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A B S T R A C T   

Conformal thin 昀椀lms of a cerium-manganese mixed oxide with a stoichiometry of CeMnOx were deposited on a 
high-surface-area γ-Al2O3 support by Atomic Layer Deposition (ALD). Upon redox cycling, the CeMnOx 昀椀lm 
underwent a reversible phase transition between a reduced perovskite CeMnO3 phase and an oxidized 昀氀uorite 
CeMnO3.5 phase, as shown by X-ray diffraction (XRD) and High-Resolution Scanning/Transmission Electron 
Microscopy (HR-S/TEM). X-ray Photoelectron Spectroscopy (XPS) and Electron Energy Loss Spectroscopy (EELS) 
revealed that Ce and Mn were in +3-oxidation states in the reduced perovskite phase and +4 and + 3 respec-
tively in the oxidized 昀氀uorite phase. The composition of the 昀椀lm as a function of P(O2) at 1073 K was measured 
by coulometric titration and showed that a transition between Ce3+ and Ce4+ occurred at a P(O2) of 10−9 atm, a 
value that is much higher than that required for oxidizing either reduced bulk ceria or thin-昀椀lm ceria on γ-Al2O3. 
These properties make CeMnOx 昀椀lms an interesting candidate for various catalytic applications.   

1. Introduction 

Ceria (CeO2) is a crucial component in automotive three-way cata-
lysts due to its ability to store and release oxygen [1]. Because 
well-crystallized, bulk ceria is not easily reduced [2], three-way cata-
lysts use a more reducible, mixed ceria-zirconia, solid solution [3,4]. 
When doped with Gd3+ or Sm3+, ceria is also an important oxygen-ion 
conductor [5]. In both of these applications, the mixed oxides form a 
single phase, with all of the metal cations existing within a 昀氀uorite 
lattice when fully oxidized. 

The ability to tune the properties of ceria by mixing with a second 
oxide has driven an interest in other ceria-mixed oxides [6,7], especially 
mixtures with other catalytically active oxides, such as Fe2O3, Mn2O3, 
and V2O5. Since these other oxides do not exist in a 昀氀uorite structure, 
there is a question of whether single-phase oxides can be formed and 
what structure they would take. With V2O5, the compound oxide, 
CeVO4, and its reduced analog, CeVO3, are well known and very stable, 
with CeVO4 and CeVO3 having zircon and perovskite structures, 
respectively [8]. Interestingly, Ce is in the +3-oxidation state in both of 
these structures and cannot be oxidized to Ce+4, even in the presence of 
an oxygen plasma [9]. With Fe2O3, it is possible to form a perovskite, 
CeFeO3 phase under highly reducing conditions [10]; however, it is not 
clear whether a single-phase mixed oxide can form under oxidizing 

conditions. In a recent investigation from our laboratories [11], bulk 
CeFeO3 appeared to irreversibly separate into a physical mixture of the 
individual components upon high-temperature oxidation. 

Although there have been claims that Mn cations can dope the CeO2 
昀氀uorite lattice [12–15], the evidence for the formation of a single-phase 
mixed oxide was primarily the lack of additional peaks in x-ray 
diffraction (XRD). Since XRD cannot detect amorphous phases, this is 
not conclusive. Indeed, at least one study of CeO2–Mn2O3 mixtures that 
showed only a 昀氀uorite phase in XRD concluded that the material was 
just a physical mixture based on the absence of a shift in the XRD lattice 
parameter from that of pure CeO2 and on thermodynamic, redox mea-
surements which were identical to what would be expected for a phys-
ical mixture of CeO2 and Mn2O3 [16]. Another study that attempted to 
prepare a CeMnO3 perovskite under reducing conditions concluded that 
this material was not stable [17]. 

Our laboratories recently studied thin 昀椀lms of CeFeOx, on γ-Al2O3 
prepared by Atomic Layer Deposition (ALD) and found that the mixed 
oxides could reversibly transition from a 昀氀uorite phase under oxidizing 
conditions to a perovskite phase under reducing conditions [11]. We 
concluded that the thin-昀椀lm morphology and interactions with the 
γ-Al2O3 support prevented the separation of cations into their pure 
component phases. Under reducing conditions, the intrinsic stability of 
the perovskite structure brought the cations together to form CeFeO3. 
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Because only a 昀氀uorite phase and nothing that could be related to FeOx 
was observed upon oxidation, it was suggested that the Fe+3 cations 
were either in the lattice or present in interstices within the CeO2 
structure. 

In the present study, we expanded our investigations of ALD- 
synthesized thin 昀椀lms to the CeMnOx system. Similar to CeFeOx, the 
thin 昀椀lms of CeMnOx are shown to undergo a reversible transition from a 
昀氀uorite phase following oxidation to a perovskite phase upon reduction. 
Also similar to what was found with CeFeOx, it is the Ce that undergoes 
reduction from Ce+4 to Ce+3, while the Mn remains in the +3-oxidation 
state. Potential applications for this material are also discussed. 

2. Experimental section 

2.1. Sample preparation 

The γ-Al2O3 support (Strem Chemicals, Inc.) used in this study was 
calcined in air at 1173 K for 24 h, after which its Brunauer–Emmett–-
Teller (BET) speci昀椀c surface area was 125 m2 g−1. Cerium dioxide and 
manganese oxide were deposited onto the γ-Al2O3 support using a home- 
built, vacuum, ALD apparatus that has been described in detail else-
where [18]. The cerium and manganese precursors used in this study 
were Tetrakis(2,2,6,6-tetramethyl-3,5-heptanedionato)cerium (Ce 
(TMHD)4, Strem Chemicals, Inc.) and Tris(2,2,6,6-tetramethyl-3, 
5-heptanedionato)manganese (Mn(TMHD)3, Strem Chemicals, Inc.), 
respectively. Each ALD deposition cycle of Ce or Mn started by evacu-
ating the γ-Al2O3 support and then exposing it to a few Torr of the Ce or 
Mn precursor at 543 K for 5 min. After the exposure, excess precursor 
vapor was evacuated before the sample was subjected to oxidation in 1 
atm air at 873 K for 5 min. Oxidation removed the ligands from the 
precursors and formed the corresponding metal oxide. The Ce and Mn 
growth rates were measured gravimetrically to be 3.9 × 1013 Ce atom-
s⋅cm−2⋅cycle−1 and 4.7 × 1013 Mn atoms⋅cm−2⋅cycle−1, respectively. To 
account for the different deposition rates, when growing the CeMnOx 
昀椀lm, every 昀椀ve Mn ALD cycles were followed by six Ce ALD cycles to 
maintain a Ce:Fe molar ratio of 1:1. After a total of 65 Mn ALD cycles 
and 78 Ce ALD cycles and prior to any characterization studies, the 
sample was subjected to 昀椀ve redox cycles that consisted of reduction in 
10% dry H2 in He for 12 h, followed by oxidation in 10% dry air in He for 
2 h at 1073 K. 

2.2. Characterization methods 

BET speci昀椀c surface areas were determined by measuring N2 
adsorption isotherms at 78 K using a home-built apparatus. X-Ray 
Diffraction (XRD) patterns were acquired using a Rigaku MiniFlex 
diffractometer with a Cu-Kα source (λ = 0.15416 nm). High-resolution 
transmission electron microscopy (HRTEM), scanning transmission 
electron microscopy (STEM) and energy dispersive X-ray spectra (EDS) 
mappings were conducted on JEOL JEM-F200, operated at 200 kV. 
Electron energy-loss spectroscopy (EELS), along with STEM and EDS 
mappings, were obtained by an aberration-corrected JEOL NEOARM, 
operated at 200 kV in STEM mode. EELS was performed with a Gatan 
Image Filter which incorporates DualEELS capability to ensure accurate 
energy calibration and a K2-IS direct electron detector at the end of the 
昀椀lter. For ex-situ microscopy studies, the powder samples were diluted 
in ethanol and then deposited on a lacey carbon 昀椀lm on copper grids 
(Electron Microscopy Sciences, USA). X-Ray Photoelectron Spectra 
(XPS) were collected using an ultrahigh vacuum chamber equipped with 
a hemispherical electron energy analyzer (Leybold-Heraeus) and an Al- 
Kα X-ray source (VG Microtech). XPS spectra were 昀椀t using a Gaussian/ 
Lorentzian peaks with a Shirley-type background subtracted from each 
spectrum. 

A home-built, Coulometric Titration (CT) apparatus was used to 
measure the oxygen stoichiometries for the CeMnOx 昀椀lms as a function 
of P(O2) at 1073 K (redox isotherm). The CT apparatus consisted of an 

yttria-stabilized zirconia (YSZ) tube with Pt electrodes attached on its 
inner and outer surfaces [19]. Prior to the CT measurement, approxi-
mately 0.2 g of sample was placed in the middle of the tube and heated 
to 1073 K at a ramping rate of 1 K/min. A gas stream of 3% H2O, 10% H2 
and 87% He was passed through the YSZ tube for 12 h to remove the air 
and create a H2O/H2 buffer in the gas phase to facilitate the measure-
ment. After sealing both ends of the tube, a potentiostat (Gamry In-
struments, Inc) was connected to the two Pt electrodes to monitor the 
Open-Circuit Voltage (OCV) across the electrodes, which in turn could 
be related to the P(O2) in the cell using the Nernst equation. The 
potentiostat could also apply a current between the two electrodes to 
pump oxygen into or out of the CT cell through the oxygen-ion con-
ducting, YSZ tube. The total amount of oxygen added or removed from 
the cell was then determined from the charge passed through the YSZ 
membrane. 

In addition to CT, 昀氀ow titration was also used to measure the oxygen 
uptake by reduced samples. For these measurements, approximately 0.3 
g of the sample was placed in a quartz tube, heated to 1073 K in 昀氀owing 
air (100 mL⋅min−1), and then reduced in a 昀氀owing mixture of 10% H2 in 
He at a total 昀氀owrate of 100 mL⋅min−1 for 12 h. The sample was then 
oxidized in 昀氀owing 10% air in He while monitoring the ef昀氀uent 
composition with a mass spectrometer (SRS RGA-100). The amount of 
O2 consumed by the reduced sample during re-oxidation was deter-
mined by integrating the difference between the mass-spectrometer 
signals for oxygen and nitrogen. 

3. Results 

3.1. BET and XRD characterization 

ALD was used to grow a 昀椀lm of CeMnOx on the γ-Al2O3 support. 
Suf昀椀cient cycles were used to obtain 61 wt % loading of the oxide 昀椀lm 
which roughly corresponds to a thickness of 2 nm. This sample had a 
BET surface area of 38 m2 g−1 after being redox cycled 5 times at 1073 K; 
this value is one-third of that of the γ-Al2O3 support (125 m2 g−1). This 
decrease in speci昀椀c surface area was primarily due to the increase in 
mass upon 昀椀lm deposition, rather than from sintering of the sample. 

The XRD patterns of the oxidized and reduced CeMnOx/γ-Al2O3 
sample are presented in Fig. 1. The oxidized CeMnOx/γ-Al2O3 sample 
was exposed to 10% dry air in He for 2 h at 1073 K and then quenched to 
room temperature in the same gas 昀氀ow prior to collecting the data. As 
labeled in the 昀椀gure, the XRD pattern for this sample contain peaks 

Fig. 1. XRD patterns of the CeMnOx/γ-Al2O3 sample oxidized in 10% dry air in 
He (black) and reduced in 10% dry H2 in He (red) at 1073 K. 
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consistent with those expected for a 昀氀uorite crystal lattice. They are 
shifted by ~0.5ç relative to that for 昀氀uorite CeO2 [20,21], which may be 
due to a change in lattice constant resulting from incorporation of some 
Mn cations into the lattice. A few small additional peaks between 30 and 
50ç 2θ are also observed which can be assigned to Mn3O4. The intensities 
of these peaks, however, are too small to account for all the manganese 
in the sample, again suggesting that some of the Mn has been incorpo-
rated into the CeO2 lattice. This scenario is consistent with that reported 
by Li et al. who characterized Mn-doped CeO2 microspheres and showed 
that high levels of Mn could be doped into the lattice while maintaining 
the 昀氀uorite structure [22]. It is also possible, however, that at least some 
of the Mn is present in a second amorphous phase. 

Signi昀椀cant changes in the XRD pattern were observed upon reducing 
the CeMnOx/γ-Al2O3 sample in a stream of 10% dry H2 in He for 12 h at 
1073 K. After this treatment, prominent peaks at positions expected for a 
perovskite lattice were present in the XRD pattern. Much smaller peaks 
at positions consistent with MnAl2O4 were also observed, thus indicating 
that a small fraction of the Mn in the sample reacted with the γ-Al2O3 
support. Even with the presence of these minor phases, the data in-
dicates that the CeMnOx 昀椀lm can cycle between a fully oxidized 昀氀uorite 
phase and a partially reduced perovskite phase. 

3.2. Electron microscopy 

STEM images along with EDS maps (of the indicated region) for Al, 
Ce, and Mn are shown in Figs. 2 and 3 for an oxidized and a reduced 
CeMnOx/γ-Al2O3 sample, respectively. The EDS maps show a close 
correspondence between the three different elements demonstrating 
that the CeMnOx 昀椀lm is conformal to the γ-Al2O3 support and remains so 
after repeated redox cycling at high temperature. 

To obtain additional insight into the structure of the CeMnOx 昀椀lm, 
HRTEM images of both an oxidized and a reduced CeMnOx/γ-Al2O3 
sample were collected and are displayed in Figs. 4 and 5, respectively. 
The inset in each image corresponds to the Fourier transform dif-
fractogram of the indicated region. In these images, well-de昀椀ned lattice 
fringes are readily apparent. Since such fringes are not observed in the 
HRTEM image of the bare γ-Al2O3 support due to its low crystallinity, 
they can be attributed to the CeMnOx thin 昀椀lm. 

The lattice fringes in the images of the oxidized sample in Fig. 4a and 
b can both be indexed to planes in 昀氀uorite CeMnOx (f-CMO). In partic-
ular, those in Fig. 4a correspond to the (−100), (010) and (110) planes 
near the [001] zone axis and those in Fig. 4b to (200) and (1-31) planes 
near [013] zone axis. A different set of fringes is observed, however, in 
the HRTEM image of the reduced sample in Fig. 5a and b. These can be 
indexed to the (110) plane along the [−111] zone axis (Fig. 5a) and the 
(100) plane along the [001] zone axis (Fig. 5b) of perovskite CeMnOx (p- 
CMO). These results are consistent with the XRD results which show that 
the CeMnOx/γ-Al2O3 sample can be reversibly cycled between a reduced 
perovskite phase and an oxidized 昀氀uorite phase. 

3.3. XPS and EELS analysis 

The oxidation states of Ce and Mn cations in both the oxidized and 
the reduced CeMnOx/γ-Al2O3 sample were determined by XPS and 
EELS. The XPS spectra in Fig. 6a show the Ce(3d3/2) and Ce(3d5/2) re-
gions for the oxidized and the reduced CeMnOx/γ-Al2O3 samples. The 
spectrum for the oxidized sample contains three 3d5/2 - 3d3/2 doublets, 
which are labeled u/v, u2 2/v2 2 and u2 2 2/v2 2 2 and are characteristic of Ce4+

cations [23–25]. The u2 2 2/v2 2 2 doublet centered at 917.0 and 898.4 eV is 
due to the primary photoemission of Ce4+, and the u-v and u’’-v’’ 

doublets located at 901.2, and 883.0, and at 907.1 and 888.6 eV, 
respectively, correspond to two separate shake-down satellite features 
associated with the excitation of one or two electrons from the 昀椀lled O 
(2p) orbital to an empty Ce(4f) orbital during photoemission [23,24]. 
These data show that this CeMnOx/γ-Al2O3 sample contains primarily 
Ce4+. 

For the reduced sample, the spectrum is mainly composed of two 
3d3/2 - 3d5/2 doublets, labeled as u0/v0 and u2/v’, at 903.7 and 885.9 eV, 
and at 899.0 and 881.1 eV, respectively, which are consistent with that 
reported previously for Ce3+ [23,24]. In this case the u0/v0 doublet are 
the primary photoemission peaks and the u2/v’ doublet is another 
shake-down feature resulting from the excitation of an electron from the 
昀椀lled O(2p) orbital to an empty Ce(4f) orbital during photoemission. As 
shown in the 昀椀gure, small peaks for Ce4+ are also present in this spec-
trum. Based on the peak areas, it is estimated ~3% of the Ce is in the 
+4-oxidation state in this sample. It’s possible the Ce4+may be 

Fig. 2. STEM-EDS of the oxidized CeMnOx/γ-Al2O3. The sample was oxidized 
in 10% dry air in He at 1073 K. 

Fig. 3. STEM-EDS of the reduced CeMnOx/γ-Al2O3. The sample reduced in 10% 
dry H2 in He at 1073 K. 
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associated with a small amount of CeO2 in the sample due to Ce–Mn 
imbalance caused by the formation of MnAl2O4 at the support interface 
as discussed earlier. Nonetheless, the Ce XPS data shows that the 
reduced sample contained primarily Ce3+. 

Fig. 6b shows the Mn(2p) region of the XPS spectra for the oxidized 
and the reduced CeMnOx/γ-Al2O3 samples. For the oxidized sample, the 

spectrum features a Mn(2p1/2) and Mn(2p3/2) doublet centered at 652.6 
and 641.1 eV [26]. This spectrum is similar to that reported for Mn3+ in 
LaMnO3 perovskite [27]. The Mn(2p) spectrum for the reduced sample 
was nearly identical to that of the oxidized sample indicating that the 
Mn remained in the +3-oxidation state. 

EELS spectra of Ce M4,5 edges and Mn L2,3 edges for the oxidized and 

Fig. 4. HRTEM and corresponding FFT diffraction patterns of the indicated areas of the oxidized CeMnOx/γ-Al2O3. The sample was oxidized in 10% dry air in He at 
1073 K. 

Fig. 5. HRTEM and corresponding FFT diffraction patterns of the indicated areas of the reduced CeMnOx/γ-Al2O3. The sample was reduced in 10% H2 in He at 
1073 K. 

Fig. 6. XPS spectra of (a) Ce 3d3/2 and Ce 3d5/2 regions and (b) Mn 2p1/2 and Mn 2p3/2 regions of the oxidized (10% dry air in He at 1073 K) and the reduced (10% H2 
in He at 1073 K) CeMnOx/γ-Al2O3 samples. 
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the reduced CeMnOx/γ-Al2O3 samples are displayed in Fig. 7. The 
spectrum of the oxidized sample in Fig. 7a shows the Ce M5 and M4 edges 
at 885.0 and 902.8 eV, respectively, which are characteristic of Ce4+

[28]. However, for the reduced sample, both edges shift to lower energy 
and appear at 900.4 and 882.8 eV, indicating a change in the Ce 
oxidation state from +4 to +3 upon reduction [28,29], which is 
consistent with the XPS results. In Fig. 7b, Mn L3 and L2 edges are plotted 
for the oxidized and the reduced CeMnOx/γ-Al2O3 sample. The Mn L3 
and L2 edges for the oxidized sample appear at 641.1 and 652.5 eV, 
respectively, which are close to those reported for Mn3+ in the perov-
skite LaMnO3 [30,31]. A similar spectrum was obtained for the reduced 
sample with both edges remaining at 641.1 and 652.5 eV, indicating that 
Mn does not undergo redox and remained Mn+3 upon redox cycling 
which is again consistent with the XPS data. 

3.4. Redox isotherms 

CT was used to measure the redox isotherm of the CeMnOx/γ-Al2O3 
sample at 1073 K and is plotted in Fig. 8. For comparison, a previously 
measured redox isotherm for a 2 nm thick CeFeOx/γ-Al2O3 thin 昀椀lm 
sample [11] is also included in the 昀椀gure. Since the Ce and Mn cations in 
the oxidized sample were shown by XPS and EELS to be predominantly 
in the +4- and +3-oxidation states, respectively, the y axis in the plot 
was calibrated by assuming that the fully oxidized 昀椀lm had a stoichi-
ometry of CeMnO3.5. This calibration was further veri昀椀ed by the con-
sistency between CT and 昀氀ow-titration measurements, both of which 
gave an x value close to 2.9 for the reduced CeMnOx/γ-Al2O3 sample. 
Note that the γ-Al2O3 support is irreducible for the conditions used in the 
CT measurements and thus will not impact the measurement of the x 
value of the perovskite 昀椀lm. 

The redox isotherm in Fig. 8 contains one distinct step or phase 
transition at a P(O2) of 10−9.5 atm, corresponding to an equilibrium 
between CeMnO3.5 and CeMnO3. This is different from the isotherm for 
CeFeOx/γ-Al2O3 sample, in which there are two steps at P(O2) values of 
10−8.8 atm and 10−15 atm, respectively. This difference demonstrates 
that the Mn3+ cations in the CeMnO3 昀椀lm are stabilized in the perovskite 
昀椀lm and cannot be further reduced to a lower oxidation state, while in 
contrast approximately half of the Fe3+ cations in the CeFeO3 昀椀lm can be 
reduced to Fe2+ at a P(O2) value of 10−15 atm. This result shows that the 
perovskite CeMnO3 昀椀lm has superior redox stability compared to the 
perovskite CeFeO3 昀椀lm. It is noteworthy that the stoichiometry of 
CeMnOx/γ-Al2O3 sample decreases gradually from CeMnO3 to CeMnO2.9 
with further reduction. This may be the result of a small fraction of Mn3+

near the γ-Al2O3 surface being reduced to Mn2+ due to reaction with the 
support and is consistent with the observation of a small amount of 
MnAl2O4 in the XRD pattern for the reduced CeMnOx/γ-Al2O3 sample. 

4. Discussion 

As discussed in the introduction, Ce3+ has been reported to form 
CeMO3 perovskite phases only with V, Cr and Fe M-site cations. While 
there are a few reports in the literature claiming the formation of 
CeMnO3, the XRD results in these studies suggest that the samples pre-
dominantly had a 昀氀uorite structure with only a minority perovskite 
phase. It is also noteworthy that CeCrO3 and CeFeO3, which can be 
synthesized as single-phase perovskites [10,32], irreversibly 
phase-separate into CeO2 and a second oxide phase upon 
high-temperature oxidation or redox cycling [11,33]. In contrast to 
these observations, in the present study we have demonstrated the ALD 
growth of a single phase, conformal thin 昀椀lm of perovskite CeMnO3 on a 
high surface area γ-Al2O3 support. Furthermore, cycling the CeMnO3 
thin 昀椀lm between reducing and oxidizing conditions did not induce 
irreversible separation into two oxide phases, as observed for the bulk 
Ce-containing perovskite oxides. This indicates that interactions be-
tween the CeMnOx and the γ-Al2O3 help stabilize the structure of the 
thin 昀椀lm, especially under oxidizing conditions at high temperature. 

The oxidized CeMnOx thin 昀椀lm was shown by XPS and EELS to 
contain Ce+4 and Mn+3. The XRD pattern for this material only 

Fig. 7. EELS spectra of (a) Ce M4,5 edges and (b) Mn L2,3 edges for the oxidized (10% dry air in He at 1073 K) and the reduced (10% H2 in He at 1073 K) CeMnOx/ 
γ-Al2O3 sample. 

Fig. 8. CT redox isotherms for CeMnOx/γ-Al2O3 (red solid triangles) and 
CeFeOx/γ-Al2O3 at 1073 K (black solid squares). The oxygen stoichiometry of 
the 10% hydrogen-reduced CeMnOx/γ-Al2O3 sample (red solid circle) and 
CeFeOx/γ-Al2O3 sample (black solid circle) are also shown in the 昀椀gure which 
were measured by 昀氀ow titration (FT). 
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contained peaks indicative of a 昀氀uorite-structured oxide. This coupled 
with the lack of XRD peaks for MnOx species suggests that at least some 
of the Mn3+ cations were substituted for Ce4+ in the CeO2 昀氀uorite lattice. 
It is unlikely, however, that all of the Mn3+ could be accommodated in 
this way, since it would require an unusually high concentration of 
oxygen vacancies to maintain charge neutrality. It is possible, however, 
that in addition to partial substation into the 昀氀uorite lattice, Mn3+ cat-
ions occupy interstitial sites, as has been proposed by Murugan et al. in 
their study of Ce1-xMnxO2-d solid solutions [34]. A similar model had 
also been applied by Li et al. to account for the high Fe3+ dopant content 
in Ce1-xFexO2 solid solutions [35]. 

In addition to a higher phase stability than the bulk material, the 
CeMnOx 昀椀lm had interesting thermodynamic properties. At 1073 K the 
Ce4+ cations in the fully oxidized CeMnO3.5 昀椀lm underwent reduction to 
Ce3+ at a P(O2) of 10−9.5 atm, resulting in the formation of the CeMnO3 
perovskite phase (Figs. 6–8). It is noteworthy that this result is opposite 
to what one would predict based on the thermodynamic properties of 
the individual binary oxides which indicate that Mn3+ should be 
signi昀椀cantly easier to reduce than Ce4+. For example, the ΔG of re-
ductions for the bulk oxides predict that at 1073 K reduction of CeO2 to 
Ce2O3 (Ce4+ → Ce3+) and reduction of Mn3O4 to MnO (Mn3+ → Mn2+) 
would occur at P(O2) values of 10−22 atm and 10−9 atm, respectively. 
This result is similar to what we have observed previously for CeFeOx 
thin 昀椀lms on γ-Al2O3 where the transition of 昀氀uorite CeFeO3.5 to 
perovskite CeFeO3 at 1073 K occurs at a P(O2) of 10−8 atm and involves 
only the reduction of Ce4+ to Ce3+ (see Fig. 8) with the ostensibly more 
reducible Fe cations remaining in the +3-oxidation state [11]. Together 
these results demonstrate that the perovskite structure greatly enhances 
the stability of the B site Mn and Fe cations. 

While it was observed that the Ce4+ undergoes reduction prior to the 
B site cation in both CeMnOx and CeFeOx thin 昀椀lms, the CT data in Fig. 8 
shows that there are still some differences in the redox properties for 
these materials. Most notably, for CeFeOx/γ-Al2O3 after the initial 
reduction of Ce4+ to Ce3+ there is a second step at a P(O2) of 10−15 atm 
which corresponds to reduction of a portion of the Fe3+ cations to Fe2+

[11]. However, for the CeMnO3 昀椀lm, the isotherm did not exhibit any 
additional reduction steps for P(O2)’s between 10−10 and 10−19 atm. It is 
surprising that Mn3+ cations in the CeMnOx 昀椀lms do not undergo 
reduction at P(O2) as low as 10−19 atm, since as noted above, reduction 
of Mn3+ in bulk MnOx occurs at much higher P(O2). 

The redox properties of the CeMnOx thin 昀椀lm observed here make it 
an interesting candidate for use in applications ranging from high- 
temperature electrocatalysis, to supports for metal catalysts, to oxygen 
storage media for chemical looping reaction systems [36,37]. The low 
surface areas obtained for the bulk material and its propensity to sepa-
rate into multiple oxide phases upon redox cycling have limited its use in 
these applications. The results obtained in this study show that these 
limitations may be overcome using ALD to grow a conformal 昀椀lm of 
CeMnOx on γ-Al2O3 to produce a material with a relatively high surface 
area. It was demonstrated that oxygen could be reversibly added or 
removed from a CeMnOx 昀椀lm produced in this manner allowing it to be 
cycled between perovskite CeMnO3 and 昀氀uorite CeMnO3.5 without 
separation into separate oxide phases as is observed for bulk CeMnOx. 

The more accessible Ce4+/Ce3+ redox couple in the CeMnOx 昀椀lm 
compared to CeO2 along with its high surface area could potentially be 
exploited in chemical looping processes where an energy-intensive high- 
temperature reduction step is required [38]. The ease of reduction of 
Ce4+ in the CeMnOx 昀椀lm would lower this temperature which could 
enhance the energy ef昀椀ciency of the process. The redox properties of the 
CeMnO3 昀椀lm may also make it a good support and promoter for metal 
catalysts, especially for oxidation and selective oxidation reactions in 
which the oxide can enhance the metal activity through transfer of ox-
ygen from the oxide to the metal [39,40]. This is something that we plan 
to investigate in future studies. 

5. Conclusions 

In this study, we have examined the properties of a conformal 昀椀lm of 
cerium-manganese mixed oxide, CeMnOx, on a high surface area γ-Al2O3 
support that was grown by ALD. The CeMnOx 昀椀lm formed a perovskite 
phase after reduction in H2 at 1073 K, in which both the Ce and Mn 
cations are predominantly in the +3-oxidation state. At P(O2) values as 
low as 10−19 atm, Mn cations in the 昀椀lm remained in the +3-oxidation 
state and were not reduced to lower oxidation states at this temperature 
as is observed in bulk manganese oxide. This demonstrates that the 
perovskite structure of the CeMnO3 昀椀lm stabilizes the Mn3+ cations. 
Upon oxidation in air, a 昀氀uorite phase was formed with a stoichiometry 
of CeMnO3.5 and Ce3+ cations were oxidized to Ce4+ at a P(O2) of 10−9 

atm at 1073 K, which is much higher than that observed for oxidation of 
Ce3+ to Ce4+ in bulk ceria. This again can be attributed to the stability of 
the perovskite CeMnO3 lattice which stabilized both the Ce and Mn 
cations in the +3-oxidation state. The reversibility of the above phase 
transition between an oxidized 昀氀uorite CeMnO3.5 and a reduced 
perovskite CeMnO3 was demonstrated by redox cycling of this material 
at elevated temperatures. The conformal nature of the 昀椀lm was also 
maintained during repeated redox cycling. 
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