b) the MnO(100) surface with 2.33
ML Na coverage dominated by metallic Na; (c) the MnO(100) surface with an initial 1.26
ML Na coverage heated briefly to 500 K to remove metallic Na, and exhibiting only
irreversibly-adsorbed, oxidic Na in the first monolayer; (d) the MnO(100) surface with an
initial 1.26 ML Na coverage heated briefly to 600 K; (e) the MnO(100) surface with an
initial 1.26 ML Na coverage heated to 600 K for 10 min; (f) the MnO(100) surface with
an initial 1.26 ML Na coverage heated briefly to 1000 K.
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Holding the temperature at 600 K for 10 minutes (Fig. 2.9e) is sufficient to drive the
majority of Na in the first monolayer into the subsurface where it is no longer accessible
to the CO2 adsorbent. Heating to 1000 K (Fig. 2.9f), results in a CO2 TPD trace similar
to that from the clean surface, indicating that the remaining Na observed in XPS
following similar treatments has all been driven subsurface.
2.4 Conclusion
Na adsorption on the MnO(100) surface follows the Stranski-Krastanov (SK)
growth mode with two forms of Na identified. Up to 1 ML Na coverage, Na is randomly
distributed on the MnO(100) surface before the completion of the monolayer and
interacts strongly with the MnO substrate, binding in an oxidic form. This form of Na is
irreversibly-adsorbed and diffuses into the MnO bulk at elevated temperatures above 500
K. For Na coverages above 1 ML, metallic Na islands nucleate and grow on top of the
Na monolayer. Metallic Na desorbs from the surface at 430 K.

33

Chapter 3
CO2 and Water Adsorption on MnO(100)

3.1 Introduction
In the reported thermochemical water splitting cycle, both CO2 and water play
important roles at various steps in the catalytic cycle. At the hydrogen evolution steps,
water reacts with Na2CO3/MnO to produce hydrogen and release CO2, while Na+
intercalate into MnO6 octahedral layers. In the catalyst regeneration steps, aqueous CO2
extracts Na+ from MnO6 layers and consequently lowers the thermal reduction
temperature for recovery. Therefore, a study of interactions between CO2, water and
rocksalt-structured MnO serves as the first essential step to understand the reaction
mechanisms of this innovative water splitting cycle.
Comprehensive reviews of CO2 chemistry on metal oxide surfaces can be found
elsewhere [39, 102]. No studies have been reported of the interaction of CO2 with MnO
single crystal surfaces. However, CO2 on other rocksalt-structured metal oxide single
crystal surfaces, such as CaO(100) [103, 104] and MgO(100) [77, 103, 105-110], have
been more extensively investigated. CO2 interacts strongly with CaO on both defective
and non-defective sites [102] to form CaCO3 [102-104], but interacts more weakly with
MgO and only forms carbonates on surface defect sites [103, 109, 110].
The interaction between water and metal oxide surfaces has been reviewed
elsewhere [39, 111, 112]. Studies of water adsorption on rocksalt-structured metal oxide
single crystal or single-crystal-supported thin film surfaces have focused primarily on
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MgO(100) [113-120] and NiO(100) [121-125]. A common finding is that at room
temperature in vacuum no water uptake is observed on perfect surfaces, while
dissociative adsorption of water is observed in the presence of surface defects. Similar to
CO2, water on ordered MnO surfaces has received less attention. Kendelewicz et al. [126]
studied water adsorption on MnO(100) at room temperature by synchrotron-based XPS.
It was observed that for water pressures lower than 10-4 Torr, water dissociates only on
surface defects, while for higher pressures hydroxylation occurs on terrace sites.
Few results have been published for the interaction of co-adsorbed CO2 and water
on metal oxide single crystal surfaces [127]. A precursor-mediated interaction between
water and CO2 to form a H2O-CO2 complex has been reported by Henderson for
TiO2(110), and results in the formation of bicarbonate [127]. In this chapter, these
interactions have been investigated for MnO(100) using temperature programmed
desorption (TPD) and preliminary density functional theory (DFT) calculations.
3.2 Results and Discussion
3.2.1. CO2 TPD
CO2 TPD was used to characterize energetically-different bound forms of CO2 on
MnO(100). Fig. 3.1 shows the TPD traces of 13CO2 (m/z = 45) on MnO(100) with
increasing 13CO2 coverage. For each TPD trace, the surface was cooled to 125 K, then
exposed to 13CO2 for TPD. Two distinguishing 13CO2 desorption features are observed.
At the lowest dose investigated at 0.02 L (1 L ≡ 1×10-6 Torr·s), a broad 13CO2 desorption
feature is observed in the temperature range from 200 to 500 K with a peak maximum at
280 K. This feature grows and shifts to lower peak temperature with increasing coverage,
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Figure 3.1 TPD traces of 13CO2 (m/z = 45) following 13CO2 adsorption with dose size
from 0.02 - 0.5 L on the clean and nearly-stoichiometric MnO(100) surface.
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and saturates for an exposure of 0.3 L with a peak maximum at 245 K. The apparent
first-order activation energy for desorption is in the range of 15.1 - 17.4 kcal·mol-1
estimated by Redhead analysis assuming a normal pre-exponential factor of 1013 s-1 [128].
At 0.05 L of 13CO2 exposure, a lower temperature 13CO2 desorption feature
appears with a peak maximum at 150 K. This feature continues to increase with
increasing dose, then saturates for doses approaching 2 L. This apparent first-order
desorption gives an activation energy of 9.1 kcal·mol-1 for a pre-exponential factor of
1013 s-1. The desorption feature from 200 K to 500 K with a peak maximum at 245 - 280
K is assigned to CO2 adsorption on surface defects, and the desorption feature with a
peak maximum at 150 K is assigned to CO2 on terraces. Similar CO2 desorption features
are reported on other rocksalt-structured metal oxide surfaces, such as MgO(100) [77,
105, 110] and CaO(100) [104]. On MgO(100), CO2 desorbs from terraces below 180 K
and surface defects at 200 - 473 K, while on CaO(100) CO2 desorbs from terraces below
200 K and surface defects at 200 - 500 K. These results are in good agreement with our
observations. On MgO(100) CO and O2 desorption were also observed in the same
temperature range of CO2 desorption from surface defects, suggesting the decomposition
of chemisorbed CO2 to CO and O2 [110], while on CaO(100), a CO signal was detected
suggesting the decomposition of chemisorbed CO2 to CO and lattice oxygen [104].
However, in this chapter no 13CO or O2 are observed as reaction products, indicating that
13

CO2 adsorbs molecularly on MnO(100).
A plot of the 13CO2 TPD peak area as a function of exposure is shown in Fig. 3.2

for an adsorption temperature of 125 K. For CO2 exposures up to 0.2 L, the CO2
coverage increases linearly. For higher CO2 exposures, the coverage rolls over and
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Figure 3.2 13CO2 (m/z = 45) TPD peak area (left ordinate) and 13CO2 coverage (right
ordinate) as a function of 13CO2 exposure.
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approaches a saturation limit. Assuming an initial sticking coefficient of unity at 125 K
[105], an estimate of the upper limit of coverage (1 ML ≡ one CO2 molecule per surface
O2- anion) can be made using the kinetic theory of gases [129], along with a surface
oxygen anion density of 1.0×1015 cm-2 based on the MnO(100) lattice parameters [39].
Applying a linear correlation to the 13CO2 TPD peak area at low coverages gives the
coverage scale in monolayers on the right hand side of Fig. 3.2, and a CO2 saturation
coverage of approximately 0.25 suggests that one CO2 molecule adsorbs for every four
surface O2- anions on MnO(100). A similar saturation coverage has been reported for
CO2 adsorption at 100 K on MgO(100) [105].
Preliminary DFT calculations in our group that include van der Waals corrections
[130] give a heat of adsorption of CO2 of 8.16 kcal·mol-1 for a CO2 molecule on a flat
terrace. This value matches well with the experimental activation energy of desorption of
9.1 kcal·mol-1 observed for the 150 K desorption feature attributed above to desorption of
molecular CO2 from terrace sites. Utilizing a surface step to represent a surface defect,
DFT gives a heat of adsorption of 27.95 kcal·mol-1 for molecular CO2 adsorption at a step
edge. While this value is significantly greater than the activation energy of desorption of
17.4 kcal·mol-1 attributed to CO2 desorption from surface defect sites, it does indicate the
likelihood that higher temperature desorption features can reasonably be attributed to
defect sites. Other types of defect sites (ex., cation and anion vacancies) will be explored
computationally in future work.
3.2.2. Water TPD
Water TPD was used to characterize energetically-different bound forms of water
on MnO(100). Fig. 3.3 shows the TPD traces of D2O (m/z = 20) on MnO(100) with
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Figure 3.3 TPD traces of D2O (m/z = 20) following D2O adsorption with dose size from
0.05 - 2.0 L on the clean and nearly-stoichiometric MnO(100) surface.
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increasing D2O coverage. For each TPD trace, the surface was cooled to 125 K, then
exposed to D2O for TPD. At the lowest dose investigated, 0.05 L, a broad D2O
desorption feature is observed in the temperature range from 240 to 600 K. For higher
D2O exposures, the portion of the desorption trace from 300 K to 600 K slowly increases
in intensity, then saturates for a D2O exposure of 0.5 L. A lower temperature portion of
the desorption trace between 240 K and 300 K grows rapidly with increasing dose, and
becomes the dominant feature for a D2O exposure of 0.2 L, giving a peak maximum at
260 K. This feature saturates for a D2O exposure of 1.0 L, with a shift in the peak
temperature to 220 K. At 0.6 L of D2O exposure, a third desorption feature appears at
170 K, and quickly rises to become the primary desorption feature with increasing
coverage.
The desorption feature from 300 K to 600 K is assigned to the recombination of
dissociated water since it is generally observed that water desorption from metal oxide
surfaces above room temperature in UHV is due to recombinative desorption [111, 112].
Also, it has been reported that water dissociates on surface defects of MnO(100) at room
temperature for water pressures up to 10-4 Torr [126], but does not adsorb on terraces at
room temperature. Since the applied water pressures in our experiments do not exceed
4×10-8 Torr, it is reasonable to conclude that all the water desorption observed above 300
K is associated with the recombination of dissociated water at surface defect sites.
The second desorption feature from 200 K to 300 K with a peak maximum at 220
- 260 K is assigned to the molecular desorption of water from terraces on MnO(100).
Water desorption features in a similar temperature range are reported on other rocksaltstructured metal oxide surfaces such as MgO(100) [114] and NiO(100) [122, 124], and
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have been attributed to molecularly adsorbed water on terrace sites supported by
spectroscopic evidences from RAIRS [114] and UPS [122] measurements. The apparent
first-order activation energy for desorption of this feature ranges from 14.2 - 16.1
kcal·mol-1 as estimated by Redhead analysis [128] assuming a normal pre-exponential
factor of 1013 s-1. The water desorption feature at 170 K does not saturate at the highest
dose investigated, indicating desorption of a multilayer [111].
3.2.3. TPD of sequential water and CO2 doses
TPD of sequential D2O and 13CO2 doses was used to investigate the interactions
between water and CO2 on MnO(100). Fig. 3.4 shows the TPD traces of D2O (m/z = 20)
and 13CO2 (m/z = 45) following sequential 0.5 L D2O and 0.5 L 13CO2 doses on
MnO(100) in both orders. For each TPD trace, the surface was cooled to 125 K before
gas exposure, then TPD was run for the temperature range from 125 K to 1000 K. For
comparison, the previously described TPD traces for 0.5 L of D2O on the clean surface
and 0.5 L of 13CO2 on the clean surface are also included.
When D2O is dosed prior to 13CO2, the D2O desorption features show no
significant difference compared to that for D2O alone on the clean surface, indicating that
post-dosed CO2 has little impact on pre-adsorbed water. The 13CO2 desorption feature
from terraces at 150 K is significantly attenuated by pre-dosed water, and the feature for
13

CO2 desorption from surface defects from 200 - 500 K is absent, suggesting that pre-

adsorbed water blocks the uptake of CO2 on both terrace and defect sites of MnO(100).
Reversing the order, when 13CO2 is dosed prior to D2O, the D2O TPD peak area
decreases by about 20%, indicating that pre-adsorbed CO2 blocks a small fraction of postdosed water. The 150 K 13CO2 desorption feature from terraces is greatly attenuated,
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Figure 3.4 TPD traces of D2O (m/z = 20) and 13CO2 (m/z = 45) on MnO(100) from (a)
0.5 L D2O dose; (b) 0.5 L 13CO2 dose; (c) 0.5 L 13CO2 dose following 0.5 L D2O pre-dose;
(d) 0.5 L D2O dose following 0.5 L 13CO2 pre-dose.

43

suggesting that water displaces the majority of pre-adsorbed CO2 from terrace sites.
However, the most striking observation is a 13CO2 desorption feature in the temperature
range from 200 to 600 K with a peak maximum at 400 K. This result suggests that a
fraction of pre-adsorbed CO2 is stabilized by post-dosed water on MnO(100). It is not
clear from the data in Fig. 3.4 whether this water-induced CO2 stabilization occurs at
terrace or defect sites. An apparent first-order activation energy of desorption of 25.1
kcal·mol-1 is estimated for a pre-exponential factor of 1013 s-1, which is higher than any
13

CO2 desorption feature on clean surface.
An attempt was made to determine the characteristics of the adsorption sites that

are responsible for the water-induced CO2 stabilization. Varying the amount of predosed water followed by a fixed amount of post-dosed CO2 may vary the amount of
stabilized CO2 which can be used to characterize the proportion of active sites on the
surface for CO2 stabilization. Fig. 3.5 shows the TPD traces for a fixed 0.5 L 13CO2 dose
interacting with 0.1 - 1.0 L of pre-dosed D2O on MnO(100). D2O desorption features
grow with increasing water dose similar to that for D2O on clean surface, while 13CO2
desorption features are gradually attenuated over the entire temperature range by
increasing water doses. These results are consistent with our conclusion that preadsorbed water blocks CO2 adsorption on MnO(100). However, it is observed that at the
lowest D2O dose investigated (0.1 L), the 13CO2 desorption feature at 400 K characteristic
of the water-induced CO2 stabilization is present, then is attenuated by increasing preadsorbed D2O, and disappears for a 0.5 L of D2O pre-dose. This result suggests that at
very low water coverages, there are still sites available for post-dosed CO2 to adsorb,
interact and be stabilized by water. At larger water doses (0.5 L and above), water
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Figure 3.5 TPD traces of D2O (m/z = 20) and 13CO2 (m/z = 45) on MnO(100) from 0.5 L
13
CO2 dose following (a) 0.1 L (b) 0.3 L (c) 0.5 L (d) 1.0 L D2O pre-dose.
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occupies and subsequently blocks all available sites for CO2 stabilization. The critical
dose size of 0.5 L coincides with the water dose that saturates surface defects sites,
suggesting that defect sites play an important role in the water-induced CO2 stabilization.
Reversing the order of the dose, for a fixed amount of pre-dosed CO2, varying the amount
of post-dosed water may also vary the amount of stabilized CO2 which can be used to
characterize the proportion of active sites on the surface for CO2 stabilization. Fig. 3.6
shows the TPD traces for a fixed 0.5 L 13CO2 dose interacting with 0.1 - 1.0 L post-dosed
D2O on MnO(100). A larger D2O dose results in a reduced intensity of the CO2
desorption from terraces at low temperature, consistent with our conclusion that water
displaces CO2 on terrace sites.
However, the intensity of the 400 K 13CO2 desorption feature characteristic of the waterinduced CO2 stabilization shows no significant change for various D2O dose from 0.1 to
1.0 L, suggesting the active sites for CO2 stabilization are limited, and associated with
surface defects on MnO(100).
3.2.4. Mechanism of water-induced CO2 stabilization
Henderson investigated CO2 and water co-adsorption on single crystal TiO2(110)
[127]. It was found that pre-adsorbed water blocks the uptake of post-dosed CO2, and
post-dosed water displaces pre-adsorbed CO2. These results are similar to our
observations on terraces of MnO(100). Importantly, he reports that simultaneously dosed
CO2 and water form a H2O-CO2 precursor (a bound van der Waals complex) which is
then catalyzed by oxygen vacancy surface defects to form bicarbonate. On TiO2(110) the
decomposition of the bicarbonate species gives rise to a CO2 TPD peak at 213 K, higher
than the temperature for CO2 alone from surface defects (163 K). These results are

46

D2O (m/z = 20)

Desorption Rate

(a)
(b)
(c)
(d)

13

100

200

CO2 (m/z = 45)

300

400

500

600

700

Temperature (K)

Figure 3.6 TPD traces of D2O (m/z = 20) and 13CO2 (m/z = 45) on MnO(100) from (a)
0.1 L (b) 0.3 L (c) 0.5 L (d) 1.0 L D2O dose following 0.5 L 13CO2 pre-dose.
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similar to the observation of the water-induced CO2 stabilization at surface defects on
MnO(100) in this chapter, although we do not find a requirement that CO2 and water be
dosed simultaneously. Given that water dissociates on surface defects of MnO(100), it is
likely that CO2 interacts strongly with a hydroxyl group to form a bicarbonate surface
species similar to that reported by Henderson. The water-induced CO2 stabilization on
MnO(100) gives rise to a CO2 TPD peak at 400 K, indicating a significantly greater
stabilization of CO2 than observed on TiO2(110) [127]. Therefore, we suggest that water
stabilizes CO2 at surface defects on MnO(100) by the formation of bicarbonate.
3.3 Conclusion
CO2 adsorbs molecularly on both terrace and defect sites, while water adsorbs
molecularly on terraces and dissociatively on surfaces defects. The interaction between
CO2 and water on MnO(100) depends on the sequence of adsorption. Pre-adsorbed water
blocks uptake of CO2 on both terrace and defect sites. Post-dosed water displaces CO2 on
terrace sites, but stabilizes CO2 on defect sites through bicarbonate formation.
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Chapter 4
Oxidation of Clean and Na-precovered MnO(100)

4.1 Introduction
In the reported thermochemical water splitting cycle, the redox reactions of
Mn2+/Mn3+ oxides play important roles. In the hydrogen evolution steps, water reacts
with Na2CO3/MnO to produce hydrogen and release CO2, while Na+ intercalates into
MnO to form α-NaMnO2 where Mn2+ is oxidized to Mn3+. In the catalyst recovery steps,
aqueous CO2 extracts Na+ from α-NaMnO2 to form Na2CO3 and birnessite-type
manganese oxides (HxMnO2·yH2O), then the remaining manganese compound is
thermally reduced from Mn3+ to Mn2+. Therefore, a study of the formation and redox
cycles of MnO and NaMnO2 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+ (MnO) to 4+ (MnO2) from the oxidation of
manganese powder or metal films [51, 54, 55, 131]. X-ray photoelectron spectroscopy
(XPS) was used to characterize various Mn oxidation states by using the Mn 2p3/2
binding energy and the Mn 3s splitting. Despite a wide range of overlapping values
reported for the Mn 2p3/2 binding energy and Mn 3s splitting for various manganese
oxides, a higher Mn 2p3/2 binding energy and a weaker Mn 3s splitting are commonly
observed for higher Mn oxidation states.
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A few studies have been reported for the oxidation of well-ordered MnO(100)
surfaces to higher-valence manganese oxide surfaces [42, 132]. Bayer et al. [132]
produced an ordered Mn3O4(001) surface by oxidizing a Pd(100)-supported MnO(001)
thin film. Langell et al. [42] performed the Mn2+/Mn3+ redox cycle by the oxidation of a
MnO(100) single crystal surface to Mn2O3, with subsequent thermal reduction to Mn3O4
and MnO(100).
NaMnO2 has been studied primary in electrochemistry as a novel cathode material
for lithium-ion batteries because of its competitive ability for the intercalation and
deintercalation of Na [133, 134]. Several synthesis methods of NaMnO2 have been
reported, such as a solid-state reaction of sodium oxide or carbonate with manganese
oxides [134, 135], and hydrothermal synthesis using sodium hydroxide solutions with
manganese oxides [136]. However, no data is available for the formation and
characterization of NaMnO2 on a well-defined manganese oxide surface.
In this chapter, the oxidation of clean and Na-precovered MnO(100) was
investigated. X-ray photoelectron spectroscopy (XPS) was used to characterize changes
in surface composition and chemical states of the surface atoms. Water was used as a
probe molecule in temperature programmed desorption (TPD) to further distinguish the
surfaces formed. TPD of CO2 and water on the NaMnO2-like surface was examined for
insight into the mechanism of Na+ extraction from NaMnO2 by aqueous CO2.
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4.2 Results and Discussion
4.2.1. Oxidation and characterization of clean MnO(100)
A clean and nearly-stoichiometric MnO(100) surface was prepared by ion
bombardment at room temperature (Ar+ bombardment, 2 KeV) and annealing to 1000 K
in UHV as described in Section 1.5. After the preparation procedure, the sample exhibits
a sharp (1×1) LEED pattern characteristic of a simple termination of the rocksaltstructured (cubic) MnO bulk. As shown in Fig. 4.1(a), this surface gives a Mn 2p3/2
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
stoichiometric MnO(100) surface [42]. A Mn 3s splitting of 6.1 eV is observed, which
also agrees with values reported for MnO [51-57]. All Mn 3s signals in this chapter were
smoothed by a FFT filter to improve the signal-to-noise ratio.
The O 1s to Mn 2p XPS intensity ratio is used to estimate the surface composition.
XPS gives this surface 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. [42] using a different preparation method. The experimental O 1s/Mn 2p ratio for
MnO(100) after correction with empirical XPS atomic sensitivity factors 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 [45].
A conventional layer-by-layer summations was used to simulate the expected
O/Mn ratio for the MnO(100) surface [45]. This method assumes an exponential decay
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Figure 4.1 Mn 2p3/2, Mn 3s and O 1s XPS spectra of (a) the clean and nearlystoichiometric MnO(100); (b) the Mn3O4-like surface; (c) the Mn2O3-like surface.
Symbol S represents the shake-up satellite feature of Mn 2p3/2.
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of signal intensity with distance for normal emission, and no diffraction effect. The
inelastic mean free paths of Mn and O in MnO compound were similarly predicted using
the NIST Electron Inelastic-Mean-Free-Path Database [50] as described in Section 1.5.
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 Mn3O4-like and Mn2O3-like surfaces which are characterized by XPS. Di
Castro and Polzonetti [51] oxidized MnO layers to Mn2O3 by annealing in 1 atm of O2 at
673 K for 15 min without the intermediate formation of Mn3O4. Langell et al. [42]
reported the formation of a Mn2O3 surface by annealing a MnO(100) single crystal
surface in 5×10-7 Torr of O2 at 625 K for 2.5 h. We have repeated their preparation
procedures (5×10-7 - 1×10-6 Torr O2, 625 - 673 K, up to 2.5 h) but fail to obtain a Mn2O3like surface. Instead, we find Mn3O4-like surfaces as characterized by XPS. We find that
annealing the MnO(100) surface in 1×10-6 Torr of O2 at 673 K for 15 min is sufficient to
form the Mn3O4-like surface as characterized by XPS and shown in Fig. 4.1(b). The Mn
2p3/2 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+) [51, 55, 131]. This result is
consistent with the expected mixed Mn oxidation states of 2+ and 3+ for Mn3O4. The
measured Mn 2p3/2 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 Mn3O4 that the satellite shifts to higher binding energies and
overlaps with the Mn 2p1/2 feature [42, 51, 53]. The Mn 3s splitting decreases to 5.6 eV,
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also in agreement with values reported for Mn3O4 [51, 55], indicating the presence of
Mn3+. 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 MnO(100). The O 1s/Mn 2p XPS
intensity ratio for this surface is 1.55, which is 29% greater than the value observed for
nearly-stoichiometric MnO(100). This increase is close to the ideal 33% increase of
O/Mn stoichiometry expected for a change from MnO to Mn3O4. Only a diffuse
background is observed in LEED, which suggests that the structure of this oxidized
surface has no long-range periodicity.
In order to further oxidize Mn3O4 to Mn2O3, 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 O2. It is found that a Mn2O3-like surface, as
characterized by XPS, could be formed by repeatedly treating a Mn3O4-like surface by
ion bombardment at room temperature (Ar+ bombardment, 500 eV), UHV annealing to
1000 K for 10 min, then annealing in 1×10-6 Torr of O2 at 673 K for 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. 4.1(c) shows the XPS spectra of a Mn2O3-like surface formed by this
procedure. Similar to the Mn3O4-like surface, the Mn 2p3/2 binding energy of 641.8 eV
and the absence of the shake-up satellite feature both indicate the presence of Mn3+.
However, with the exception of surface composition, the characteristics of the XPS
signals are indistinguishable between the Mn2O3-like and Mn3O4-like surfaces. The O
1s/Mn 2p XPS intensity ratio for the Mn2O3-like surface in Fig. 4.1(c) is 1.85 and is 54%
greater than that observed for MnO(100). This increase is close to the ideal 50% increase
of O/Mn stoichiometry expected for a change from MnO to Mn2O3. Similar to the
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Mn3O4-like surface, only a diffuse background is observed in LEED, suggesting the
structure of this oxidized surface has no long-range periodicity.
4.2.2. Oxidation and characterization of Na-precovered MnO(100)
A NaMnO2-like surface can be formed by oxidizing a metallic Na precovered
MnO(100) surface. Fig. 4.2(a) shows the XPS spectra of a MnO(100) surface precovered with 11.5 ML of Na. Interactions between Na and MnO(100) in a non-oxidizing
environment is described in Chapter 2. The appearance of plasmon loss features in both
Na 1s and Na KLL spectra indicates the dominant presence of metallic Na on MnO(100)
at this coverage. While the Mn and O XPS signals are greatly attenuated by the Na
overlayer, the binding energies of Mn2p3/2 and O1s, the peak width of Mn2p3/2 and the
Mn 3s splitting are similar to those for clean MnO(100).
A NaMnO2-like surface was produced by annealing the 11.5 ML Na-precovered
MnO(100) surface in 1×10-6 Torr of O2 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. 4.2(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 feature, indicating Na in
the form of a non-metallic Na compound [69, 97-99]. A Na 1s peak at 1071.2 eV is
observed, which is 0.2 eV lower than that for metallic Na. In Chapter 2, 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
1s binding energy of several bimetallic sodium oxides, such as NaCrO4, NaAsO2 and
Na2SeO3, are reported to be 0.1 - 0.9 eV lower than that for metallic Na [99]. Due to the
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Figure 4.2 Na 1s and KLL, Mn 2p3/2 and 3s and O 1s XPS spectra of (a) 11.5 ML Naprecovered MnO(100); (b) the NaMnO2-like surface; (c) the NaMnO2-like surface after
prolonged UHV annealing (> 10 min) at 1000 K. Symbol p represents the plasmon loss
features of metallic Na and symbol S represents the shake-up satellite feature of Mn 2p3/2.
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lack of reported data for NaMnO2, here we consider the measured Na 1s binding energy
of NaMnO2 to be consistent with those reported for other bimetallic sodium oxides. The
Mn 2p3/2 binding energy is 641.9 eV with the absence of shake-up satellite feature, and
the Mn 3s splitting of this surface is 5.5 eV, which are all similar to those for the Mn3O4like and Mn2O3-like surface and indicate the presence of Mn3+. This result is in
agreement with the expected Mn oxidation state (3+) in NaMnO2 [137]. The peak width
(FWHM) of Mn 2p3/2 is 3.4 eV which is narrower than both clean (3.7 eV) and oxidized
(4.0 eV) MnO(100). The O 1s signal for this surface has similar binding energy (530.1
eV) but narrower peak width (1.6 eV) compared to those for the clean and oxidized
MnO(100). 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 for NaMnO2. This surface
composition is close to that expected for NaMnO2. Similar to the Mn3O4-like and
Mn2O3-like surfaces, only diffuse background is observed in LEED, suggesting the
structure of this surface has no long-range periodicity.
Prolonged annealing (> 10 min) of the NaMnO2-like surface in UHV at 1000 K
results in the reduction of Mn as shown in Fig. 4.2(c). The Mn 2p3/2 binding energy
(641.1 eV) and peak width (3.7 eV), the presence of shake-up satellite feature, and the
Mn 3s splitting (6.0 eV) are all similar to those for the clean MnO(100) and characteristic
of Mn2+. These results indicate that Mn3+ in NaMnO2 is reduced to Mn2+ by the thermal
treatment in UHV of the NaMnO2-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 Chapter 2 at elevated temperatures in UHV, and is
attributed to the thermally-induced inward diffusion of adsorbed Na.
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4.2.3. Water TPD
Water was used as a probe molecule to examine the clean and oxidized MnO(100)
surfaces and the NaMnO2-like surface. Fig. 4.3 shows the TPD traces of D2O (m/z = 20)
following 0.5 L (1 L ≡ 1×10-6 Torr·s) D2O 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. On the clean MnO(100) exposing cations in a 2+ oxidation state,
the main D2O desorption feature is observed below 300 K with a peak maximum at 230
K as shown in Fig. 4.3(a). Water desorption features in a similar temperature range are
reported on other rocksalt-structured metal oxide surfaces such as MgO(100) [113, 114]
and NiO(100) [123, 124], 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 [111, 112].
Fig. 4.3(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
desorption peak on the MnO(100) surface (Mn2+), suggesting that it may be associated
with surface Mn2+ in Mn3O4. The other water desorption feature appears at lower
temperature (195 K), suggesting that water binds more weakly on this type of adsorption
sites.
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Figure 4.3 TPD traces of D2O (m/z = 20) following 0.5 L D2O adsorption on (a) the
clean and nearly-stoichiometric MnO(100); (b) the Mn3O4-like surface; (c) the Mn2O3like surface; (d) the NaMnO2-like surface.
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On the Mn2O3-like surface exposing cations in a 3+ oxidation state, a single
desorption feature is observed in Fig. 4.3(c) with a peak maximum at 190 K. This feature
has a similar peak temperature compared to the lower temperature desorption feature
from the Mn3O4-like surface. Considering that the two surfaces both likely expose
surface Mn3+ cations, the water desorption near 190 K is attributed to surface Mn3+
cations. This conclusion is also consistent with the mixed Mn oxidation states (2+ and
3+) in Mn3O4. As shown in Fig. 4.3(d), on the NaMnO2-like surface a single desorption
peak at 182 K is observed, similar to that seen for the Mn2O3-like surface, and consistent
with the expected Mn3+ oxidation state in NaMnO2. Therefore, water TPD appears to be
sensitive to surface Mn cations in different oxidation states.
4.2.4. CO2 and water TPD on the NaMnO2-like surface
A TPD study of the interactions between CO2, water and the NaMnO2-like
surface was performed in the hopes of gaining insight into the mechanism of Na+
extraction from aqueous CO2. TPD traces for 0.5 L CO2, 0.5 L D2O and sequential 0.5 L
CO2 and 0.5 L D2O doses in both orders on the NaMnO2-like surface are shown in Fig.
4.4. 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 CO2 alone in Fig. 4.4(a), the
primary CO2 desorption features are below 300 K, indicating that Na in the NaMnO2-like
surface does not strongly bind CO2, in contrast to observations for oxidic Na adatoms on
MnO(100) seen in Chapter 2. For D2O alone in Fig. 4.4(b), the single D2O desorption
feature at 182 K is associated with surface Mn3+ as discussed in Section 4.2.3. For
sequential D2O and CO2 doses, when D2O is dosed prior to CO2 as shown in Fig. 4.4(c),
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Figure 4.4 TPD traces of CO2 (m/z = 44) and D2O (m/z = 20) from the NaMnO2-like
surface following (a) a 0.5 L CO2 dose; (b) a 0.5 L D2O dose; (c) a 0.5 L CO2 dose
following a 0.5 L D2O pre-dose; (d) a 0.5 L D2O dose following a 0.5 L CO2 pre-dose.
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the CO2 desorption features are significantly attenuated compared to that for CO2 alone
on the NaMnO2-like surface, while the D2O desorption features show no significant
difference compared to that for D2O alone on the NaMnO2-like surface. These results
suggest that water blocks the uptake of CO2 on the NaMnO2-like surface. Similar TPD
results are observed when CO2 is dosed prior to D2O, indicating that water displaces preadsorbed CO2 from the NaMnO2-like surface.
In the recovery steps of the reported thermochemical water splitting cycle, CO2 is
bubbled through an aqueous suspension of NaMnO2 at 80°C to extract Na+ from
NaMnO2 to form Na2CO3 and protonic birnessite-type manganese oxides
(HxMnO2·yH2O). In Chapter 5, the decomposition of Na2CO3 on MnO(100) gives rise to
a high temperature CO2 TPD desorption peak around 800 K. However in this study, the
majority of adsorbed CO2 on the NaMnO2-like surface desorbs below 300 K with no high
temperature (> 300 K) CO2 desorption peak observed, suggesting no strong interaction
between CO2 and Na in NaMnO2 under the conditions of our study, and no sign of the
formation of Na2CO3. In Chapter 3, water is found to stabilize pre-adsorbed CO2 (likely
near surface defects) on MnO(100), leading to an increase in temperature of the CO2
desorption to 400 K, presumably resulting from the decomposition of bicarbonate species.
However a similar stabilization is not observed on the NaMnO2-like surface, suggesting
no strong interactions between CO2 and Na in the presence of water on the NaMnO2-like
surface and no formation of sodium bicarbonate. These results for NaMnO2 indicate that
our simple TPD study with D2O and CO2 adsorption at low temperature in UHV provides
no real insight into the mechanism of Na+ extraction by aqueous CO2. Given that carbon
dioxide and water desorb primarily below 300 K in our study, it is likely that the
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activation barrier for the Na+ extraction reaction exceeds those for the simple desorption
of CO2 and D2O in our TPD experiments.
4.3 Conclusion
The Mn3O4-like and Mn2O3-like surfaces can be formed in UHV by the oxidation
of the clean and nearly-stoichiometric MnO(100). The NaMnO2-like surface is 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. On the NaMnO2-like surface, pre-adsorbed water blocks the
uptake of CO2, and water displaces pre-adsorbed CO2. No strong interaction between
CO2, water and the NaMnO2-like surface is observed under the conditions of our study.
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Chapter 5
O2 Adsorption on Na-precovered MnO(100)
and CO2 Adsorption

5.1 Introduction
In the hydrogen evolution steps of the reported thermochemical water splitting
cycle [22], Na2CO3 reacts with MnO in the presence of water to form NaMnO2 and
release CO2 and hydrogen. The proposed pathway for this reaction is that Na2CO3
decomposes to CO2, while Na+ intercalates into MnO to form α-NaMnO2 where Mn2+ is
oxidized to Mn3+ by oxygen provided from water. Therefore, the formation of carbonates
as well as their interactions with MnO may provide insight into the reaction mechanisms
of this innovative water splitting cycle.
The oxidation of alkali metals has been investigated primarily for applications in
heterogeneous catalysis [58-62], the oxidation of semiconductor surfaces [138-141] and
cathode materials for electrochemical energy storage [142, 143]. The oxidation of alkali
metals on metal substrates can give regular alkali metal oxide (M2O), peroxide (M2O2)
and superoxide (MO2) which have been characterized by XPS O 1s binding energies in
the range of 527 - 531 eV, 531 - 533 eV and above 534 eV, respectively [144-146]. For
the oxidation of Na on model surfaces, Na2O and Na2O2 were formed by oxygen
adsorption on Na-precovered Si(113) [147], while Na2O overlayers were prepared by
oxidation of Na-precovered Pd(100) [148].
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Na2CO3 formation on model metal or metal oxide surfaces has been accomplished
via two different reaction mechanisms. One method utilizes the interaction of CO2 and
Na2O. Onishi et al. [148] oxidized Na-precovered Pd(100) to form Na2O overlayers,
with the adsorption of CO2 on Na2O thin films resulting in the formation of Na2CO3 on
Pd(100). On TiO2(110), deposited Na binds strongly to surface lattice oxygen of TiO2 to
form “Na2O-dimer” units which sorb CO2 to form carbonates [149]. A second approach
is to directly expose metallic Na to CO2. Seiferth et al. [101] studied CO2 adsorption on
Na-precovered Cr2O3(0001) at 90 K and found that CO2 chemisorbs on Na, presumably
in a NaCO2 stoichiometry. Elevating the substrate temperature leads to a
disproportionation reaction of chemisorbed CO2 on Na to form Na2CO3 and release CO:
2NaCO2 → Na2CO3 + CO. Similar disproportionation reactions and Na2CO3 formation
were reported for CO2 adsorption on Na-precovered Pd(111) [150], TiO2(110) [151] and
Fe3O4(111) [152].
We have previously studied the interaction between Na and MnO(100) in a nonoxidizing environment in Chapter 2. It was found that Na interacts strongly with the
MnO substrate in an oxidic form up to 1 ML Na coverage. This form of Na is
irreversibly-adsorbed and diffuses into the MnO bulk at elevated temperatures above 500
K. For Na coverages above 1 ML, metallic Na islands nucleate and grow on top of the
Na monolayer and desorb from the surface at 430 K in TPD. In addition, the oxidation of
a MnO(100) surface precovered with multilayers of (metallic) Na has also been
investigated in Chapter 4. Annealing a surface precovered with 11.5 ML Na on
MnO(100) in 1×10-6 Torr of O2 at 673 K for 15 min followed by flashing to 1000 K in
UHV produces a NaMnO2-like surface.
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In this chapter, the oxidation products of Na-precovered MnO(100) at 125 K and
350 K are identified. X-ray photoelectron spectroscopy (XPS) was used to characterize
changes in chemical states of surface atoms. CO2 was used as a probe molecule in
temperature programmed desorption (TPD) to characterize the oxidized surfaces. The
formation of Na2O and Na2CO3 is described.
5.2 Results and Discussion
For each oxidation experiment, 3 ML of Na was deposited on MnO(100) which
leads to both oxidic Na in the first monolayer and metallic Na islands (Chapter 2).
Exposures of 200 L (1 L ≡ 1×10-6 Torr·s) of O2 were used for subsequent oxidation. Two
oxidation temperatures, 125 K and 350 K, were examined as routes for the formation of
Na2O on MnO(100). The surface oxidized at 350 K was also flashed to consecutively
higher temperatures to characterize the thermal evolution of the oxidation products by
XPS. TPD after oxidation was used to further characterize the thermal evolution of the
oxidation products. In addition, CO2 TPD was used to further characterize surface Na
species after oxidation at 350 K and subsequent thermal treatments.
5.2.1. XPS
5.2.1.1. Na oxidation at 125 K
Fig. 5.1(a) shows the XPS spectra of the MnO(100) precovered with 3 ML of Na.
XPS spectra were taken at 125 K. The single O 1s peak at 530.1 eV arises from the
lattice oxygen of the MnO substrate. The appearance of plasmon loss features in both Na
1s and Na KLL spectra indicates the presence of metallic Na on MnO(100) [69, 77, 97,
98]. The Mn 2p3/2 binding energy (not shown) is similar to that for clean MnO(100) and
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Figure 5.1 O 1s, Na 1s and Na KLL XPS spectra of (a) 3 ML Na precovered MnO(100);
(b) the 3ML Na precovered MnO(100) exposed to 200 L of O2 at 125 K; (c) the 3ML Na
precovered MnO(100) exposed to 200 L of O2 at 350 K; the surface oxidized at 350 K
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is characteristic of Mn2+. These results are consistent with our previous study in Chapter
2.
Fig. 5.1(b) shows the XPS spectra of a 3 ML Na precovered MnO(100) surface
after exposure to 200 L of O2 at 125 K. The Na 1s binding energy shifts to 1072.1 eV,
and a new Na KLL feature appears at 263.4 eV. No plasmon loss features are observed
in Na 1s spectra indicating the absence of metallic Na, however in the Na KLL spectra
the feature at 259.5 eV and plasmon loss features characteristic of metallic Na are greatly
attenuated but still present. In the O 1s spectra, besides the main peak at 530.1 eV
attributed to the lattice oxygen in the MnO substrate, two shoulders are observed at 532.5
eV and 528.6 eV.
In Fig. 5.1(b), the Na 1s binding energy shifts to a higher value by 0.5 eV
compared to that for metallic Na, which is close to the reported 0.7 eV increase for the
oxidation of metallic Na to Na2O [64, 77, 98]. The 3.9 eV increase of the new Na KLL
feature at 263.4 eV compared to that for metallic Na (259.5 eV) is also similar to reports
for Na oxidation to Na2O [98]. Therefore, we conclude that Na2O is formed by the
oxidation of metallic Na at 125 K. The appearance of plasmon loss features in the Na
KLL spectra but not in the Na 1s spectra can be attributed to the difference in the mean
free paths of the emitted electrons. Given that Na 1s features are more surface sensitive
than those for Na KLL because of their lower kinetic energy (higher binding energy), the
difference in the Na features indicate that the surface of the metallic Na islands is
oxidized upon interacting with O2 at 125 K, while the inner core retains some metallic Na
due to the limited mobility of Na and O atoms at 125 K. Thus an incomplete oxidation of
the metallic Na islands occurs at 125 K.
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The two O 1s shoulders at 532.5 eV and 528.6 eV in Fig. 5.1(b) arise from
different oxidation products. Studies of oxygen adsorption on Ag(110) at 135 K [153]
and Ag(111) at 150 K [154] report an O 1s peak in a binding energy range (528.1 - 528.3
eV) similar to the 528.6 eV feature, and has been attributed to atomic oxygen [155]
which recombines to molecular oxygen and desorbs below 600 K [153, 154]. In another
study of oxygen adsorption on Si(111) below 150 K [156, 157], an XPS O 1s feature at
530.5 eV was observed which is 1.1 eV lower than that for the main oxide SiO2, similar
to the 1.5 eV decrease observed for the 528.6 eV feature from the main line associated
with MnO. This O 1s feature has been attributed to a metastable molecular oxygen
precursor as characterized by UPS, XAES and NEXAFS, which converts to oxygen
anions below 450 K. We tentatively assign the O 1s feature at 528.6 eV to an atomic
oxygen surface species. The other O 1s shoulder at 532.5 eV is at higher O 1s binding
energy than that for oxygen in MnO, presumably arising from a different oxidation
product. Since Na2O is the likely oxidation product based on the Na XPS results, we
assign the O 1s feature at 532.6 eV to Na2O.
In summary, an incomplete oxidation of the metallic Na islands on MnO(100)
occurs at 125 K, giving Na2O and atomic oxygen. No obvious change in the Mn 2p3/2
binding energy (not shown) is observed compared to that for the clean MnO(100),
indicating no significant change in the Mn oxidation state (2+).
5.2.1.2. Na oxidation at 350 K
Oxidation of Na-precovered MnO(100) was also performed at 350 K in an
attempt to enhance the oxidation of metallic Na to Na2O. It was found in Chapter 2 that
at an elevated substrate temperature of 350 K in UHV, metallic Na does not desorb from
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MnO(100) in TPD, and no thermally-induced chemical change is observed for the
deposited Na as characterized by XPS, thus making this temperature suitable for the
oxidation of Na-precovered MnO(100). In addition, Onishi et al. [148] were able to
prepare Na2O overlayers on Pd(100) by repeatedly depositing Na on the substrate
followed by O2 exposure at 350 K.
Fig. 5.1(c) shows the XPS spectra of the 3 ML Na-precovered MnO(100) surface
after exposure to 200 L of O2 at 350 K. Compared to the 125 K oxidation results in Fig.
5.1(b), binding energies of Na 1s and Na KLL both shift to higher values at 1072.5 eV
and 264.5 eV, respectively. No plasmon loss features characteristic of metallic Na are
apparent in either the Na 1s and Na KLL spectra. The O 1s feature at 528.6 eV seen in
Fig. 5.1(b) is not observed, and the high binding energy O 1s feature at 532.5 eV
attributed to Na2O is replaced by a feature at 1.1 eV higher binding energy (533.6 eV).
The absence of plasmon loss features indicates that all the metallic Na has been
oxidized. The binding energy values for Na 1s, Na KLL and O 1s are higher than those
expected for Na2O in Fig. 5.1(b), suggesting Na surface species with a higher net level of
oxidation than Na2O. However the 1.1 eV increase of in O 1s binding energy to 533.6 eV
is less than the 2 eV increase reported for the oxidation of Na2O to Na2O2 [144-146].
This result suggests the presence of overlapping Na2O and Na2O2 signals. Therefore, we
tentatively assign the O 1s feature at 533.6 eV to a mixture of Na2O and Na2O2. In
summary, a complete oxidation of metallic Na islands on MnO(100) occurs at 350 K, and
is thought to give mixture of Na2O and Na2O2.
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5.2.1.3. Thermal evolution of the Na oxidation products
A thermal treatment involving the sequential heating of the oxidized surface to
successively higher temperatures in UHV was used to examine the thermal evolution of
the oxidation products. After oxidation at 350 K and flashing to 750 K (Fig. 5.1d), the
Na 1s and Na KLL binding energies shift to lower values at 1071.8 eV and 263.3 eV,
respectively. The previously observed O 1s high binding energy feature at 533.6 eV in
Fig. 5.1(c) shifts down to 532.6 eV. After flashing to 850 K (Fig. 5.1e), the Na 1s and Na
KLL binding energies shift further to lower values at 1071.3 eV and 262.4 eV,
respectively. The O 1s high binding energy feature at 523.6 eV in Fig. 5.1(d) disappears,
and a single feature at 530.1 eV is present. After flashing to 1000 K (Fig. 5.1f), the Na 1s
and KLL binding energies shift to higher values at 1071.8 eV and 263.2 eV, respectively,
and a single O 1s feature at 530.1 eV is observed.
After flashing to 750 K, the O 1s high binding energy feature at 532.6 eV in Fig.
5.1(d) is similar to the one at 532.5 eV in Fig. 5.1(b), which has been assigned to Na2O.
This result indicates the presence of Na2O on the surface oxidized at 350 K after flashing
to 750 K. It has been reported that in an oxygen-rich environment with 1 atm O2, Na2O2
decomposes to Na2O at around 780 K [158, 159]. The UHV environment in our study
has an extremely low oxygen partial pressure that should favor the reduction. Therefore,
we conclude that after flashing to 750 K, any Na2O2 on the oxidized surface reduces to
Na2O, leaving Na2O as the primary sodium compound remaining on MnO(100). The Na
1s and Na KLL binding energies in Fig. 5.1(d) are similar to those assigned to Na2O in
Fig. 5.1(b), consistent with this conclusion. No obvious change in the Mn 2p3/2 binding
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energy (not shown) is observed compared to that for the clean MnO(100), indicating no
significant change in Mn oxidation state (2+).
After flashing to 850 K (Fig. 5.1e), the Na 1s and Na KLL binding energies at
1071.3 eV and 262.4 eV, respectively, both match values observed for NaMnO2 prepared
on MnO(100) by a different approach in Chapter 4. The Mn 2p3/2 binding energy of
641.7 eV (not shown) characteristic of Mn3+ (Chapter 4) is observed, consistent with the
expected Mn3+ oxidation state in NaMnO2. Therefore, we conclude that NaMnO2 is
present on MnO(100) after flashing to 850 K. Given that the O 1s feature at 532.6 eV for
Na2O is absent in Fig. 5.1(e), we suggest that NaMnO2 is formed via a solid state reaction
of Na2O and MnO. In the reported thermochemical water splitting cycle [22], a reaction
of Na2CO3 and MnO in the presence of water gives NaMnO2 and CO2, while water is
reduced to hydrogen. The solid state reaction of Na2O and MnO to form NaMnO2
observed in this work suggests a similar reaction, given that Na2O is a likely reaction
product from the decomposition of Na2CO3 to release CO2.
In our previous work on the formation of NaMnO2 by a different approach
(Chapter 4), a NaMnO2-like surface formed by the oxidation of 11.5 ML of Na on
MnO(100) decomposes upon heating to 1000 K in UHV for more than 10 min. After
flashing the surface in Fig. 5.1(e) to 1000 K (Fig. 5.1f), the Na 1s and KLL binding
energies are similar to those obtained after the decomposition of NaMnO2 in Chapter 4,
and the Mn 2p3/2 binding energy (not shown) shifts to 641.1 eV which is characteristic of
Mn2+. Therefore, we suggest the NaMnO2 formed by a solid state reaction between Na2O
and MnO thermally decomposes above 850 K.
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5.2.2. TPD after Na oxidation
TPD traces following a 200 L O2 dose on the 3 ML Na-precovered MnO(100)
surface at 125 K and 350 K are shown in Fig. 5.2. In the TPD traces from the surface
oxidized at 125 K (Fig. 5.2a), no direct desorption of sodium oxide species such as Na2O2
(m/z = 78) or Na2O (m/z = 62) is detected. A low temperature O2 desorption feature is
observed below 400 K, and a broad O2 desorption signal is present above 620 K. A sharp
Na desorption feature is observed at 420 K, and a broad Na desorption signal is present
between 690 K and 820 K.
The low temperature O2 feature below 400 K may be associated with a
recombinative desorption of the atomic oxygen identified by XPS in Fig. 5.1(b). The
broad high temperature O2 desorption above 620 K is attributed to the thermal
decomposition of Na2O. Na desorption at 420 K is similar to the desorption of metallic
Na at 430 K (Chapter 2), indicating the presence of metallic Na on the surface, and
consistent with the incomplete oxidation of metallic Na at 125 K observed in XPS. The
high temperature Na desorption between 690 K and 820 K is in the same temperature
range as that for the high temperature O2 desorption above 620 K, consistent with the
thermal decomposition of Na2O. We note that the high temperature O2 and Na
desorption traces represent a small fraction of the total amount of surface oxygen and Na.
The desorbed amount of O2 is less than that from a 0.1 L dose of O2 on clean MnO(100)
at 125 K, and the amount of desorbed Na is equivalent to only about 0.16 ML of metallic
Na by comparison to our earlier work in Chapter 2. This result suggests that a majority
of Na2O reacts with MnO to form NaMnO2 above 750 K, as characterized by XPS.
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Figure 5.2 TPD traces of O2 (m/z = 32) and Na (m/z = 23) from a 200 L O2 dose on a 3
ML Na precovered MnO(100) surface at (a) 125 K; (b) 350 K.

74

In the TPD traces from the surface oxidized at 350 K (Fig. 5.2b), no Na
desorption is observed around 430 K indicating no metallic Na is present on the surface,
consistent with the complete oxidation of metallic Na at 350 K observed in XPS. O2
desorption above 640 K and Na desorption between 690 K and 820 K are observed, both
similar to those in Fig. 5.2(a), which has been attributed to the thermal decomposition of
Na2O.
5.2.3. CO2 TPD
CO2 was used as a probe molecule to characterize surface sodium species after
oxidation at 350 K and thermal treatment at higher temperatures in UHV. After each
surface was prepared, it was cooled to 125 K before 13CO2 exposure, then TPD was run
for the temperature range from 125 K to 1000 K.

18

O-labeled O2 was used for the

oxidation treatments in this section to generate 18O-containing sodium oxide surface
species. Monitoring oxygen exchange between 13CO2 and 18O-labeled surface oxide
species characterized by TPD traces of 13C16O2 (no exchange), 13C16O18O (single
exchange) and 13C18O2 (double exchange) can provide information about the binding of
CO2 on the surface oxide species.
Fig. 5.3(a) shows the TPD traces of 13CO2 (m/z = 45) and 13CO (m/z = 29) from
the surface precovered with 2.33 ML of Na with metallic Na present (no oxidation) as
described in Chapter 2. The strong binding of CO2 with metallic Na gives rise to a broad,
high temperature 13CO2 desorption feature at 735 K. Just under 20% of the CO2 adsorbed
on metallic Na goes through a disproportionation reaction [101]: 2NaCO2 → Na2CO3 +
CO as evidenced by the broad 13CO signal between 450 K and 800 K.
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Figure 5.3 TPD traces following a 0.5 L 13CO2 dose on (a) 2.33 ML Na precovered
MnO(100); (b) 3 ML Na precovered MnO(100) exposed to 200 L of O2 at 350 K; and the
surface oxidized at 350 K after flashing to (c) 750 K and (d) 850 K.
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Fig. 5.3(b) shows the CO2 TPD traces from a 3 ML Na precovered MnO(100)
surface after oxidation with 200 L of 18O2 at 350 K. A high temperature CO2 desorption
feature at 800 K is observed with a smaller peak at 705 K. For both features, oxygen
exchange is observed with similar ratios of 0.2:0.5:0.3 of 13C16O2 (no exchange),
13 16

C O18O (single exchange) and 13C18O2 (double exchange) observed. No CO

desorption signal is detected. If a similarly prepared surface is first flashed to 750 K
before CO2 adsorption (Fig. 5.3c), the CO2 desorption feature at 705 K in Fig. 5.3(b) is
absent, while the feature at 800 K is present but attenuated. A ratio of 0.2:0.5:0.3 of
13 16

C O2 (no exchange), 13C16O18O (single exchange) and 13C18O2 (double exchange) is

observed for the 800 K feature, similar to what was seen in Fig. 5.3(b). A low
temperature CO2 desorption feature near 150 K is also observed, and a small, broad CO2
desorption feature is present from 200 K to 500 K. No CO desorption signal is detected.
Since a mixture of Na2O and Na2O2 are the expected products following oxidation
at 350 K as identified by XPS, the high temperature CO2 desorption features at 705 K and
800 K in Fig. 5.3(b) are attributed to the strong binding of CO2 to Na2O and Na2O2.
After flashing to 750 K, only the 800 K CO2 desorption feature is present, and the XPS
results indicate that Na2O is the only sodium oxide species remaining on the surface after
this treatment. Therefore, the CO2 desorption feature at 800 K in Fig. 5.3(c) (as well in
Fig. 5.3b) is attributed to a strong chemical interaction between CO2 and Na2O. The
absence of the CO2 desorption feature at 705 K after flashing to 750 K (Fig. 5.3c)
coincides with the thermal decomposition of Na2O2 to Na2O observed in XPS after
flashing to 750 K, thus the 705 K feature is tentatively assigned to the interaction
between CO2 and Na2O2. We note that the temperature range of the 705 K feature also
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overlaps with the temperature for CO2 chemisorbed on metallic Na shown in Fig. 5.3(a).
However given that a complete oxidation of metallic Na occurs at 350 K as characterized
by XPS and TPD after oxidation, a contribution from chemisorbed CO2 on metallic Na is
ruled out. Additionally, the absence of CO desorption indicates that no CO2
disproportionation reaction occurs from adsorbed CO2, again suggesting that no metallic
Na is present.
The observation of oxygen exchange between CO2 and surface oxides is an
indication of carbonate formation [160-163]. Oxygen exchange has been reported
between CO2 and several metal oxides such as MgO [160-163] and Al2O3 [164]. Fig. 5.4
illustrates the proposed mechanism of single and double oxygen exchange for CO2 on
MgO(100) [161, 163]. It was found that, when the MgO(100) surface is exposed to CO2
(Fig. 5.4a), bidentate carbonate must be present after CO2 adsorption in order for an
oxygen exchange (single and double) to occur [160-163], with C in CO2 (O3=C=O4)
bonding to surface O1, and O3 in CO2 bonding to an adjacent surface Mg1 (Fig. 5.4b)
[160, 161, 163]. A single oxygen exchange is thought to occur by breaking the C-O3,
Mg1-O1 and Mg2-O1 bonds to give O1=C=O4 [160, 161, 163]. If the C-O3 bond breaks to
give a new bidentate carbonate in Fig. 5.4(c), and the bidentate carbonate “rolls over”
without leaving the surface (Fig. 5.4c to 5.4e), a second oxygen exchange is ready for the
bidentate carbonate in Fig. 5.4(e) [161, 163]. Since significant oxygen exchange is
observed in CO2 desorption features from Na2O and Na2O2 in TPD (Fig. 5.3b), we
conclude that Na2CO3 is formed by the interaction between CO2 and Na2O and Na2O2,
and decomposes to give CO2 desorption features at 705 K and 800 K in Fig. 5.3(b). We
note that while C 1s XPS can generally be used to characterize changes in chemical states
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Figure 5.4 Illustration of the proposed mechanism for single and double oxygen
exchange between CO2 and MgO(100) in Ref. [161, 163]. Figure adapted from Fig. 6 in
Ref. [161].
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of surface carbon to distinguish between molecularly adsorbed CO2 and carbonate, the C
1s signal in this work overlaps with the much more intense features of Na KLL spectra,
thus no usable information about the carbonate formation is obtained from C 1s XPS
measurements.
The low temperature CO2 desorption feature near 150 K and the small, broad CO2
desorption feature from 200 K to 500 K after flashing to 750 K (Fig. 5.3c) are similar to
the CO2 TPD features observed from terraces and defects of MnO(100) respectively in
Chapter 3. This result suggests a partially exposed MnO(100) surface, which can be
formed by the inward diffusion of the oxidic Na in the first monolayer that occurs above
500 K as seen in Chapter 2. We note that the small amount of 13C16O18O (6%) at 150 K
is due to the uptake of background CO2 at m/z = 47 which is observed in the chamber
after multiple isotope-exchange experiments.
If a Na-precovered surface is oxidized and flashed to 850 K prior to CO2 exposure
(Fig. 5.3d), a CO2 desorption feature at 150 K and broad CO2 desorption features from
200 K to 700 K are observed, similar to those on either a NaMnO2-like surface (Chapter
4) or MnO(100) in Fig. 5.3(c). The CO2 desorption feature at 800 K in Fig. 5.3(c) is not
observed. The absence of a CO2 desorption feature at 800 K which has been attributed to
the decomposition of Na2CO3 formed by the reaction of CO2 and Na2O, indicates the
absence of surface Na2O, consistent with the suggestion of a solid state reaction between
Na2O and MnO(100) to form NaMnO2 near 850 K, as proposed from the XPS data.
5.2.4. Engineering a surface exposing both Na2CO3 and MnO(100)
In the reported thermochemical water splitting cycle [22], water splits to produce
hydrogen over a mechanical mixture of Na2CO3 and MnO. Modeling such a complex
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mixed oxide system is thought to be important for gaining insight into the reaction
mechanisms of hydrogen evolution, but can be challenging when starting with a single
crystal MnO substrate in UHV.
In this work, efforts have been made to produce a surface exposing both Na2CO3
and MnO(100) to model the mixed oxide surface of Na2CO3/MnO. Fig. 5.5(a) to (d) are
cartoons illustrating the morphology and composition of the surface as a function of a
specific synthetic procedure described below. CO2 TPD characterization of the resulting
surface is shown in Fig. 5.5(e).
We start with a clean MnO(100) single crystal surface and deposit 3 ML of Na on
MnO(100). It has been found in our previous study of Na deposition on MnO(100)
(Chapter 2) that, for a multilayer Na coverage, oxidic Na on MnO(100) is formed for the
first monolayer of deposited Na, followed by the growth of metallic Na islands. The 3
ML Na precovered MnO(100) surface is illustrated by a simple cartoon in Fig. 5.5(a).
In the second step, the 3 ML Na precovered MnO(100) surface is exposed to 200
L of O2 at 350 K to form Na2O and Na2O2 on MnO(100) from metallic Na as
characterized by XPS in Section 5.2.1. Therefore, a MnO(100) surface covered with
oxidic Na in the first monolayer and sodium oxide (Na2O and Na2O2) islands is prepared
as illustrated in Fig. 5.5(b).
The third step is to expose the surface from the above treatments (Fig. 5.5b) to 0.5
L of CO2 at 125 K to form Na2CO3 on MnO(100). It is found in this work that, CO2
interacts strongly with Na2O and Na2O2 to form Na2CO3 as characterized by CO2 TPD in
Section 5.2.3. Therefore, a MnO(100) surface covered with oxidic Na in the first
monolayer and Na2CO3 islands is prepared, as illustrated in Fig. 5.5(c).
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Figure 5.5 (a) to (d): cartoons illustrating the morphology and composition of surface as
a function of synthetic procedure for a surface exposing Na2CO3 islands on MnO; (e)
CO2 TPD traces following a 0.5 L 13CO2 dose on the engineered surface (d) exposing
Na2CO3 islands on MnO.
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The remaining task is to remove the oxidic Na in the first monolayer and
subsequently partially expose portions of the MnO(100) surface. It has been found in
Chapter 2 that the oxidic Na in the first monolayer can be driven into the MnO subsurface
by heating to 600 K for 10 min in UHV. This temperature is high enough to remove
chemisorbed CO2 from oxidic Na in the first monolayer (Chapter 2), and considerably
lower than that for the thermal decomposition of a majority of Na2CO3 around 800 K (as
characterized by CO2 TPD in Section 5.2.3), and also lower than the temperature required
for the solid state reaction of Na2O and MnO to form NaMnO2 above 750 K (as
characterized by XPS in Section 5.2.1 and CO2 TPD in Section 5.2.3). Therefore,
heating the MnO(100) surface covered with oxidic Na in the first monolayer and Na2CO3
islands in Fig. 5.5(c) to 600 K for 10 min in UHV should drive the oxidic Na in the first
monolayer into the MnO subsurface without introducing notable thermal changes to
Na2CO3 islands, and give a surface exposing Na2CO3 islands on MnO(100) as illustrated
in Fig. 5.5(d).
CO2 TPD was used to characterize the surface prepared by the outlined synthetic
strategy. TPD traces of 13CO2 (m/z = 45) are shown in Fig. 5.5(e) following a 0.5 L CO2
dose on the engineered surface at 125 K. A low temperature CO2 desorption feature near
150 K is observed, along with a small, broad feature from 200 K to 500 K, and a high
temperature CO2 desorption feature at 800 K with a shoulder around 720 K. The CO2
desorption feature at 150 K and the broad feature from 200 K to 500 K are similar to the
desorption features from CO2 adsorption on terraces and defects of MnO(100),
respectively, confirming the exposure of bare MnO(100). The CO2 desorption feature at
800 K with a shoulder around 720 K is similar to the ones from the decomposition of
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Na2CO3 formed by the interaction between CO2 and sodium oxides as characterized by
CO2 TPD in Section 5.2.3, indicating the presence of Na2CO3. We conclude that the
synthetic procedure allows us to engineer a surface exposing Na2CO3 islands on
MnO(100) as illustrated in Fig. 5.5(d).
5.3 Conclusion
Na2O and atomic oxygen are formed by the oxidation of a multilayer coverage of
Na on MnO(100) at 125 K, while Na2O and Na2O2 are formed at 350 K. Na2O reacts
with the MnO(100) substrate to form NaMnO2 below 850 K. CO2 interacts strongly with
Na2O and Na2O2 to form Na2CO3. A surface exposing Na2CO3 islands on MnO(100) has
been engineered to model the complex Na2CO3/MnO mixed oxide used for hydrogen
evolution in the reported thermochemical water splitting cycle [22].
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Chapter 6
Reaction of Water with Na-pretreated MnO(100)

6.1 Introduction
In the hydrogen evolution steps of the thermochemical water splitting cycle of Xu
et al. [22], water splits to hydrogen on a mixture of Na2CO3 and MnO, while Na2CO3
reacts with MnO to form NaMnO2 and release CO2. The authors suggest that Na2CO3 is
the critical component for the hydrogen evolution from water. Na+ in Na2CO3
intercalates into MnO and enables the oxidation of Mn2+ in MnO to Mn3+ in NaMnO2 by
water, while water is reduced to hydrogen. Therefore, water adsorption on the surface
combining MnO and Na2CO3, as well as the ones combining MnO and components of
Na2CO3 (e.g. Na2O and Na), are of our interests for the study of hydrogen evolution from
water. This study may suggest the nature of active component responsible for hydrogen
evolution under the conditions of our study, and provide insight into the reaction
mechanisms of the thermochemical water splitting.
In this chapter, water TPD is performed on several surfaces to determine if any
single components or combinations of materials can give rise to hydrogen evolution from
water in a traditional UHV surface science environment. Surfaces combining Na and
MnO in a non-oxidizing environment have been studied in Chapter 2. Two types of Na
are identified: oxidic Na in the first monolayer on MnO(100), and metallic Na islands for
multilayer Na coverages. The reaction of water with both of these types of Na on
MnO(100) will be examined.
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In Chapter 5, it was shown that sodium oxides (a mixture of Na2O and Na2O2) can
be formed on MnO(100) by oxidizing a Na multilayer deposited on MnO(100) at 350 K.
The reaction of water with surface sodium oxides will also be examined. Most
importantly, it has also been shown that a surface exposing Na2CO3 islands on MnO(100)
can be engineered to provide a model mixed oxide exposing Na2CO3/MnO interfaces,
similar to the mechanical mixture of Na2CO3 and MnO thought to be important in the
catalytic water splitting cycle proposed by Xu et al. [22]. It is our primary interest to test
for hydrogen production from water on the engineered surface. Lastly, the active
component for the hydrogen evolution under the conditions of our study is discussed.
6.2 Results and Discussion
6.2.1. Water adsorption on MnO(100) precovered with submonolayer oxidic Na
The surface was prepared by depositing 3 ML of Na on MnO(100) at 300 K
followed by flashing to 500 K to desorb metallic Na. It has been found that the 500 K
thermal treatment on a Na multilayer precovered MnO(100) surface yields about half a
monolayer of the oxidic Na present on the surface.
Fig. 6.1 shows the TPD traces of D2 (m/z = 4) and D2O (m/z = 20) following a 0.5
L (1 L ≡ 1×10-6 Torr·s) D2O dose on the surface at 125 K. No hydrogen desorption is
observed. Water desorbs primarily below 300 K with a peak maximum at 230 K, and
with a higher temperature tail up to about 600 K, similar to the water TPD features from
clean MnO(100) as described in Chapter 3, indicating that there is no strong interaction
between water and oxidic Na on MnO(100).
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Figure 6.1 TPD traces of D2 (m/z = 4) and D2O (m/z = 20) following 0.5 L D2O
adsorption on MnO(100) precovered with submonolayer oxidic Na.
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6.2.2. Water adsorption on MnO(100) precovered with a Na multilayer (oxidic and
metallic)
6.2.2.1. Water TPD from MnO(100) precovered with a Na multilayer
The surface was prepared by depositing 3 ML of Na on MnO(100) at 300 K, and
exhibits both oxidic Na in the first monolayer and metallic Na islands as described in
Chapter 2. Fig. 6.2 shows the TPD traces of D2 (m/z = 4), D2O (m/z = 20) and Na (m/z =
23) following a 0.5 L D2O dose on the surface at 125 K. No water desorption is observed,
but hydrogen desorption is observed at 210 K and 440 K. Na desorption is also observed
at 425 K. No other Na-related products such as Na2O (m/z = 62), NaOH (m/z = 40) or
Na-O fragments (m/z = 39) are detected.
The absence of water desorption indicates a 100% conversion of water to
hydrogen for a low water coverage. Given that no hydrogen evolution from water is
observed in the presence of only oxidic Na on MnO(100) (Fig. 6.2), we conclude that
water reacts with metallic Na on MnO(100) to produce hydrogen. Possible reactions
include H2O + 2Na → H2 + Na2O, 2H2O + 2Na → H2 + 2NaOH and 2H2O + 2Na → 2H2
+ Na2O2, where water is reduced to hydrogen by metallic Na.
The origins of the two hydrogen desorption feature at 210 K and 440 K are not
clear. Co-adsorption of water and Na on Ru(001) at 80 K [165] is known to form NaOH,
which decomposes to give hydrogen between 350 K and 600 K. Therefore, the hydrogen
desorption at 440 K might be related to the decomposition of NaOH, but no spectroscopic
information is available about the nature of the surface intermediates associated with the
two hydrogen desorption channels. The 425 K Na desorption is characteristic of the
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Figure 6.2 TPD traces of D2 (m/z = 4), D2O (m/z = 20) and Na (m/z = 23) following 0.5
L D2O adsorption on MnO(100) precovered with a Na multilayer.
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desorption of metallic Na as described in Chapter 2, indicating an incomplete oxidation
of metallic Na for the small water dose.
6.2.2.2. CO2 TPD characterization of the Na oxidation products by water
CO2 was used as a probe molecule to characterize the oxidation products of
metallic Na by water. A 3 ML Na-precovered MnO(100) surface was pre-exposed to a
0.5 L of D2O at 125 K, and the TPD traces were collected following a 0.5 L 13CO2 dose at
125 K as shown in Fig. 6.3. No water desorption is observed and hydrogen desorption is
observed at 205 K and 440 K. A high temperature CO2 desorption with a main feature at
805 K and a shoulder near 710 K are observed. No CO desorption is detected. Na
desorption is observed at 430 K. No other Na-related products such as Na2O (m/z = 62),
NaOH (m/z = 40) or Na-O fragments (m/z = 39) are detected.
The absence of water desorption again demonstrates a 100% conversion of water
to hydrogen at a low water coverage similar to that for water adsorption only (Fig. 6.2).
The high temperature CO2 desorption feature at 805 K is similar to the CO2 TPD feature
from a multilayer Na precovered MnO(100) after oxidation at 350 K as described in
Chapter 5, and has been attributed to the decomposition of Na2CO3 formed by the
interaction between CO2 and Na2O. This result indicates the presence of Na2O after
water adsorption on metallic Na, and is consistent with the suggestion in Section 6.2.2.1
that Na2O is a likely byproduct of the reaction of water with metallic Na. The CO2
desorption feature at 710 K is similar to that attributed to the Na2CO3 formed by CO2 and
Na2O2 as described in Chapter 5. However, it is also similar to that from chemisorbed
CO2 on metallic Na (735 K) as described in Chapter 2. Considering that metallic Na is
characterized by a 430 K Na desorption feature, and also forms CO via a
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Figure 6.3 0.5 L 13CO2 TPD traces of D2 (m/z = 4), D2O (m/z = 20), 13CO2 (m/z = 45),
13
CO (m/z = 29) and Na (m/z = 23) on a Na multilayer precovered MnO(100) surface that
is pre-exposed to 0.5 L D2O.
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disproportionation reaction from chemisorbed CO2 on metallic Na, no CO desorption
suggests the absence of chemisorbed CO2 on metallic Na. Therefore, the 710 K CO2
desorption feature likely arises from the interaction between CO2 and Na2O2. This result
is consistent with the suggestion in Section 6.2.2.1 that Na2O2 is a likely byproduct of the
reaction of water with metallic Na. The absence of chemisorbed CO2 on metallic Na
while metallic Na is present on the surface suggests that water oxidizes surface Na of
metallic Na islands while the inner core remains metallic and desorbs at 430 K. A similar
incomplete oxidation of metallic Na has been seen for O2 adsorption at 125 K as
described in Chapter 5.
6.2.3. Water adsorption on MnO(100) precovered with sodium oxides
The surface was prepared by exposing a 3 ML Na precovered MnO(100) surface
to 200 L of O2 at 350 K. A mixture of Na2O and Na2O2 is present on the surface as
described in Chapter 5. Fig. 6.4 shows the TPD traces of D2 (m/z = 4) and D2O (m/z =
20) following a 0.5 L D2O dose on the surface at 125 K. No hydrogen desorption is
observed. A high temperature water desorption feature is observed at 655 K. Since it is
generally observed that water desorption above room temperature in UHV is due to the
recombinative desorption of dissociated water [111, 112], this desorption feature is
attributed to the recombination of dissociated water on sodium oxides.
6.2.4. Water adsorption on a surface exposing Na2CO3 islands on MnO(100)
A surface exposing Na2CO3 islands on MnO(100) has been engineered and
characterized in Chapter 5 to model the mixed oxide Na2CO3/MnO for hydrogen
evolution in the thermochemical water splitting cycle of Xu et al. [22]. The synthetic
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Figure 6.4 TPD traces of D2 (m/z = 4) and D2O (m/z = 20) following 0.5 L D2O
adsorption on MnO(100) precovered with sodium oxides (a mixture of Na2O and Na2O2).
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procedure is as follows: (1) deposition of 3 ML of Na on MnO(100) at 300 K. This
surface is known to expose oxidic Na in the first monolayer and metallic Na islands
(Chapter 2). (2) oxidation of metallic Na islands with 200 L of O2 at 350 K to form a
mixture of Na2O and Na2O2 on MnO(100) (Chapter 5). (3) formation of Na2CO3 islands
on MnO(100) by the reaction of 0.5 L of CO2 with sodium oxides at 125 K (Chapter 5).
(4) removal of oxidic Na in the first monolayer by heating to 600 K for 10 min to drive
Na into the subsurface of MnO (Chapter 2). Note that this temperature is high enough to
remove chemisorbed CO2 from oxidic Na in the first monolayer (Chapter 2), but is lower
than the temperature for the thermal decomposition of Na2CO3 around 800 K (Chapter 5),
and also lower than the temperature required for the solid state reaction of Na2O and
MnO to form NaMnO2 above 750 K (Chapter 5).
Fig. 6.5 shows the TPD traces of D2 (m/z = 4), D2O (m/z = 20) and 13CO2 (m/z =
45) from a 0.5 L D2O dose on the surface exposing Na2CO3 islands on MnO(100). No
hydrogen desorption is observed. Water desorption features are observed at 210 K, 410
K and 655 K, respectively. A high temperature CO2 desorption feature is observed at 800
K. The water desorption feature at 205 K is similar to the desorption feature previously
observed from water adsorption on terraces of MnO(100) as described in Chapter 3. The
water desorption feature at 410 K fits the characteristics of bicarbonate formation from
water and CO2 near surface defects of MnO(100) as described in Chapter 3. Since any
13

CO2 dosed to form Na2CO3 in step (3) of the synthetic procedure should be depleted

from the partially exposed MnO(100) after the 600 K thermal treatment in step (4), the
bicarbonate is likely to be formed from water and background CO2 (m/z = 44), which
explains the absence of 13CO2 (m/z =45) desorption around 400 K. The water desorption
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Figure 6.5 TPD traces of D2 (m/z = 4), D2O (m/z = 20) and 13CO2 (m/z = 45) following
0.5 L D2O adsorption on the engineered surface exposing Na2CO3 islands on MnO.
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feature at 655 K has been seen from water adsorption on sodium oxides (Fig. 6.4), and
has attributed to the recombination of dissociated water on sodium oxides, indicating that
a portion of sodium oxides remain on the surface after the low CO2 exposure. The high
temperature CO2 desorption feature at 800 K is similar to that from the decomposition of
Na2CO3 at 800 K as described in Chapter 5, and is attributed to the decomposition of
Na2CO3 islands on the engineered surface. Therefore, we have tested the reaction of
water with an engineered surface exposing Na2CO3 islands on MnO(100) used to model
the mixed oxide Na2CO3/MnO for hydrogen evolution in the thermochemical water
splitting cycle of Xu et al. [22], but no hydrogen evolution from water is observed.
6.2.5. Insights into the reaction mechanism of hydrogen evolution
Some similarities are found in our model system and the catalytic system of Xu et
al. [22]. In the hydrogen evolution steps of Xu et al. [22], Na2CO3 reacts with MnO in
the presence of water to form NaMnO2 and CO2, while water splits to produce hydrogen.
In our system, we have observed the decomposition of Na2CO3 to give CO2 in the
presence of water in this chapter, similar to the release of CO2 reported in Xu et al. [22],
but NaMnO2 is formed through a solid state reaction between Na2O and MnO (Chapter 5).
In our case, the presence of water is not required for the solid state reaction, but the
release of CO2 from Na2CO3 could yield Na2O in the catalytic system as a reaction
intermediate.
However, we have engineered a surface exposing Na2CO3 islands on MnO(100)
in Chapter 5 to model the mixed oxide Na2CO3/MnO for hydrogen evolution in the
thermochemical water splitting cycle of Xu et al. [22], but no hydrogen evolution from
water is observed on our model surface. This contrasts with the proposal by Xu et al. [22]
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that Na+ in Na2CO3 is the active component for water splitting. Two possible
explanations are postulated. One possibility is that our model system fails to function
like the true catalytic system. The reasons are likely associated with the very different
operation conditions for the two systems. In the hydrogen evolution steps of Xu et al.
[22], a mixed oxide Na2CO3/MnO catalyst is heated to 850 °C (1123 K), and water vapor
is introduced by flowing through the catalyst bed in a constant flux. In contrast, under
the conditions of our study, a low coverage of water (0.5 L) is introduced and adsorbed
on the surface exposing Na2CO3 islands and MnO(100) at a very low temperature (125
K). It has been found in TPD (Fig. 6.5) that all the adsorbed water desorbs from the
surface below 800 K, and all the Na2CO3 decomposes to give CO2 below 900 K. At the
working temperature of 850 °C (1123 K) for the water splitting catalysis of Xu et al. [22],
water and Na2CO3 are the reactants for the hydrogen evolution, but in our TPD study
these reactants desorb (water) and decompose (Na2CO3) before we reach the reaction
temperature used for catalytic system. Therefore, it is likely that the activation barrier for
the kinetically important steps in the water splitting cycle of Xu et al. [22] exceeds those
for the desorption of water and the decomposition of Na2CO3 in our TPD experiments.
There is a second possible explanation. In this chapter, hydrogen evolution from
water is only observed in the presence of metallic Na on MnO(100). Therefore, we
conclude that metallic Na is the active component for the hydrogen evolution from water
under the conditions of our study. This result is not surprising, because water is known to
react rapidly with Na metal to produce hydrogen gas. In the thermochemical water
splitting cycle of Xu et al. [22], the shuttling of Na into and out of the manganese oxides
is thought to be the key process for enabling the Mn2+/Mn3+ redox cycle responsible for
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hydrogen and oxygen evolution. It is possible that, at the working temperature of 850 °C
(1123 K) for the water splitting catalysis [22], a transient form of metallic Na is present
during the solid state transformations associated with the shuttling of Na between
different phases. If such is the case, metallic Na could be the active component in the
catalytic system of Xu et al. [22]. Combining results in this study, a multi-step process
for hydrogen evolution from water can be postulated as follows:
𝑁𝑎2 𝐶𝑂3 → 𝑁𝑎2 𝑂 + 𝐶𝑂2 (Chapter 5)
2𝑁𝑎2 𝑂 + 2𝑀𝑛𝑂 → 2𝑁𝑎𝑀𝑛𝑂2 + 2𝑁𝑎 (Chapter 5)
2𝑁𝑎 + 𝐻2 𝑂 → 𝑁𝑎2 𝑂 + 𝐻2 (Chapter 6)
where metallic Na is produced in the process and reacts with water to produce hydrogen.
This multi-step process yields a net reaction equation that is the same as the reaction
equation of step 2 in the water splitting cycle of Xu et al. [22].
6.3 Conclusion
Water reacts with metallic Na on MnO(100) to produce hydrogen. No hydrogen
evolution from water is observed on a surface exposing Na2CO3 islands on MnO(100)
which is used to model the mixed oxide Na2CO3/MnO for hydrogen evolution in the
thermochemical water splitting cycle of Xu et al. [22]. Metallic Na is the active
component for the hydrogen evolution from water under the conditions of our study.

98

Chapter 7
Conclusions and Recommendations for Future Work

7.1 Conclusions
In this UHV surface science study the interactions of Na, O2, CO2 and water on
MnO(100) have been investigated. The work was undertaken in an effort to understand
the fundamentals of the reaction mechanism for hydrogen evolution in the
thermochemical water splitting cycle of Xu et al. [22].
7.1.1. The interaction between Na and MnO(100)
Na adsorption on the MnO(100) surface follows the Stranski-Krastanov (SK)
growth mode with two forms of Na identified as described in Chapter 2. Up to 1 ML Na
coverage, Na is randomly distributed on the MnO(100) surface before the completion of
the monolayer and interacts strongly with the MnO substrate, binding in an oxidic form.
This form of Na is irreversibly-adsorbed and diffuses into the MnO bulk at elevated
temperatures above 500 K. For Na coverages above 1 ML, metallic Na islands nucleate
and grow on top of the Na monolayer. Metallic Na desorbs from the surface at 430 K.
7.1.2. The formation of NaMnO2 and the redox cycle of Mn
The formation of a NaMnO2-like surface (Mn3+) is described in Chapter 4 by
annealing a MnO(100) (Mn2+) surface precovered with a high coverage of metallic Na
(11.5 ML) in O2 at elevated temperatures (675 K) and subsequently flashing to 1000 K.
In Chapter 5, a NaMnO2-like surface compound is also formed by a solid state reaction
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between Na2O and the MnO(100) substrate above 750 K. NaMnO2 formed via both
approaches thermally decomposes above 850 K to give surfaces similar to MnO(100).
Thus a redox cycle of Mn between 2+ (MnO) and 3+ (NaMnO2) is achieved, similar to
the redox of Mn in the thermochemical water splitting cycle of Xu et al. [22].
7.1.3. The formation of Na2CO3
In Chapter 5, Na2O and Na2O2 are formed from the oxidation of metallic Na
islands by O2 at 350 K on MnO(100), and Na2CO3 is formed by the strong interaction
between CO2 and both Na2O and Na2O2. The decomposition of Na2CO3 to give CO2
around 800 K along with the solid state reaction of Na2O and MnO(100) to form
NaMnO2 above 750 K (Section 7.1.2) is similar to the reaction of Na2CO3 and MnO to
form NaMnO2 and CO2 in the presence of water in the hydrogen evolution steps of Xu et
al. [22].
7.1.4. The engineered surface exposing Na2CO3 islands on MnO(100)
A surface exposing Na2CO3 islands on MnO(100) has been engineered in Chapter
5 to model the complex mixed oxide Na2CO3/MnO for hydrogen evolution in the
thermochemical water splitting cycle of Xu et al. [22].
7.1.5. The reaction of water with various surfaces
The reaction of water with several surfaces have been studied to determine if any
single components or combinations of materials can give rise to hydrogen evolution from
water in a traditional UHV surface science environment. No hydrogen evolution from
water occurs from MnO(100), Mn3O4 and NaMnO2 surfaces which appear in the catalytic
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cycle of Xu et al. [22], and is consistent with the suggestions from Xu et al. [22] that
these materials do not individually promote water splitting.
Na2CO3 is thought to be critical for the hydrogen evolution in the thermochemical
water splitting cycle of Xu et al. [22]. Surfaces combining MnO and Na2CO3, as well as
surfaces combining MnO and components of Na2CO3 (e.g. Na2O and Na) have also been
tested for hydrogen production from water. Water reacts with metallic Na on MnO(100)
to produce hydrogen and sodium oxides. No hydrogen evolution from water is observed
on either oxidic Na in the first monolayer on MnO(100) or sodium oxides on MnO(100).
Most importantly, no hydrogen evolution from water is observed on the engineered
surface exposing Na2CO3 islands on MnO(100) used to model the mixed oxide
Na2CO3/MnO used in the thermochemical water splitting cycle of Xu et al. [22] under the
conditions of our study.
7.1.6. Insights into the reaction mechanism of hydrogen evolution from water
Hydrogen evolution from water is only observed in the presence of metallic Na on
MnO(100). Therefore, metallic Na is the active component for the hydrogen evolution
from water under the conditions of our study. It is possible that at the working
temperature of 850 °C (1123 K) for the water splitting catalysis [22] a transient form of
metallic Na not observed by Xu et al. is present during the solid state transformations
associated with the shuttling of Na between different phases. If such is the case, metallic
Na could also be the active component in the catalytic system of Xu et al. [22].
The lack of hydrogen evolution from water on the engineered model surface
exposing Na2CO3 islands on MnO(100) contrasts with the proposal by Xu et al. [22] that
Na+ in Na2CO3 is the active component for water splitting in the presence of MnO. If this
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is the case, our model system fails to function like the true catalytic system, and the
reasons are most probably associated with the very different operation conditions for the
two systems. It is likely that the activation barrier for the kinetically important steps for
water splitting on the catalyst of Xu et al. [22] exceeds those for the desorption of water
and the decomposition of Na2CO3 in our TPD experiments.
7.2 Recommendations for Future Work
7.2.1. XPS characterization and DFT calculations of CO2 and water adsorption on
MnO(100)
In Chapter 3, CO2 and water adsorption on MnO(100) have been investigated.
Experimental results indicate that CO2 adsorbs molecularly on both terraces and defects
of MnO(100), while water adsorbs molecularly on terraces and dissociatively on surfaces
defects. Bicarbonate is suggested to form from adsorbed CO2 and water near surface
defects of MnO(100).
DFT calculations can provide information of the geometric and electronic
structures of adsorbed CO2 and water molecules on MnO(100) to justify the interpretation
of experimental results. Preliminary DFT calculations in our group give values of heats
of adsorption of CO2 matching well with the experimental activation energy of desorption
of molecular CO2 from terrace sites. However, DFT predicts a significantly greater heat
of adsorption at surface steps than observed experimentally from defects. Therefore,
other types of defect sites such as cation and anion vacancies should be explored
computationally, and the nature of surface defect sites on MnO(100) may be identified.

102

DFT calculations can also be applied to the adsorbed water on terraces and
defects. Calculated values of the heat of adsorption of molecular water on terrace sites
can be compared to the experimental activation energy of desorption of water from
terrace sites. Stable structures of adsorbed water near surface defect sites obtained from
DFT calculations can be used to provide information about the dissociation of water on
defects.
In addition, DFT calculations can be performed to probe stable structures of
adsorbed CO2 and water/hydroxyl combinations near surface defect sites attributed to the
formation of bicarbonate species assigned on the basis of TPD data alone.
7.2.2. C 1s XPS characterization of the Na2CO3 formation
In Chapter 5, CO2 TPD results indicate that Na2CO3 is formed by the interaction
between CO2 and sodium oxides on MnO(100). C 1s XPS can be used to characterize the
formation of carbonate. It has been reported that the formation of carbonate from the
interaction between CO2 and MgO(100) gives a characteristic C 1s XPS feature around
289 eV [110, 166]. However the C 1s XPS spectra acquired in this work with a Mg
radiation source overlaps with intense features of Na KLL Auger lines, thus no
information of the carbonate formation is obtained from the C 1s XPS. Utilizing an Al
source, the C 1s and Na KLL spectra can be well separated, since the higher incident
photon energy from the Al x-ray source results in Na KLL Auger binding energies
shifting to higher values but no change in C 1s binding energy. Therefore the C 1s XPS
characterization may provide evidence to justify the assignment of carbonate formation.
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7.2.3. XPS characterization of hydrogen evolution from water on metallic Na
In Chapter 6, water reacts with metallic Na on MnO(100) to produce hydrogen in
TPD at two different temperatures. However, the nature of the surface intermediates
associated with the two hydrogen desorption channels is not clear. During the water
adsorption studies performed in this work, XPS was not available in our laboratory.
However, O 1s XPS can be used to characterize changes in chemical state of oxygen to
justify the presence of molecular water, hydroxyl groups or oxygen anions. Peng and
Barteau [167] studied water adsorption on MgO(100) and reported an O 1s XPS binding
energy of 533.1 eV attributed to surface hydroxyl groups, which is 2.1 eV higher than
that form the lattice oxygen in MgO. Similar 1.8 - 2.4 eV increase of O 1s binding
energy from lattice oxygen in oxide to surface hydroxyl groups has been reported on
MnO(100) [126] and more on MgO(100) [168, 169]. In contrast, molecularly adsorbed
water is expected to give O 1s features at about 4 eV above the O 1s feature from oxides
[126, 167-169]. Similarly, Na 1s and Na KLL XPS can be used to characterize changes
in chemical state of Na to justify the presence of metallic Na and sodium oxides. A 0.7
eV binding energy increase in Na 1s [64, 77, 98] and 4.5 eV in Na KLL [98] are reported
for the oxidation of metallic Na to Na2O. Thus, XPS experiments following water
adsorption may help identify the surface intermediates associated with the two hydrogen
desorption channels, and provide information on the elementary steps in the hydrogen
evolution from water on metallic Na.

104

References

[1] The Hydrogen Economy: Opportunities, Costs, Barriers, and R&D Needs, The National
Academies Press, Washington, DC, 2004.
[2] L. Barreto, A. Makihira, K. Riahi, The hydrogen economy in the 21st century: a sustainable
development scenario, International Journal of Hydrogen Energy, 28 (2003) 267-284.
[3] G.W. Crabtree, M.S. Dresselhaus, M.V. Buchanan, The Hydrogen Economy, Print edition, 57
(2004) 39-44.
[4] N.Z. Muradov, T.N. Veziroǧlu, From hydrocarbon to hydrogen-carbon to hydrogen economy,
International Journal of Hydrogen Energy, 30 (2005) 225-237.
[5] P. Tseng, J. Lee, P. Friley, A hydrogen economy: opportunities and challenges, Energy, 30
(2005) 2703-2720.
[6] S.S. Penner, Steps toward the hydrogen economy, Energy, 31 (2006) 33-43.
[7] P.P. Edwards, V.L. Kuznetsov, W.I.F. David, Hydrogen energy, Philosophical Transactions of
the Royal Society A: Mathematical, Physical and Engineering Sciences, 365 (2007) 1043-1056.
[8] G. Marbán, T. Valdés-Solí
s, Towards the hydrogen economy?, International Journal of
Hydrogen Energy, 32 (2007) 1625-1637.
[9] T.I. Sigfusson, Pathways to hydrogen as an energy carrier, Philosophical Transactions of the
Royal Society A: Mathematical, Physical and Engineering Sciences, 365 (2007) 1025-1042.
[10] R. de Levie, The electrolysis of water, Journal of Electroanalytical Chemistry, 476 (1999)
92-93.
[11] J.E. Funk, Thermochemical hydrogen production: past and present, International Journal of
Hydrogen Energy, 26 (2001) 185-190.
[12] A. Steinfeld, Solar thermochemical production of hydrogena review, Solar Energy, 78
(2005) 603-615.
[13] J.L. Russell, K.H. McCorkle, J.H. Norman, J.T. Porter, T.S. Roemer, J.R. Schuster, R.S.
Sharp, WATER SPLITTING A PROGRESS REPORT, in: Proceedings of the 1st World
Hydrogen Energy Conference, Miami Beach, Florida, 1976, pp. 1A105-124.
[14] J.H. Norman, K.H. Mysels, D.R. O'Keefe, S.A. Stowell, D.G. Williamson, CHEMICAL
STUDIES ON THE GENERAL ATOMIC SULFUR-IODINE THERMOCHEMICAL WATERSPLITTING CYCLE, in: Proceedings of the 2nd World Hydrogen Energy Conference, Zurich,
Switzerland, 1978, pp. 513-544.
[15] J.D.d. Graaf, K.H. McCorkle, J.H. Norman, R. Sharp, G.B. Webb, ENGINEERING AND
BENCH-SCALE STUDIES OF THE GENERAL ATOMIC SULFUR-IODINE

105

THERMOCHEMICAL WATER-SPLITTING CYCLE, in: Proceedings of the 2nd World
Hydrogen Energy Conference, Zurich, Switzerland, 1978, pp. 545-568.
[16] G.E. Besenbruch, K.H. McCorkle, J.H. Norman, D.R. O'Keefe, J.R. Schuster, M. Yoshimoto,
HYDROGEN PRODUCTION BY THE GA SULFUR-IONDINE PROCESS, A PROGRESS
REPORT, in: Proceedings of the 3rd World Hydrogen Energy Conference, Tokyo, Japan, 1980,
pp. 243-256.
[17] J.H. Norman, K.J. Mysels, R. Sharp, D. Williamson, STUDIES OF THE SULFUR-IODINE
THERMOCHEMICAL WATER-SPLITTING CYCLE, in: Proceedings of the 3rd World
Hydrogen Energy Conference, Tokyo, Japan, 1980, pp. 257-275.
[18] D. O'Keefe, C. Allen, G. Besenbruch, L. Brown, J. Norman, R. Sharp, K. McCorkle,
Preliminary results from bench-scale testing of a sulfur-iodine thermochemical water-splitting
cycle, International Journal of Hydrogen Energy, 7 (1982) 381-392.
[19] H. Kameyama, K. Yoshida, Br-Ca-Fe Water-DECOMPOSITION CYCLES FOR
HYDROGEN PRODUCTION: CHEMICAL AND DESIGN STUDIES, in: Proceedings of the
2nd World Hydrogen Energy Conference, Zurich, Switzerland, 1978, pp. 829-850.
[20] M. Sakurai, E. Bilgen, A. Tsutsumi, K. Yoshida, Adiabatic UT-3 thermochemical process
for hydrogen production, International Journal of Hydrogen Energy, 21 (1996) 865-870.
[21] M. Sakurai, N. Miyake, A. Tsutsumi, K. Yoshida, Analysis of a reaction mechanism in the
UT-3 thermochemical hydrogen production cycle, International Journal of Hydrogen Energy, 21
(1996) 871-875.
[22] B. Xu, Y. Bhawe, M.E. Davis, Low-temperature, manganese oxide-based, thermochemical
water splitting cycle, Proceedings of the National Academy of Sciences, 109 (2012) 9260-9264.
[23] T. Kodama, N. Gokon, Thermochemical Cycles for High-Temperature Solar Hydrogen
Production, Chemical Reviews, 107 (2007) 4048-4077.
[24] T. Nakamura, Hydrogen production from water utilizing solar heat at high temperatures,
Solar Energy, 19 (1977) 467-475.
[25] M. Lundberg, Model calculations on some feasible two-step water splitting processes,
International Journal of Hydrogen Energy, 18 (1993) 369-376.
[26] A. Steinfeld, S. Sanders, R. Palumbo, Design aspects of solar thermochemical engineeringa
case study: two-step water-splitting cycle using the Fe3O4/FeO redox system, Solar Energy, 65
(1999) 43-53.
[27] P. Charvin, S. Abanades, G. Flamant, F. Lemort, Two-step water splitting thermochemical
cycle based on iron oxide redox pair for solar hydrogen production, Energy, 32 (2007) 1124-1133.
[28] E.A. Fletcher, F.J. Macdonald, D. Kunnerth, High temperature solar electrothermal
processing—II. Zinc from zinc oxide, Energy, 10 (1985) 1255-1272.
[29] R. Palumbo, J. Léde, O. Boutin, E. Elorza Ricart, A. Steinfeld, S. Möller, A. Weidenkaff,
E.A. Fletcher, J. Bielicki, The production of Zn from ZnO in a high-temperature solar

106

decomposition quench processI. The scientific framework for the process, Chemical
Engineering Science, 53 (1998) 2503-2517.
[30] A. Weidenkaff, A.W. Reller, A. Wokaun, A. Steinfeld, Thermogravimetric analysis of the
ZnO/Zn water splitting cycle, Thermochimica Acta, 359 (2000) 69-75.
[31] R.D. Palumbo, M.B. Campbell, T.H. Grafe, High-temperature solar thermal processing Zn(s)
and CO from ZnO(s) and C(gr) using Ti2O3(s) and TiO2(s), Energy, 17 (1992) 179-190.
[32] R. Palumbo, A. Rouanet, G. Pichelin, The solar thermal decomposition of TiO2 at
temperatures above 2200 K and its use in the production of Zn from ZnO, Energy, 20 (1995) 857868.
[33] Y. Tamaura, A. Steinfeld, P. Kuhn, K. Ehrensberger, Production of solar hydrogen by a
novel, 2-step, water-splitting thermochemical cycle, Energy, 20 (1995) 325-330.
[34] Y. Tamaura, Y. Ueda, J. Matsunami, N. Hasegawa, M. Nezuka, T. Sano, M. Tsuji, SOLAR
HYDROGEN PRODUCTION BY USING FERRITES, Solar Energy, 65 (1999) 55-57.
[35] C. Agrafiotis, M. Roeb, A.G. Konstandopoulos, L. Nalbandian, V.T. Zaspalis, C. Sattler, P.
Stobbe, A.M. Steele, Solar water splitting for hydrogen production with monolithic reactors,
Solar Energy, 79 (2005) 409-421.
[36] N. Gokon, S. Takahashi, H. Yamamoto, T. Kodama, Thermochemical two-step watersplitting reactor with internally circulating fluidized bed for thermal reduction of ferrite particles,
International Journal of Hydrogen Energy, 33 (2008) 2189-2199.
[37] N. Gokon, T. Mizuno, Y. Nakamuro, T. Kodama, Iron-Containing Yttria-Stabilized Zirconia
System For Two-Step Thermochemical Water Splitting, Journal of Solar Energy Engineering,
130 (2008) 011018.
[38] G.V. Gibbs, N.L. Ross, D.F. Cox, K.M. Rosso, B.B. Iversen, M.A. Spackman, Bonded Radii
and the Contraction of the Electron Density of the Oxygen Atom by Bonded Interactions, The
Journal of Physical Chemistry A, 117 (2013) 1632-1640.
[39] V.E. Henrich, P.A. Cox, The surface science of metal oxides, Cambridge University Press,
Cambridge, NY, 1994.
[40] N.N. Greenwood, A. Earnshaw, Chemistry of the Elements (2nd Edition), Elsevier, 1997.
[41] M. Prutton, J.A. Walker, M.R. Welton-Cook, R.C. Felton, J.A. Ramsey, LEED studies of the
structures of the (100) surfaces of divalent metal oxides, Surface Science, 89 (1979) 95-101.
[42] M.A. Langell, C.W. Hutchings, G.A. Carson, M.H. Nassir, High resolution electron energy
loss spectroscopy of MnO(100) and oxidized MnO(100), The 42nd national symposium of the
American Vacuum Society, 14 (1996) 1656-1661.
[43] R.L. Summers, NASA Technical Note TN D-5285, in, Washington, D. C., 1969.
[44] D.A. Shirley, High-Resolution X-Ray Photoemission Spectrum of the Valence Bands of
Gold, Phys Rev B, 5 (1972) 4709-4714.

107

[45] D. Kanama, S.T. Oyama, S. Otani, D.F. Cox, Photoemission and LEED characterization of
Ni2P(0001), Surface Science, 552 (2004) 8-16.
[46] C.D. Wagner, L.E. Davis, M.V. Zeller, J.A. Taylor, R.H. Raymond, L.H. Gale, Empirical
atomic sensitivity factors for quantitative analysis by electron spectroscopy for chemical analysis,
Surface and Interface Analysis, 3 (1981) 211-225.
[47] J.J. Yeh, I. Lindau, Atomic subshell photoionization cross sections and asymmetry
parameters: 1 ≤ Z ≤ 103, Atomic Data and Nuclear Data Tables, 32 (1985) 1-155.
[48] S. Tanuma, C.J. Powell, D.R. Penn, Calculations of electron inelastic mean free paths. V.
Data for 14 organic compounds over the 50-2000 eV range, Surface and Interface Analysis, 21
(1994) 165-176.
[49] S. Tanuma, C.J. Powell, D.R. Penn, Calculation of electron inelastic mean free paths (IMFPs)
VII. Reliability of the TPP-2M IMFP predictive equation, Surface and Interface Analysis, 35
(2003) 268-275.
[50] C.J. Powell, A. Jablonski, NIST Electron Inelastic-Mean-Free-Path Database - Version 1.2,
National Institute of Standards and Technology, Gaithersburg, MD, 2010.
[51] V. Di Castro, G. Polzonetti, XPS study of MnO oxidation, Journal of Electron Spectroscopy
and Related Phenomena, 48 (1989) 117-123.
[52] F. Müller, R. de Masi, D. Reinicke, P. Steiner, S. Hüfner, K. Stöwe, Epitaxial growth of
MnO/Ag(001) films, Surface Science, 520 (2002) 158-172.
[53] L.Z. Zhao, V. Young, XPS studies of carbon supported films formed by the resistive
deposition of manganese, Journal of Electron Spectroscopy and Related Phenomena, 34 (1984)
45-54.
[54] J.S. Foord, R.B. Jackman, G.C. Allen, An X-ray photoelectron spectroscopic investigation of
the oxidation of manganese, Philos. Mag. A-Phys. Condens. Matter Struct. Defect Mech. Prop.,
49 (1984) 657-663.
[55] M. Oku, K. Hirokawa, S. Ikeda, X-ray photoelectron spectroscopy of manganese-oxygen
systems, Journal of Electron Spectroscopy and Related Phenomena, 7 (1975) 465-473.
[56] C.S. Fadley, D.A. Shirley, Multiplet splitting of metal-atom electron binding energies,
Physical Review A, 2 (1970) 1109-1120.
[57] P. Steiner, R. Zimmermann, F. Reinert, T. Engel, S. Hüfner, 3s- and 3p-core level excitations
in 3d-transition metal oxides from electron-energy-loss spectroscopy, Zeitschrift für Physik B
Condensed Matter, 99 (1996) 479-490.
[58] J.G. Chen, M.D. Weisel, J.H. Hardenbergh, F.M. Hoffmann, C.A. Mims, R.B. Hall,
Evidence for the potassium-promoted activation of methane on a K-doped NiO/Ni(100) surface,
The 42nd national symposium of the American Vacuum Society, 9 (1991) 1684-1687.
[59] E. Iwamatsu, T. Moriyama, N. Takasaki, K. Aika, Oxidative coupling of methane over Na+and Rb+-doped MgO catalysts, Journal of Catalysis, 113 (1988) 25-35.

108

[60] E. Iwamatsu, K.-I. Aika, Kinetic analysis of the oxidative coupling of methane over Na+doped MgO, Journal of Catalysis, 117 (1989) 416-431.
[61] A. Machocki, A. Denis, Simultaneous oxidative coupling of methane and oxidative
dehydrogenation of ethane on the Na+/CaO catalyst, Chemical Engineering Journal, 90 (2002)
165-172.
[62] D.J. Wang, M.P. Rosynek, J.H. Lunsford, Oxidative Coupling of Methane over OxideSupported Sodium-Manganese Catalysts, Journal of Catalysis, 155 (1995) 390-402.
[63] H.M. Swaan, A. Toebes, K. Seshan, J.G. van Ommen, J.R.H. Ross, The kinetic and
mechanistic aspects of the oxidative dehydrogenation of ethane over Li/Na/MgO catalysts,
Catalysis Today, 13 (1992) 201-208.
[64] Y.C. Lee, P.A. Montano, J.M. Cook, An XPS study of the interaction of SO2 with CaO(100):
Effect of temperature and metal adsorbates (Fe, Na), Surface Science, 143 (1984) 423-441.
[65] J.A. Rodriguez, M. Pérez, T. Jirsak, L. González, A. Maiti, Coadsorption of sodium and SO2
on MgO(100): alkali promoted S-O bond cleavage, Surface Science, 477 (2001) L279-L288.
[66] R.V. Siriwardane, J.M. Cook, Interactions of SO2 with sodium deposited on CaO, Journal of
Colloid and Interface Science, 114 (1986) 525-535.
[67] R.W. Stevens Jr, A. Shamsi, S. Carpenter, R. Siriwardane, Sorption-enhanced water gas shift
reaction by sodium-promoted calcium oxides, Fuel, 89 (2010) 1280-1286.
[68] R. Jiménez, X. García, C. Cellier, P. Ruiz, A.L. Gordon, Soot combustion with K/MgO as
catalyst, Applied Catalysis A: General, 297 (2006) 125-134.
[69] M. Bender, K. Al-Shamery, H.J. Freund, Sodium adsorption and reaction on
NiO(111)/Ni(111), Langmuir, 10 (1994) 3081-3085.
[70] T. Rogelet, S. Söderholm, M. Qvarford, N.L. Saini, U.O. Karlsson, I. Lindau, S.A.
Flodström, Electronic structure of NiO(100) with adsorbed Na, Solid State Communications, 85
(1993) 657-660.
[71] S. Kennou, M. Kamaratos, C.A. Papageorgopoulos, Potassium adsorption on NiO(100),
Vacuum, 41 (1990) 22-24.
[72] M. Schulze, R. Reissner, Reaction of potassium with thin epitaxial NiO(100) films, Surface
Science, 507-510 (2002) 851-858.
[73] A.F. Carley, S.D. Jackson, J.N. O'Shea, M.W. Roberts, The formation and characterisation
of Ni3+ — an X-ray photoelectron spectroscopic investigation of potassium-doped Ni(110)–O,
Surface Science, 440 (1999) L868-L874.
[74] A.F. Carley, S.D. Jackson, M.W. Roberts, J. O'Shea, Alkali metal reactions with Ni(110)-O
and NiO(100) surfaces, Surface Science, 454-456 (2000) 141-146.
[75] A.F. Carley, S.D. Jackson, J.N. O'Shea, M.W. Roberts, Oxidation states at alkali-metaldoped Ni(110)-O surfaces, Physical Chemistry Chemical Physics, 3 (2001) 274-281.

109

[76] T. Kendelewicz, P. Liu, G.E. Brown Jr, E.J. Nelson, P. Pianetta, Photoemission study of Na
and Cs adsorption on MgO(100)1 × 1, Surface Science, 352-354 (1996) 451-456.
[77] H. Onishi, C. Egawa, T. Aruga, Y. Iwasawa, Adsorption of Na atoms and oxygen-containing
molecules on MgO(100) and (111) surfaces, Surface Science, 191 (1987) 479-491.
[78] H.H. Huang, X. Jiang, Z. Zou, G.Q. Xu, Interaction of atomic hydrogen with potassium on
MgO(100), Surface Science, 376 (1997) 245-253.
[79] H.H. Huang, X. Jiang, Z. Zou, G.Q. Xu, W.L. Dai, K.N. Fan, J.F. Deng, The oxidation of
potassium on MgO(100), Surface Science, 398 (1998) 203-210.
[80] H.H. Huang, X. Jiang, H.L. Siew, W.S. Chin, G.Q. Xu, Oxygen coadsorption and reaction
with potassium on MgO thin films grown on Ru(001), Surface Science, 418 (1998) 320-328.
[81] H.H. Huang, X. Jiang, Z. Zou, W.S. Chin, G.Q. Xu, W.L. Dai, K.N. Fan, J.F. Deng,
Potassium adsorption and reaction with water on MgO(100), Surface Science, 412-413 (1998)
555-561.
[82] P.E. Blöchl, Projector augmented-wave method, Phys Rev B, 50 (1994) 17953-17979.
[83] G. Kresse, D. Joubert, From ultrasoft pseudopotentials to the projector augmented-wave
method, Phys Rev B, 59 (1999) 1758-1775.
[84] G. Kresse, J. Furthmüller, Efficient iterative schemes for ab initio total-energy calculations
using a plane-wave basis set, Phys Rev B, 54 (1996) 11169-11186.
[85] G. Kresse, J. Furthmüller, Efficiency of ab-initio total energy calculations for metals and
semiconductors using a plane-wave basis set, Computational Materials Science, 6 (1996) 15-50.
[86] G. Kresse, J. Hafner, Ab initio molecular dynamics for liquid metals, Phys Rev B, 47 (1993)
558-561.
[87] J.P. Perdew, K. Burke, M. Ernzerhof, Generalized Gradient Approximation Made Simple,
Physical Review Letters, 77 (1996) 3865-3868.
[88] H.J. Monkhorst, J.D. Pack, Special points for Brillouin-zone integrations, Phys Rev B, 13
(1976) 5188-5192.
[89] H. Shaked, J. Faber, R.L. Hitterman, Low-temperature magnetic structure of MnO: A highresolution neutron-diffraction study, Phys Rev B, 38 (1988) 11901-11903.
[90] C. Franchini, R. Podloucky, J. Paier, M. Marsman, G. Kresse, Ground-state properties of
multivalent manganese oxides: Density functional and hybrid density functional calculations,
Phys Rev B, 75 (2007) 195128.
[91] S.L. Dudarev, G.A. Botton, S.Y. Savrasov, C.J. Humphreys, A.P. Sutton, Electron-energyloss spectra and the structural stability of nickel oxide: An LSDA+U study, Phys Rev B, 57 (1998)
1505-1509.
[92] C. Franchini, V. Bayer, R. Podloucky, J. Paier, G. Kresse, Density functional theory study of
MnO by a hybrid functional approach, Phys Rev B, 72 (2005) 045132.

110

[93] V. Bayer, C. Franchini, R. Podloucky, Ab initio study of the structural, electronic, and
magnetic properties of MnO(100) and MnO(110), Phys Rev B, 75 (2007) 035404.
[94] D.A. King, T.E. Madey, J.T. Yates, Interaction of Oxygen with Polycrystalline Tungsten. II.
Corrosive Oxidation, The Journal of Chemical Physics, 55 (1971) 3247-3253.
[95] J.V. Barth, R.J. Behm, G. Ertl, Adsorption, surface restructuring and alloy formation in the
Na/Au(111) system, Surface Science, 341 (1995) 62-91.
[96] J.A. Venables, G.D.T. Spiller, M. Hanbucken, Nucleation and growth of thin films, Rep Prog
Phys, 47 (1984) 399-459.
[97] J.F. Moulder, W.F. Stickle, P.E. Sobol, K.D. Bomben, Handbook of X-ray photoelectron
spectroscopy, Perkin-Elmer Corporation, Eden Prairie, MN, 1992.
[98] A. Barrie, F.J. Street, An Auger and X-ray photoelectron spectroscopic study of sodium
metal and sodium oxide, Journal of Electron Spectroscopy and Related Phenomena, 7 (1975) 131.
[99] C.D. Wagner, W.M. Riggs, L.E. Davis, J.F. Moulder, G.E. Muilenberg, Handbook of X-ray
photoelectron spectroscopy, Perkin-Elmer Corporation, Eden Prairie, MN, 1978.
[100] M.A. Langell, N.R. Cameron, Thermally induced surface reconstruction of MnO(100),
Surface Science, 185 (1987) 105-119.
[101] O. Seiferth, K. Wolter, H. Kuhlenbeck, H.J. Freund, CO2 adsorption on Na precovered
Cr2O3(0001), Surface Science, 505 (2002) 215-224.
[102] H.J. Freund, M.W. Roberts, Surface chemistry of carbon dioxide, Surface Science Reports,
25 (1996) 225-273.
[103] G. Pacchioni, J.M. Ricart, F. Illas, Ab Initio Cluster Model Calculations on the
Chemisorption of CO2 and SO2 Probe Molecules on MgO and CaO (100) Surfaces. A Theoretical
Measure of Oxide Basicity, Journal of the American Chemical Society, 116 (1994) 10152-10158.
[104] E. Kadossov, U. Burghaus, Adsorption Kinetics and Dynamics of CO, NO, and CO2 on
Reduced CaO(100), The Journal of Physical Chemistry C, 112 (2008) 7390-7400.
[105] D.L. Meixner, D.A. Arthur, S.M. George, Kinetics of desorption, adsorption, and surface
diffusion of CO2 on MgO(100), Surface Science, 261 (1992) 141-154.
[106] J. Heidberg, D. Meine, Polarized infrared spectra of CO2 adsorbed on the MgO(100) single
crystal surface, Surface Science, 279 (1992) L175-L179.
[107] J. Heidberg, D. Meine, B. Redlich, CO2 adsorption on the MgO(100) single crystal surface
detected by polarization FTIR spectroscopy and SPA-LEED, Journal of Electron Spectroscopy
and Related Phenomena, 64-65 (1993) 599-608.
[108] J. Suzanne, V. Panella, D. Ferry, M. Sidoumou, The structure of CO2 monolayers on
MgO(100) single crystal surfaces, Surface Science, 293 (1993) L912-L916.

111

[109] G. Pacchioni, Physisorbed and chemisorbed CO2 at surface and step sites of the MgO(100)
surface, Surface Science, 281 (1993) 207-219.
[110] A. Chakradhar, U. Burghaus, Carbon dioxide adsorption on MgO(001) - CO2 kinetics and
dynamics, Surface Science, 616 (2013) 171-177.
[111] P.A. Thiel, T.E. Madey, The interaction of water with solid surfaces: Fundamental aspects,
Surface Science Reports, 7 (1987) 211-385.
[112] M.A. Henderson, The interaction of water with solid surfaces: fundamental aspects
revisited, Surface Science Reports, 46 (2002) 1-308.
[113] M.J. Stirniman, C. Huang, R. Scott Smith, S.A. Joyce, B.D. Kay, The adsorption and
desorption of water on single crystal MgO(100): The role of surface defects, The Journal of
Chemical Physics, 105 (1996) 1295-1298.
[114] C. Xu, D.W. Goodman, Structure and geometry of water adsorbed on the MgO(100)
surface, Chemical Physics Letters, 265 (1997) 341-346.
[115] D. Abriou, J. Jupille, Self-inhibition of water dissociation on magnesium oxide surfaces,
Surface Science, 430 (1999) L527-L532.
[116] J. Günster, G. Liu, J. Stultz, S. Krischok, D.W. Goodman, Water and Methanol Adsorption
on MgO(100)/Mo(100) Studied by Electron Spectroscopies and Thermal Programmed Desorption,
The Journal of Physical Chemistry B, 104 (2000) 5738-5743.
[117] S. Imad-Uddin Ahmed, S.S. Perry, O. El-Bjeirami, Desorption and Reaction of Water on
MgO(100) Studied as a Function of Surface Preparation, The Journal of Physical Chemistry B,
104 (2000) 3343-3348.
[118] Y.D. Kim, J. Stultz, D.W. Goodman, Dissociation of Water on MgO(100), The Journal of
Physical Chemistry B, 106 (2002) 1515-1517.
[119] Y. Wang, T.N. Truong, Theoretical Study of Adsorption of Water Dimer on the Perfect
MgO(100) Surface: Molecular Adsorption versus Dissociative Chemisorption, The Journal of
Physical Chemistry B, 108 (2004) 3289-3294.
[120] K. Jug, B. Heidberg, T. Bredow, Molecular Dynamics Study of Water Adsorption
Structures on the MgO(100) Surface, The Journal of Physical Chemistry C, 111 (2007) 68466851.
[121] J.M. McKay, V.E. Henrich, Surface electronic structure of NiO: Defect states, O2 and H2O
interactions, Phys Rev B, 32 (1985) 6764-6772.
[122] R. Reissner, U. Radke, M. Schulze, E. Umbach, Water coadsorbed with oxygen and
potassium on thin NiO(100) films, Surface Science, 402-404 (1998) 71-75.
[123] R. Reissner, M. Schulze, Multilayer adsorption of water on NiO(100) at 120 and 143K,
Surface Science, 454-456 (2000) 183-190.

112

[124] M. Schulze, R. Reissner, Adsorption of water on epitactic NiO(100), Surface Science, 482485 (2001) 285-293.
[125] N. Yu, W.-B. Zhang, N. Wang, Y.-F. Wang, B.-Y. Tang, Water Adsorption on a NiO(100)
Surface: A GGA+U Study, The Journal of Physical Chemistry C, 112 (2008) 452-457.
[126] T. Kendelewicz, C.S. Doyle, X. Carrier, G.E. Brown Jr, Reaction of Water with Clean
Surfaces of MnO(100), Surface Review & Letters, 6 (1999) 1255.
[127] M.A. Henderson, Evidence for bicarbonate formation on vacuum annealed TiO2(110)
resulting from a precursor-mediated interaction between CO2 and H2O, Surface Science, 400
(1998) 203-219.
[128] P.A. Redhead, Thermal desorption of gases, Vacuum, 12 (1962) 203-211.
[129] D.P. Woodruff, T.A. Delchar, Modern techniques of surface science, Cambridge University
Press, Cambridge; New York, 1994.
[130] H. Chen, Work in Progress.
[131] M. Oku, K. Hirokawa, X-ray photoelectron spectroscopy of Co3O4, Fe3O4, Mn3O4, and
related compounds, Journal of Electron Spectroscopy and Related Phenomena, 8 (1976) 475-481.
[132] V. Bayer, R. Podloucky, C. Franchini, F. Allegretti, B. Xu, G. Parteder, M.G. Ramsey, S.
Surnev, F.P. Netzer, Formation of Mn3O4(001) on MnO(001): Surface and interface structural
stability, Phys Rev B, 76 (2007) 165428.
[133] O.I. Velikokhatnyi, C.C. Chang, P.N. Kumta, Phase stability and electronic structure of
NaMnO2, Journal of The Electrochemical Society, 150 (2003) A1262-A1266.
[134] X. Ma, H. Chen, G. Ceder, Electrochemical properties of monoclinic NaMnO2, Journal of
The Electrochemical Society, 158 (2011) A1307-A1312.
[135] J. Parant, R. Olazcuaga, M. Devalette, C. Fouassier, P. Hagenmuller, Sur quelques
nouvelles phases de formule NaxMnO2 (x≤1), Journal of Solid State Chemistry, 3 (1971) 1-11.
[136] S.-i. Hirano, R. Narita, S. Naka, Hydrothermal synthesis and properties of NaxMnO2
crystals, Journal of Crystal Growth, 54 (1981) 595-599.
[137] F. Wu, G. Yu, D. Xu, E. Kan, First-principles investigations on the magnetic structure of αNaMnO2, Journal of Physics: Condensed Matter, 24 (2012) 456002.
[138] P. Soukiassian, T.M. Gentle, M.H. Bakshi, Z. Hurych, SiO2‐Si interface formation by
catalytic oxidation using alkali metals and removal of the catalyst species, Journal of Applied
Physics, 60 (1986) 4339-4341.
[139] A. Franciosi, P. Philip, S. Chang, A. Wall, A. Raisanen, N. Troullier, P. Soukiassian,
Electronic promoters and semiconductor oxidation: Alkali metals on Si(111) surfaces, Phys Rev
B, 35 (1987) 910-913.

113

[140] E.G. Michel, E.M. Oellig, M.C. Asensio, R. Miranda, Alkali-induced oxidation of silicon,
Surface Science, 189-190 (1987) 245-251.
[141] E.G. Michel, J.E. Ortega, E.M. Oellig, M.C. Asensio, J. Ferrón, R. Miranda, Early stages of
the alkali-metal-promoted oxidation of silicon, Phys Rev B, 38 (1988) 13399-13406.
[142] J. Desilvestro, O. Haas, Metal Oxide Cathode Materials for Electrochemical Energy
Storage: A Review, Journal of The Electrochemical Society, 137 (1990) 5C-22C.
[143] M.S. Whittingham, Lithium Batteries and Cathode Materials, Chemical Reviews, 104
(2004) 4271-4302.
[144] S.L. Qiu, C.L. Lin, J. Chen, M. Strongin, The formation of metal-oxygen species at low
temperatures, The 42nd national symposium of the American Vacuum Society, 8 (1990) 25952598.
[145] J. Jupille, P. Dolle, M. Besançon, Ionic oxygen species formed in the presence of lithium,
potassium and cesium, Surface Science, 260 (1992) 271-285.
[146] D. Krix, H. Nienhaus, Low-temperature oxidation of alkali overlayers: Ionic species and
reaction kinetics, Appl Surf Sci, 270 (2013) 231-237.
[147] C.C. Hwang, K.S. An, R.J. Park, J.S. Kim, J.B. Lee, C.Y. Park, A. Kimura, A. Kakizaki,
Bonding nature between oxygen and sodium on Si(113) surface, The 42nd national symposium of
the American Vacuum Society, 16 (1998) 1073-1077.
[148] H. Onishi, T. Aruga, Y. Iwasawa, Na2O overlayers epitaxially prepared on Pd(100) and
structure-sensitive CO2 adsorption, Surface Science, 310 (1994) 135-146.
[149] H. Onishi, T. Aruga, C. Egawa, Y. Iwasawa, Active structures and electronic states for
adsorption of CO2 and NO on an Na/TiO2(110) surface, Journal of the Chemical Society, Faraday
Transactions 1: Physical Chemistry in Condensed Phases, 85 (1989) 2597-2604.
[150] J. Wambach, G. Odörfer, H.J. Freund, H. Kuhlenbeck, M. Neumann, Influence of alkali coadsorption on the adsorption and reaction of CO2 on Pd(111), Surface Science, 209 (1989) 159172.
[151] J. Nerlov, S.V. Christensen, S. Weichel, E.H. Pedersen, P.J. Møller, A photoemission study
of the coadsorption of CO2 and Na on TiO2(110)-(1×1) and -(1×2) surfaces: adsorption geometry
and reactivity, Surface Science, 371 (1997) 321-336.
[152] J. Nerlov, S.V. Hoffmann, M. Shimomura, P.J. Møller, Coadsorption of Na and CO2 on the
Fe3O4(111) termination of α-Fe2O3(0001): relations between structure and activation, Surface
Science, 401 (1998) 56-71.
[153] C.T. Campbell, M.T. Paffett, The interactions of O2, CO and CO2 with Ag(110), Surface
Science, 143 (1984) 517-535.
[154] C.T. Campbell, Atomic and molecular oxygen adsorption on Ag(111), Surface Science, 157
(1985) 43-60.

114

[155] R.W. Joyner, M.W. Roberts, A study of the adsorption of oxygen on silver at high pressure
by electron spectroscopy, Chemical Physics Letters, 60 (1979) 459-462.
[156] U. Höfer, P. Morgen, W. Wurth, E. Umbach, Initial stages of oxygen adsorption on Si(111).
II. The molecular precursor, Phys Rev B, 40 (1989) 1130-1145.
[157] U. Höfer, A. Puschmann, D. Coulman, E. Umbach, Adsorption of molecular oxygen on
Si(111), Surface Science, 211-212 (1989) 948-958.
[158] T.V. Rode, G.A. Golder, Physicochemical study of the system sodium superoxide  sodium
oxide, Russ Chem Bull, 5 (1956) 289-297.
[159] A.K. Galwey, M.E. Brown, Thermal decomposition of ionic solids, Elsevier, Amsterdam;
New York, 1999.
[160] T. Shishido, H. Tsuji, Y. Gao, H. Hattori, H. Kita, Extensive oxygen exchange between
carbon dioxide and magnesium oxide surface, React Kinet Catal Lett, 51 (1993) 75-79.
[161] H. Tsuji, T. Shishido, A. Okamura, Y. Gao, H. Hattori, H. Kita, Oxygen exchange between
magnesium oxide surface and carbon dioxide, Journal of the Chemical Society, Faraday
Transactions, 90 (1994) 803-807.
[162] Y. Yanagisawa, K. Takaoka, S. Yamabe, Exchange of strong carbon dioxide OC bonds on
an MgO surface, Journal of the Chemical Society, Faraday Transactions, 90 (1994) 2561-2566.
[163] H. Tsuji, A. Okamura-Yoshida, T. Shishido, H. Hattori, Dynamic Behavior of Carbonate
Species on Metal Oxide Surface: Oxygen Scrambling between Adsorbed Carbon Dioxide and
Oxide Surface, Langmuir, 19 (2003) 8793-8800.
[164] J.B. Peri, Oxygen exchange between C18O2 and "acidic" oxide and zeolite catalysts, The
Journal of Physical Chemistry, 79 (1975) 1582-1588.
[165] D.L. Doering, S. Semancik, T.E. Madey, Coadsorption of water and sodium on the Ru(001)
surface, Surface Science, 133 (1983) 49-70.
[166] D.K. Aswal, K.P. Muthe, S. Tawde, S. Chodhury, N. Bagkar, A. Singh, S.K. Gupta, J.V.
Yakhmi, XPS and AFM investigations of annealing induced surface modifications of MgO single
crystals, Journal of Crystal Growth, 236 (2002) 661-666.
[167] X.D. Peng, M.A. Barteau, Characterization of oxide layers on Mg(0001) and comparison of
H2O adsorption on surface and bulk oxides, Surface Science, 233 (1990) 283-292.
[168] P. Liu, T. Kendelewicz, G.E. Brown Jr, G.A. Parks, Reaction of water with MgO(100)
surfaces. Part I: Synchrotron X-ray photoemission studies of low-defect surfaces, Surface Science,
412-413 (1998) 287-314.
[169] P. Liu, T. Kendelewicz, G.E. Brown Jr, Reaction of water with MgO(100) surfaces. Part II:
Synchrotron photoemission studies of defective surfaces, Surface Science, 412-413 (1998) 315332.

115

[170] J. van Elp, R.H. Potze, H. Eskes, R. Berger, G.A. Sawatzky, Electronic structure of MnO,
Phys Rev B, 44 (1991) 1530-1537.
[171] CRC Handbook of Chemistry and Physics, 96 ed., CRC Press, Boca Raton, FL, 2015-2016.
[172] A. Mendiboure, C. Delmas, P. Hagenmuller, Electrochemical intercalation and
deintercalation of NaxMnO2 bronzes, Journal of Solid State Chemistry, 57 (1985) 323-331.
[173] D.M. Sherman, Electronic structures of iron(III) and manganese(IV) (hydr)oxide minerals:
Thermodynamics of photochemical reductive dissolution in aquatic environments, Geochimica et
Cosmochimica Acta, 69 (2005) 3249-3255.

116

Appendix A. XPS atomic sensitivity factors

𝑆

The ratio of empirical XPS atomic sensitivity factors was estimated by 𝑆1 ≈
2

𝜎1 𝜆1 /𝐾𝐸1
𝜎2 𝜆2 /𝐾𝐸2

as described elsewhere [45, 46], where Si is the sensitivity factor for element i, σ

is the photoionization cross section of the element core level, λ is the inelastic mean free
path of the photoemitted electron, and KE is the kinetic energy of the photoemitted
electron and corrects for the 1/E dependence of the analyzer transmission function. The
atomic photoionization cross sections were found in published data calculated from a
Hartree-Fock-Slater one-electron central potential model [47]. The inelastic mean free
paths were estimated using a predictive formula (TPP-2M equation [48, 49]) in the NIST
Electron Inelastic-Mean-Free-Path Database [50] and depend on the number of valence
electrons per molecule Nv, band gap energy Eg (eV), density ρ (g/cm3) and kinetic energy
KE (eV).
1. MnO
Table A.1 Predicted inelastic mean free paths (MnO).

Nv

Eg
(eV)

ρ
(g/cm3)

KE (eV)

723.5 eV
(O 1s)

612.5 eV
(Mn 2p)

13

3.9
[170]

5.37
[171]

λ (Å)

15.47

13.73

Table A.2 Estimated ratio of XPS atomic sensitivity factors (MnO).
σ
O 1s
Mn 2p

0.063 [47]
0.3011 [47]

λ
(Å)
15.47
13.73

KE
(eV)
723.5
612.5

117

SO/SMn
0.20

2. NaMnO2
Table A.3 Density of NaMnO2.
lattice
constants
(Å)
a=5.63, b=2.86, c=5.77
α=γ=90°, β=112.9°
[172]

volume
per unit cell
(cm3)

mass
per unit cell
(g)

density
ρ
(g/cm3)

8.41×10-23

3.65×10-22

4.34

Table A.4 Predicted inelastic mean free paths (NaMnO2).

Nv

ρ
(g/cm3)

Eg
(eV)

KE (eV)

723.5 eV
(O 1s)

611.7 eV
(Mn 2p)

182.4 eV
(Na 1s)

1.8*
4.34
λ (Å)
16.15
14.30
6.74
[173]
* no experimental band gap data is available for NaMnO2 so a reported value for sodium
birnessite-type MnO2 (NaMnO2·nH2O) is adopted.
20

Table A.5 Estimated ratios of XPS atomic sensitivity factors (NaMnO2).
σ
O 1s
Mn 2p
Na 1s

0.063
[47]
0.3011
[47]
0.1781
[47]

λ
(Å)

KE
(eV)

16.15

723.5

14.30

611.7

6.74

182.4
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SO/SMn

SO/SNa

0.20

0.21

