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A B S T R A C T   

O2 adsorption on MnO(100) precovered with sodium (Na) multilayers was investigated by X-ray photoelectron 
spectroscopy (XPS) and temperature programmed desorption (TPD). Deposition of Na multilayers leads to a first 
monolayer of oxidic Na followed by metallic Na island growth. XPS results for the oxidation of the metallic Na 
islands indicate an incomplete oxidation of Na at 125 K. Oxidation at 350 K completely oxidizes the metallic 
islands producing a mixture of Na2O and Na2O2. Thermal evolution of the oxidation products was examined. 
After oxidation at 350 K and flashing to 750 K, Na2O and Na2O2 are the primary oxides on MnO(100). After 
flashing to 850 K, a solid state reaction of Na2O2/Na2O and the MnO(100) substrate forms a NaMnO2-like surface 
compound which decomposes above 850 K. Oxygen exchange between CO2 and Na oxides is observed. The 
strong interaction between CO2 and Na oxide islands forms Na2CO3 on MnO(100). Heating the Na2CO3 covered 
MnO(100) surface to 600 K for 10 min drives oxidic Na in the first monolayer into the MnO subsurface, and 
produces a surface exposing islands of Na2CO3 on MnO(100).   

1. Introduction 

A novel low-temperature, manganese-oxide-based, catalytic ther
mochemical water splitting cycle has been reported by Xu, Bhawe and 
Davis [1]. This cycle starts by heating a powder mixture of Mn3O4 and 
Na2CO3 at 850 ◦C to produce MnO, NaMnO2, Na2CO3 and release CO2, 
then the hydrogen and oxygen evolution from water are driven by the 
redox cycle of manganese oxides between MnO and NaMnO2. In the 
hydrogen evolution steps, it was found that Na2CO3 reacts with MnO in 
the presence of water at 850 ◦C to form NaMnO2 and release hydrogen 
and CO2. The authors proposed that Na2CO3 decomposes to release CO2, 
while Na+ intercalates into MnO to form α-NaMnO2 where Mn2+ is 
oxidized to Mn3+ by water while accompanied by the release of 
hydrogen. It is our goal to utilize ultra-high vacuum surface science 
methodologies to build model surfaces to mimic the complex multi
component catalysts to investigate the reaction mechanisms of hydrogen 
evolution in this innovative water splitting cycle. 

To date we have made efforts to understand a number of key 
fundamental processes associated with the hydrogen evolution of the 
water splitting cycle, including the interaction between Na and MnO in a 
non-oxidizing environment [2] and the formation of NaMnO2 from Na 
and MnO in the presence of O2 and heat [3]. Starting with a well-defined 
MnO(100) single crystal, our study of Na deposition on MnO(100) in 

ultra-high vacuum [2] found that Na interacts strongly with the MnO 
substrate in an oxidic (Na+) 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 oxidic Na monolayer and desorb 
from the surface at 430 K in TPD. Furthermore, 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 NaM
nO2-like surface [3]. These observations are in accordance with the 
mechanism proposed by Davis and co-workers [1] that Na intercalates 
into MnO to form NaMnO2 in an oxidizing environment in the hydrogen 
evolution steps of the novel thermochemical water splitting cycle. In 
these studies, CO2 has been used as a probe molecule to successfully 
distinguish the different forms of surface Na by their varying binding 
strength. It has been found that CO2 interacts weakly with MnO(100) in 
the absence of Na and desorbs primarily below 200 K with a peak at 150 
K and a minor broad desorption feature in the range of 200 – 500 K [2]. 
On the other hand, CO2 binds strongly to both oxidic and metallic Na but 
with different strength. The interaction of CO2 with oxidic Na in the first 
monolayer gives a CO2 desorption feature at 650 K, while CO2 bind 
stronger with metallic Na to give a CO2 desorption feature at 735 K [2]. 

One of the remaining challenges has been to synthesize a model 
catalytic surface in ultra-high vacuum that resembles the 
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multicomponent mixture of MnO and Na2CO3 that catalyzes the 
hydrogen evolution from water. With the knowledge we have gained in 
our previous studies above of the interaction of Na and MnO under 
several conditions, we have established a bottom-up approach to com
plete this task: a single crystal surface of MnO(100) is precovered with 
Na multilayers, then interacted with O2 followed by CO2 to form Na2CO3 
islands on MnO(100). Most importantly, this surface needs to expose 
adsorption sites of Na2CO3, MnO, and interface sites between the two 
components in order to mimic the multicomponent nature of the catalyst 
in the novel water splitting cycle. 

There have been a number of reports regarding the formation and 
characterization of sodium oxides and sodium carbonates on model 
surfaces. The oxidation of alkali metals has been investigated primarily 
for applications in heterogeneous catalysis [4-8], the oxidation of 
semiconductor surfaces [9-12] and cathode materials for electro
chemical energy storage [13, 14]. 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 
1 s binding energies in the range of 527 - 531 eV, 531 - 533 eV and above 
534 eV, respectively [15-17]. For the oxidation of Na on model surfaces, 
Na2O and Na2O2 were formed by oxygen adsorption on Na-precovered 
Si(113) [18], while Na2O overlayers were prepared by oxidation of 
Na-precovered Pd(100) [19]. 

Na2CO3 formation on model metal or metal oxide surfaces has been 
accomplished via two different reaction mechanisms. One method uti
lizes the interaction of CO2 and Na2O. Onishi et al. [19] 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 
[20]. A second approach is to directly expose metallic Na to CO2. Sei
ferth et al. [21] 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 dispro
portionation reaction of chemisorbed CO2 on Na to form Na2CO3 and 
release CO: 2NaCO2 → Na2CO3 + CO. Similar disproportionation re
actions and Na2CO3 formation were reported for CO2 adsorption on 
Na-precovered Pd(111) [22], TiO2(110) [23] and Fe3O4(111) [24]. 

In this work, 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. Further thermal 
treatment of the oxidation products produces Na2O, and the following 
CO2 adsorption forms Na2CO3 on the MnO(100) substrate. Lastly, the 
synthetic procedure of the surface exposing both Na2CO3 and MnO is 
described. 

2. Experimental 

All experiments were carried out in a turbo-pumped, dual-chamber, 
stainless steel ultra-high vacuum (UHV) system. The preparation 
chamber with a base pressure of 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 (1253.6 eV), 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 crystal structure of MnO(100) has been 
described elsewhere [2]. The sample was mechanically clamped onto a 
Ta stage that was fastened to LN2-cooled copper electrical feedthroughs 
in a sample rod manipulator. The sample temperature was directly 
measured by a type K thermocouple attached to the back of the single 
crystal through a hole in the Ta stage using Aremco 569 ceramic cement. 

The sample 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. 

Na was evaporated onto the sample at 300 K 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%) and 13CO2 (Sigma-Aldrich, 99 atom% 13C, < 3 atom% 18O) were 
used as received. 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 [25]. 

XPS spectra were acquired at 60 eV pass energy for Mn, O and Na 1 s 
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. C 1 s photoemission 
spectra overlap with the much more intense Na KLL features, thus no 
useful information was obtained concerning the nature of carbon for 
adsorbed CO2. All binding energies have been referenced to an O 1 s 
binding energy of 530.1 eV for the MnO(100) substrate using an 
approach similar to that of Langell et al. [26]. This value was obtained 
with the sample at an elevated temperature of 473 K which provides 
sufficient conductivity to eliminate surface charging. The XPS spectra of 
the surface oxidized at 125 K (Fig. 1b) were taken at 125 K, and all 
others were taken at 300 K. XPSPEAK 4.1 software [27] was used for XPS 
peak fitting of O 1 s spectra. A 100% Gaussian peak profile was applied 
to obtain best fits for all O 1 s peaks using the Chi-squared method. 

A clean and nearly-stoichiometric MnO(100) surface was prepared 
by ion bombardment at elevated temperature (Ar+ bombardment, 2 
KeV, 1000 K) and annealing to 1000 K in UHV to completely remove 
previously deposited Na as described elsewhere [2]. After the prepara
tion procedure, the sample exhibits a sharp (1 × 1) LEED pattern 
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. Both values are 
in good agreement with previous reports for a clean and stoichiometric 
MnO(100) surface [26]. A Mn 3 s splitting of 6.1 eV is also observed 
which also agrees with values reported for MnO [28-34]. XPS gives an 
uncorrected O 1 s 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. [26]. 

3. 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 [2]. O2 exposures of 200 L (1 L ––– 1 × 10− 6 Torr•s) 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 probe the surface Na species after oxidation at 350 K and 
subsequent thermal treatments. 

3.1. XPS 

3.1.1. Na oxidation at 125 K 
Fig. 1(a) shows the XPS spectra of the MnO(100) precovered with 3 

ML of Na. Binding energy values for surfaces in Fig. 1 are summarized in 
Table 1. The single O 1 s peak at 530.1 eV arises from the lattice oxygen 
of the underlying MnO substrate. The appearance of plasmon loss fea
tures in both Na 1 s and Na KLL spectra indicates the presence of metallic 
Na on MnO(100) [35-38]. The Mn 2p3/2 binding energy of 641.1 eV and 
the satellite feature at 647.3 eV are similar to those for clean MnO(100) 
and are characteristic of Mn2+. These results are consistent with our 
previous study [2]. 

Fig. 1(b) shows the XPS spectra of a 3 ML Na precovered MnO(100) 
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surface after exposure to 200 L of O2 at 125 K. The Na 1 s binding energy 
shifts to 1072.0 eV, and a new Na KLL feature appears at 263.4 eV. No 
plasmon loss features are observed in Na 1 s 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. The Na 1 s binding energy shifts to a 
higher value by 0.4 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 
[35, 37, 39]. 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 [37]. Therefore, we conclude that Na oxides such 
as Na2O are 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 1 s spectra can be attributed to the difference in the mean free paths 
of the emitted electrons. Given that Na 1 s 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. 

In the O 1 s spectra, besides the main peak at 530.1 eV attributed to 
the lattice oxygen in the MnO substrate, two shoulder features are 
observed at 532.2 eV and 528.6 eV, indicating that two different Na 
oxidation products were formed. Hwang et al. [18] deposited Na on a Si 
(113) wafer followed by O2 exposures at 150 K. Two O 1 s peaks pre
sumably from Na oxidation products were observed by XPS at 532.6 and 
528.8 eV, which were attributed to Na2O2 and Na2O respectively. 
Similarly, Krix and Nienhaus [17] studied the interaction between O2 
and Na/Si(001) at 120 K using XPS and concluded that Na2O2 (533.0 eV) 
and Na2O (529.2 eV) are the two Na oxidation products. Therefore, we 
assign the O 1 s feature at 528.6 eV to Na2O, and the other O 1 s shoulder 
at 532.2 eV to Na2O2. 

In summary, an incomplete oxidation of the metallic Na islands on 
MnO(100) occurs at 125 K, giving a mixture of Na2O2 and Na2O. No 
obvious change in the Mn 2p3/2 binding energy is observed compared to 
that for the clean MnO(100), indicating no significant change in the Mn 
oxidation state (2+). 

3.1.2. 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 

Fig. 1. Mn 2p, O 1 s, Na 1 s and Na KLL XPS spectra of (a) 3 ML Na precovered MnO(100); (b) surface a followed by a 200 L O2 exposure at 125 K; (c) surface a 
followed by a 200 L O2 exposure at 350 K; (d) surface c after flashing to 750 K; (e) surface c after flashing to 850 K; (f) surface c after flashing to 1000 K. Symbol p 
represents plasmon loss features for metallic Na. Symbol s represents the shake-up satellite feature of Mn 2p3/2 that is characteristic of Mn2+. 

Table 1 
Summary of XPS binding energy values for the prepared surfaces in Fig. 1.  

Sample/BE (eV) Mn 2p3/2 O 1s Na 1s Na KLL 
peak satellite 

3 ML Na 641.1 647.3 530.1 1071.6 259.5 
oxidation at 125 K 641.1 647.3 528.6 1072.0 263.4    

530.1      
532.2   

oxidation at 350 K 641.1 647.3 529.0 1072.0 263.7    
530.1      
532.6   

flashed to 750 K 641.9 647.3 529.1 1071.4 262.9    
530.1      
532.3   

flashed to 850 K 641.9 – 530.1 1071.3 262.4 
flashed to 1000 K 641.2 647.4 530.1 1071.8 263.2  

X. Feng and D.F. Cox                                                                                                                                                                                                                          



Surface Science 707 (2021) 121807

4

found in our previous work [2] that at an elevated substrate temperature 
of 350 K in UHV, metallic Na is stable and does not desorb from 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. [19] were able to prepare Na2O overlayers on Pd(100) by 
repeatedly depositing Na on the substrate followed by O2 exposure at 
350 K. 

Fig. 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. 1(b), the binding energy of Na 1 s stays the same, 
while the Na KLL peak shifts slightly by +0.3 eV to 263.7 eV. The 
absence of plasmon loss features indicates that all the metallic Na has 
been oxidized. The O 1 s spectra shows two shoulder features at 532.6 
and 529.0 eV along with the lattice oxygen in MnO at 530.1 eV, which 
are all similar to those on the surface prepared at 125 K. We again assign 
the O 1 s feature at 532.6 eV to Na2O2 and the O 1 s feature at 529.0 eV 
to Na2O. In comparison to the data for oxidation at 125 K, the peak area 
ratio of Na2O:Na2O2 increases significantly from 1.1 at 125 K to 2.7 at 
350 K, indicating that the formation of Na2O is favored over Na2O2 upon 
the oxidation of Na-precovered MnO(100) at 350 K. Additionally, the 
peak area ratio of Na2O2:lattice O shows no obvious change (0.27 at 125 
K and 0.25 at 350 K), while the ratio of Na2O:lattice O increases from 
0.29 at 125 K to 0.68 at 350 K. These results suggest that the Na2O 
formation is greatly enhanced at higher oxidation temperatures, and are 
consistent with the complete oxidation of metallic Na at 350 K. 

In summary, a complete oxidation of metallic Na islands on MnO 
(100) is observed at 350 K, and is thought to give a mixture of Na2O2 and 
Na2O. 

3.1.3. 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. 1d), both of the O 1 s shoulder features in 
Fig. 1(c) are observed at 532.3 and 529.1 eV respectively, indicating that 
the mixture of Na2O2 and Na2O formed at 350 K are still present on the 
sample surface after flashing to 750 K. The peak area ratio of Na2O: 
Na2O2 increases from 2.7 at 350 K to 3.8 after flashing to 750 K, while 
the ratio of (Na2O+Na2O2):lattice O only shows a slight drop from 0.94 
at 350 K to 0.90 after flashing to 750 K, suggesting that a fraction of 
Na2O2 has been reduced to Na2O upon heating to 750 K. On the other 
hand, the Na 1 s and Na KLL binding energies shift to lower values at 
1071.4 eV and 262.9 eV respectively, indicating a change in the 
chemical environment of Na. The Mn 2p3/2 binding energy shifts to a 
higher value of 641.9 eV which is characteristic of Mn3+ [3], while the 
Mn 2p3/2 satellite peak for Mn2+ is still present but barely visible, 
indicating that a significant portion of Mn on the sample surface have 
been oxidized from Mn2+ to Mn3+. Therefore, we suggest that the ma
jority of the formed mixture of Na2O2 and Na2O are intact at 750 K, 
while a solid state reaction involving the MnO substrate and Na2O2/
Na2O has started at their interfaces. 

After flashing to 850 K (Fig. 1e), the binding energies of Na 1 s at 
1071.3 eV and Na KLL at 262.4 eV both match values observed for 
NaMnO2 prepared on MnO(100) by a different approach in our previous 
work [3]. The Mn 2p3/2 binding energy of 641.9 eV characteristic of 
Mn3+ [3] is observed and the Mn 2p3/2 satellite peak for Mn2+ is 
completely gone, 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 1 s features at 532.3 eV for 
Na2O2 and 529.1 eV for Na2O are both absent in Fig. 1(e), we suggest 
that NaMnO2 is formed via a solid state reaction of Na2O2/Na2O and 
MnO. In the reported thermochemical water splitting cycle [1], a reac
tion 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 decom
position of Na2CO3 to release CO2. 

In our previous work on the formation of NaMnO2 by a different 
approach [3], 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. 1(e) to 1000 K 
(Fig. 1f), the Na 1 s and KLL binding energies are similar to those ob
tained after the decomposition of NaMnO2 in our previous work [3], and 
the Mn 2p3/2 binding energy shifts to 641.2 eV with the re-appearance of 
a satellite peak which are characteristic of Mn2+. Therefore, we suggest 
the NaMnO2 formed by a solid state reaction between Na2O2/Na2O and 
MnO thermally decomposes above 850 K. 

3.2. 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. 2. In the TPD 
traces from the surface oxidized at 125 K (Fig. 2a), no direct desorption 
of sodium oxide species such as Na2O2 (m/z = 78) or Na2O (m/z = 62) 
was 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 features below 400 K may be associated 
with desorption of excess oxygen not fully incorporated into the sodium 
oxides either from adsorbed molecular O2 or recombination of O ada
toms. The broad high temperature O2 desorption above 620 K is 
attributed to the thermal decomposition of Na2O2/Na2O. Na desorption 
at 420 K is similar to the desorption of metallic Na at 430 K as described 
in our previous work [2], indicating the presence of metallic Na on the 
surface, and is 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 Na2O2/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 [2]. This result suggests that a majority 
of Na2O2/Na2O reacts with MnO to form NaMnO2 above 750 K, as 
characterized by XPS. 

In the TPD traces from the surface oxidized at 350 K (Fig. 2b), no Na 
desorption is observed around 430 K indicating no metallic Na is present 

Fig. 2. TPD traces of O2 (m/z = 32) and Na (m/z = 23) following a 200 L O2 
exposure on a 3 ML Na precovered MnO(100) surface at (a) 125 K; (b) 350 K. 
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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. 2(a) 
which have been attributed to the thermal decomposition of Na2O2/ 
Na2O. 

3.3. CO2 TPD 

CO2 was used as a probe molecule to characterize surface sodium 
species after oxidation at 350 K and thermal treatment at higher tem
peratures 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. 18O-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. 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 our previous work [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 [21]: 
2NaCO2 → Na2CO3 + CO as evidenced by the broad 13CO signal between 
450 K and 800 K. 

Fig. 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 tem
perature CO2 desorption feature at 800 K is observed with a smaller peak 
at 705 K. For both features, oxygen exchange is observed with a similar 
ratio of 0.2:0.5:0.3 for 13C16O2 (no exchange):13C16O18O (single 
exchange):13C18O2 (double exchange). No CO desorption signal is 

detected. If a similarly prepared surface is first flashed to 750 K before 
CO2 adsorption (Fig. 3c), the CO2 desorption feature at 705 K in Fig. 3(b) 
is absent, while the feature at 800 K is present but attenuated. A ratio of 
0.2:0.5:0.3 for 13C16O2 (no exchange):13C16O18O (single exchan
ge):13C18O2 (double exchange) is observed for the 800 K feature, similar 
to what was seen in Fig. 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. 3(b) are attributed to 
the strong binding of CO2 to the sodium oxides, Na2O and Na2O2. After 
flashing to 750 K, only the 800 K CO2 desorption feature is present, 
however the XPS results indicate that both Na2O2 and Na2O remain 
present following this treatment. Therefore, we cannot attribute the 
appearance of the two CO2 desorption features at 705 and 800 K in Fig. 3 
(b) individually to the two sodium oxides, although they surely arise 
from different CO2 binding sites on the sodium oxides or at their inter
face with the MnO. We note that the temperature range of the 705 K 
feature also overlaps with the temperature for CO2 chemisorbed on 
metallic Na shown in Fig. 3(a). However, given that a complete oxida
tion 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 [40-43]. Oxygen exchange has 
been reported between CO2 and several metal oxides such as MgO 
[40-43] and Al2O3 [44]. It has been reported that when the MgO(100) 
surface is exposed to CO2, bidentate carbonate must be present after CO2 
adsorption in order for an oxygen exchange (single and double) to occur 
[40-43], with C in CO2 bonding to a surface O, and an O in CO2 bonding 
to an adjacent surface Mg [40, 41, 43]. Fig. 4 (reproduced with 
permission from Ref. [43]) illustrates the proposed three migration 
processes for bidentate CO2 on MgO(100) that can lead to single and 
double oxygen exchange of CO2 [41, 43]. In process (I) CO2 rolls over 
the surface without breaking any C–O bond, while in process (II) one of 
the C–O bond in CO2 breaks when the C atom forms a bond with the 
adjacent surface O atom. Process (III) does not involve any C–O bond 

Fig. 3. TPD traces following a 0.5 L 13CO2 exposure on (a) 2.33 ML Na pre
covered MnO(100); (b) 3 ML Na precovered MnO(100) followed by a 200 L of 
O2 exposure at 350 K; (c) surface b after flashing to 750 K; (d) surface b after 
flashing to 850 K. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 4. Illustration of the proposed mechanism for single and double oxygen 
exchange between CO2 and MgO(100) in Ref. [41, 43]. Reprinted with 
permission from Scheme 1 in Ref. [43]. Copyright (2003) American Chemi
cal Society. 
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breaking, but rather the trading of an O atom between CO2 and MgO 
(100) during the CO2 migration. A single oxygen exchange occurs in 
process (II) or (III), and the repetition of process (I), (II) and (III) result in 
a double oxygen exchange. Since significant oxygen exchange is 
observed in CO2 desorption features from Na2O and Na2O2 in TPD 
(Fig. 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. 3(b). We note that while C 1 s XPS can 
generally be used to characterize changes in chemical states of surface 
carbon to distinguish between molecularly adsorbed CO2 and carbonate, 
the C 1 s signal in this work overlaps with the much more intense fea
tures of Na KLL spectra, thus no usable information about the carbonate 
formation is obtained from C 1 s 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. 3c) are similar to the CO2 TPD features observed from ter
races and defects of MnO(100) respectively [45]. 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 our previous work [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. 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 [3] or the partially exposed MnO(100) in 
Fig. 3(c). The CO2 desorption feature at 800 K in Fig. 3(c) is not 
observed. Since this CO2 desorption feature at 800 K has been attributed 
to the decomposition of Na2CO3 formed by the reaction of CO2 and 
Na2O2/Na2O, its absence indicates the absence of surface Na2O2/Na2O 
after flashing to 850 K, and is consistent with the suggestion of a solid 
state reaction between Na2O2/Na2O and MnO(100) to form NaMnO2 
near 850 K as proposed from the XPS data. 

3.4. Synthesizing a surface exposing both Na2CO3 and MnO 

In the reported thermochemical water splitting cycle [1], water splits 
to produce hydrogen over a mechanical mixture of Na2CO3 and MnO. 
Modeling such a multicomponent catalytic 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 multicomponent surface of 
Na2CO3/MnO. With the knowledge obtained about the interactions be
tween Na, O2, CO2 and MnO from our previous and current studies, a 
bottom-up approach is proposed to achieve the goal with a controlled 4- 
step surface reaction. Fig. 5(a) to (d) are cartoons illustrating the 
morphology and composition of the surface as a function of the 4-step 
synthetic procedure, and the control parameters and rationality are 
described below. The resulting surface is examined by CO2 TPD and 
shown in Fig. 5(e). 

Step 1 of the synthesis begins with a clean MnO(100) single crystal 
surface and the deposition of 3 ML of Na on MnO(100). It has been found 
in previous study of Na deposition on MnO(100) [2] that, for a multi
layer Na coverage, oxidic Na 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 in Fig. 5(a). 

In the second step, the 3 ML Na precovered MnO(100) surface is 
exposed to 200 L of O2 at 350 K. The metallic Na islands on MnO(100) 
are oxidized to form Na2O and Na2O2, as confirmed by XPS in Section 
3.1. Therefore, a MnO(100) surface covered with an oxidic Na mono
layer and sodium oxide islands (Na2O and Na2O2) is prepared as illus
trated in Fig. 5(b). 

In the third step, the resulting surface in Fig. 5(b) is exposed to CO2 at 

125 K. Sodium oxide (Na2O and Na2O2) islands interact strongly with 
CO2 and form Na2CO3 islands on MnO(100), as concluded from the CO2 
TPD results in Section 3.3. Therefore, a MnO(100) surface covered with 
an oxidic Na monolayer and Na2CO3 islands is prepared, as illustrated in 
Fig. 5(c). 

The final step is to remove the oxidic Na monolayer between the 
Na2CO3 islands and the MnO(100) substrate without causing substantial 
damages to the Na2CO3 islands, providing both Na2CO3 and MnO sites in 
close proximity to model the multicomponent surface of Na2CO3/MnO. 
It has been found in previous work [2] that the oxidic Na in the 
monolayer can be driven into the MnO subsurface and bulk by heating to 
600 K for 10 min in UHV, leaving an MnO surface with adsorption 
properties similar to pristine MnO(100). This temperature is high 
enough to remove chemisorbed CO2 from the oxidic Na monolayer [2], 
and is considerably lower than that for the thermal decomposition of the 
majority of Na2CO3 around 800 K (as characterized by CO2 TPD in 
Section 3.3) or the solid state reaction of Na2O2/Na2O and MnO to form 
NaMnO2 above 750 K (as characterized by XPS in Section 3.1 and CO2 
TPD in Section 3.3). Therefore, heating the MnO(100) surface covered by 
an oxidic Na monolayer and Na2CO3 islands as illustrated in Fig. 5(c) to 
600 K for 10 min in UHV should drive the oxidic Na monolayer into the 
MnO subsurface without introducing notable thermal changes to the 
Na2CO3 islands on top of it, thus producing a surface exposing Na2CO3 
islands on MnO(100) as illustrated in Fig. 5(d). 

CO2 TPD was used to characterize the surface prepared by this 4-step 
synthetic procedure. TPD traces of 13CO2 (m/z = 45) are shown in Fig. 5 
(e) following a 0.5 L CO2 dose on the synthesized 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 [2, 45], 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 Na2CO3 
formed by the interaction between CO2 and sodium oxides as charac
terized by CO2 TPD in Section 3.3, indicating the presence of Na2CO3. A 
CO2 desorption feature at 650 K representing the CO2 desorption from 
the oxidic Na monolayer [2] is not observed, indicating that the oxidic 
Na monolayer between the Na2CO3 islands has been driven into the 
subsurface of MnO where it is no longer accessible to the CO2 adsorbent. 
Therefore, we conclude that the 4-step synthetic procedure provides a 
surface exposing both Na2CO3 and MnO sites in close proximity to model 

Fig. 5. (a) to (d): cartoons illustrating the morphology and composition of 
surfaces in the controlled 4-step synthetic procedure to produce a surface 
exposing Na2CO3 islands on MnO; (e) CO2 TPD traces following a 0.5 L 13CO2 
dose on the synthesized surface (d) exposing Na2CO3 islands on MnO. 
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the multicomponent, catalytic surface of Na2CO3/MnO in the novel 
water splitting cycle. 

4. Conclusion 

A mixture of Na2O2 and Na2O are formed by the oxidation of Na 
islands on MnO(100) at 125 K and 350 K. Na2O2/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 synthesized to model the com
plex Na2CO3/MnO multicomponent system used for hydrogen evolution 
in the reported thermochemical water splitting cycle [1]. 
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