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17 Abstract

18 In this study, nanostructured ceria (Ge@ms are deposited on Si(100) and ITO
19 coated glass substrates by pulsed DC magnetron sputtering USefQ éarget.
20 The influence on the films of using various gas ambients, asiehhigh purity Ar
21 and a gas mixture of high purity Ar and,0n the sputtering chamber during
22 deposition are studied. The film compositions are studied using K@ SIMS.
23 These spectra show a phase transition from cubig @ellexagonal G©;due to
24 the sputtering processhis is related tdhe transformation of Céto Cé* and
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indicates a chemically reduced state of gelDe to the formation of oxygen
vacancies. TGA and electrochemical cyclic voltammetry)(€tudies show that
films deposited in an Ar atmosphere have a higher oxygen etaragacity
(OSC) compared to films deposited in the presence,0€® results specifically
show a linear variation with scan rate of the anodic peak carfenboth films
and the double layer capacitance values for films deposited/@p ixed and

Ar atmosphere arél.6 + 0.2) x 107*(1.6 + 0.2) x 1d F and4.3 + 0.5) x 10~*

(4.3 £ 0.5) x 1d F, respectively. Also, TGA data shows that Ar sputtered
samples have a tendency to greater oxygen losses upon reductiomezbtophe

films sputtered in an Ar/@mixed atmosphere.

Keywords. CeQ; Oxygen storage capability; Magnetron sputtering; Thin filmggli€

voltammetry; TGA.

1. Introduction

Research on the nanoscale properties of,@@@ Ce@-based materials, in particular
for their oxygen storage capacity (OSC), remains a wides@ed popular theme. This is
due to the fact that Ce@an oxidise and reduce molecules which interact with its s@rface
and thus oxygen vacancy defects (OVDs) can be rapidly formed aridagéoh giving Ce®
its high OSC [1]. This capacity makes various modern devicesioorg CeQ much more
effective than their predecessors without @e@he presence of CeCcontributes
significantly to the effectiveness of three-way cataly8lscatalysts for H production from
fuel [3], optical films [4], oxygen sensors [5] and thermochemiaal-step water-splitting
cycle [6]. Apart from the ability of CeQo easily and repeatedly switch between oxidation

states and accommodate different levels of surface and bullielmxyacancies [7], the
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abundance of metallic G earth makes Ce@ low-cost and highly attractive material for
applications in solar cells and photocatalySisG, has a cubic fluorite-type crystal structure,
with a lattice spacing of 0.5411 nm, and unique material propeuies as high dielectric
constant, high refractive index and excellent stability at higmperatures [8, 9].
Additionally, CeQ is a non-toxic and stable material with a wide band gapdditian it can
demonstrate high ionic conductivity if doped with aliovalent cati@é0% [

CeG in bulky and porous structures is widely used in many applicatioyiggedbn
the material’'s enhanced catalytic behaviour and redox propedsesnentioned above.
Likewise, thin films can be utilised for the same catalgpplications through the creation of
thick porous Ce@structures by effectively incorporating porosity between intdrate thin
film layers [11, 12], where an understanding and enhancementeobxygen storage
properties of the thin films is essential. Therefore usingftmrs with higher OSC to create
the bulk porous structures would effectively enhance the perfornwdrtbe final structure.
Additionally, and since the physical and chemical properties 6t Can be tuned by doping,
these Ce@thin films can be doped with materials such as,SKO, or ZrQ; in order to
improve the thermal stability and oxygen storage (redox) propati€eQ[7].

There are various techniques reported for the preparation oft@ie@ilms. These
include sol-gel deposition [13], e-beam evaporation [14], |dsatian [15], molecular beam
epitaxy (MBE) [16], RF magnetron sputtering [17, 18]. Among theskeniques, sputtering is
one of the best methods for preparation of £8lhs due to its many advantages, such as
low substrate temperature, good surface roughness charactengtissalability, as well as
being a well-established and relatively low cost industrighinegue. The bipolar pulsed DC
magnetron sputtering (PDCMS) process has recently attracigreéad deal of attention
because it shows higher deposition rates of defect-free cefdmig than the more

conventional RF magnetron sputtering process. It can in partali¢aiate the occurrence of
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arcing events at the oxide targets involved in the continuous DCespgtiprocess, and
therefore creating pulses in the magnetron discharge in thérequency range has been
found to prevent arc events and stabilize the reactive spgtterocess. Thus, PDCMS is a
commercially suitable method for large-area deposition of gootityqearamic films with
high yield under various processing conditions.

Many reports have addressed the electrochemical, redox and osygeme
properties of Ce®[19-21]. For example, Wangt al. [22] introduced a simple OSC
measurement technique using cyclic thermogravimetric analjsse the mass changes of
the CeQ samples, using extra low-temperature, are measured andatadred OSC. Other
groups have also reported on the electrochemical properties and stamge of Cefsuch
as Brezesinsket al’s report [11] on enhancement in the electrochemical chaogagst
capacity of the mesoporous ceria compared to bulk ceria and on taiaxistate of Ce in
CeQ using XPS [19, 23, 24]. Parét al. [25] reported the first studies of Ce®@Ims
deposited by pulsed DC magnetron sputtering where comparative statligbe
microstructure and mechanical properties of deposited films wamrged out. This work
focusses on Cefilms deposited on Si(100) and ITO coated glass substrates biiBDC
technique in both a high purity Ar atmosphere and an Artxed atmosphere. The
morphology, electrochemical and voltammetric properties of th&,Cdms were
investigated using AFM, XPS, CV and TGA. The key new outcomm fthis work is to
demonstrate that the OSC of Cet@in films can be controlled and enhanced by varying the

gas atmosphere during deposition.

2. Materialsand Experimental Section

2.1 Films preparations

CeQ films were prepared on Si(100) and ITO coated glass substratasniggnetron
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sputtering system fitted with @eQ target (99.99% purity, Kurt J. Lesker Company) and a
pulsed DC power supply (ENI RPG-100 pulse generator) in the poweatieguinode. Prior

to growth, the substrates were cleaned using acetone and decontemiosm followed by
deionised water to remove surface impurities. The chambefirsapumped down to a base
pressure of 2 x I0Pa by cryogenic pumping. The target was then pre-sputtered for 10
minutes to eliminate target surface contamination and to obtatabée splasma density.
Sputtering was then performed under both pure argon (Ar) ambientrgad/oxygen
(Ar/O,) mixed ambientand the working pressure was adjusted and kept at 0.7 Pa for the
duration of deposition in both cases. The Arjartial pressure ratio in the ArOnixed
ambient was 2:1. The sputtering was completed with a power of &5¥80 kHz without
intentional heating using a target to substrate distance of 60 Then substrates were held at
floating potential and the sputtering time was adjusted to 60 nsitoitebtain a uniform film
thickness of 50 + 10 nrfor all the samples grown (measured with a J. A. Woollam @c.

M-2000UI Ellipsometer).
2.2 Characterisation techniques

2.2.1 AFM

The surface morphology and roughness of the QJ#@s were investigated using a
Veeco Nanoscope Dimension 3100 atomic force microscope (AFM) irestiupperating in
tapping mode using aluminium-coated silicon (Si) AFM probes (purchizeed Budget
Sensors Ltd.). These probes operate at a resonant frequeB6ykdfz and have a force
constant of 40 N/m. All AFM images have been measured witkaime type of tip in order
to ensure the comparability of the determined values of surfasghness (Ry). The Rms
values have been calculated using NanoScope Analysis software2um x 2um AFM

images.
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2.2.2 SIMS and XPS

Secondary ion mass spectrometry (SIMS) and X-ray photoelectrairagmopy
(XPS) and were performeelx-situin two different analysis chambers. SIMS studies were
carried out using a quadrupole apparatus (MiniSIMS developed by Millbreikuinents
Ltd). This instrument incorporates a raster scanned galliumdlimetal ion gun for the
primary beam and low-energy optics for secondary ion extraction iB@®Ba quadrupole.
Ga' ions (6 keV) were focussed and directed on to the substrate atl iocidance. The

SIMS chamber operating pressure was 3.1 %R4).

XPSanalysis wagarried out using a VG Microtech electron spectrometer aviihse
pressure of 1 x 10Pa. The photoelectrons were excited with a conventional MghK=
1253.6 eV) X-ray source and an electron energy analyser operating0aeV pass energy,
yielding an overall resolution of 1.2 eV. The samples wergestdd to a mild annealing
treatment in UHV at 308C in order to eliminate any surface contamination, which mag ha

arisen as a result of the transfer in atmosphere betiveateposition and analysis chambers.

2.2.3 Electrochemical Measurements — Cyclic Voltammetry (CV)

Electrochemical measurements were conducted using a CHunhestts 660
potentiostat in anhydrous N,N-Dimethylformamide (DMF) solution wittM1LICIO, as
supporting electrolyte unless otherwise stated. A typicaetetectrode cell configuration
was used with Cefcoated ITO glass as a working electrode and two platinunraiiest
one acting as a counter and the other as a pseudo referenaaeledihe active area of the
working electrode was maintained constant at 1.44 @2 cm x 1.2 cm). All potentials
have been standardized and quoted versus SCE reference eleéifodeemical and
solvents used for electrochemical measurements were purchiased®igma-Aldrich and
were of analytical grade. All solutions were deoxygenate@@aninutes using nitrogen gas

prior to use. All measurements were carried out at roorpdgature, 22 2 °C.
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2.2.4 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performed using ar&etaSetSys 16/18
instrument (sensitivity 0.4 ug). Each TGA sample consisteskwedral prices of Cedilm-
covered substrate placed in an alumina crucible. The iratial weight of the samples was
140 mg - 210 mg. The experimental procedure included heating theesangpt to 600°C,
equilibration at this temperature with air for 3 h, flushing withfor 1 h, and then reduction
in a flow of 10% H-N, gas mixture for 5 h. The TGA data were corrected for buoyancy
effects by subtracting a baseline recorded under identical conditsdmg an inert alumina
reference sample. The oxygen partial pressure in a 169, Hjas mixture at 600C

corresponded to ~ TOPa.

3. Result and discussion

3.1 Morphological Studies - AFM

The surface morphologies of the Gefputtered films are shown in Fig. 1. The RMS surface
roughness (R of the films were measured from the AFM images and arease in the
Rrms Of the films from 0.06 nm to 0.19 nm has been observed for tlamd\Ar/Q sputtered
samples, respectively. Films sputtered in pure Ar show a sragoth, rather featureless,
surface structure whereas the films sputtered in an-Anigture show evidence of a slightly
rougher surface, as well as some isolated larger graheseTisolated grain features, of
different sizes, are observed throughout the A@mples and are possibly due to the
formation of polycrystalline Cefas a result of introducing oxygeanthe plasma. Suches

al. [26] reported that the introduction of oxygen in the plasma is giybelieved to support
the formation of grains in metal-oxide films due to the imjpmesence of high-energy

neutral oxygen atoms [26], [27].
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3.2 SIMS

Fig. 2 shows the SIMS spectra of Ge€puttered films, grown in Ar and AriD
respectively, for the mass region from 110 to 200 amu, whemdleintense secondary ion
peaks can be seen (Cefor Ar and CeQ@" for Ar/O, samples). Various oxidation states of
the cerium ion and cerium-oxygen molecular ions can be seen, inclGaiGg CeQ’,
Ce0", Ce0," and CeOs"ions. The typical secondary ions seen in Ceixed oxide spectra
are summarised in Table 1 together with corresponding m/q va@agdrf case of CeCand
CeOH, there is mass interference/overlapping hence multiple peaksletected between
155.4 amu and 157.9 amu with a higher CéQttensity observed for the ArfGsputtered

sample.

3.3 XPS

The CeQ film surface compositions have been studied by XPS to probe trenpees
of Ce in the C& and C&" charge states in the material. In particular, Céifths in a
chemically reduced state should show XPS peaks corresponding to*hstate [29] and
CeO films should show XPS peaks corresponding to th& €tate.XPS scans show the
Ce3d peaks (Fig. 3) and characteristic Ols (Fig. 4) and, Wbith the film stoichiometry
and bonding type can be determinédy. 3 displays the core Ce3d levels of the two £eO
sputtered films, in Ar and Ar/£©atmospheres. The XPS spectrum from the ds@omplex
and split into Ce3gh and Ce3gl, peaks, due to spin-orbit coupling effects. The peaks in the
region 875-895 eV correspond to the Gg3while peaks in the region 895-910 eV
correspond to the Ceggllevels [19, 30]. The characteristic peak energies assaciwith
different Ce charge states are indicated by the verticedlbhes. The spectra clearly show
the greater concentration of Ce in the*Cexidation state in the sample grown in Ar,
indicating a chemically reduced state of Ge@his greater concentration of the *Ce

oxidation state the sample grown in Ar is easily seen byeviof the peaks at 881.2+0.5,
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886.5 ++0.3, 901.2 +0.5 and 904.5 #0.3 eV [23]. The C&/Ce™ ratio of CeQ samples
sputtered in Ar and Ar/©are 4.29 and 1.92, respectively. These values are caldubgt

comparing the integrated area of the fitted*@ad C&" peaks.

Fig. 4 shows an O 1s spectrum fitted with two Voigt functidie main component labelled
" has a binding energy of 529.4 eV and is due fiens [24]. At the high-binding-energy
side there is an additional peak labelled ‘ii". Based on otimditthe binding energy is 531.1
eV, but the exact value is difficult to determine. This esduse the peaks are rather broad
and feature ‘i’ is not very pronounced the formation 6f¥pecies and thus, the presence of
OH groups or carbon contamination at the surface have been discasspdssible

explanations for this component [19, 24].

3.4 Electrochemistry —CV

It is widely known that oxygen vacancies contribute to and enhthecgharge storage
capacitance of metal-oxides such as M€1], ZnO [32], SiQ [33] and TiQ [34]. It is also
known that ceria is a suitable material for charge stodageto the ability of Ce to cycle
between CE/Ce" redox states [11, 35]. Therefore, oxygen vacancies can belated
directly to the charge storage capacity (CSC) since theseact as charge carriers [34].
Here, CV measurements of the sputtered Ci#lés (shown in Fig. 5) were recorded at
various scan rates ranging from 10 to 800 thVEhis was done to examine the redox process
present in DC sputtered Ce@in films and to determine the CSC of the films. Fig. 5 show
CV curves of the sputtered Ce@ ms grown in Ar and Ar/Q gas atmospheres in 1 M
LiClO4. CeQ films sputtered in Ar display two peaks at 0.5 V and 1.2vhére partial
oxidation of Ce@ may occur. These peaks only appear on the,@&fs sputtered in Ar as
opposed to Ceffilms sputtered in Ar/@ The negative currents observed during the

negative scan suggest a reduction process, probably reduction ohaoapgg21]. Equation
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1 is used to determine the double layer capacitance, i.e.8fieo€the films for different

scan rates.

i =vG (1)
where,i is the charging current; is the scan rate an@q is the electrochemical
double layer capacitance [36].

The current is measured at -0.1 V for the g&lhs sputtered in Ar/@and at -0.2 V
for the CeQ films sputtered in Ar in order to avoid inclusion of any Faradaigent or
pseudo capacitance effects. Significantly, the peak anodintsi(epacitive currenty)ifor
both the films varied linearly with scan rate as shown in &igvith double layer capacitance
(Cq) values of (1.6 + 0.2) x 1DF for the Ce®@films sputtered in Ar/@and (4.3 + 0.5) x 16
F for the CeQ@ films sputtered in Ar, respectively. These values showttiere is a more
than two fold increase in the CSC when the film is deposite® kompared to the sample
deposited in the presence of. Ohe reason for this increase in CSC is thought to be due to
absence of oxygen atoms within the deposition chamber, which inqeem=e does not aid
oxygen diffusion process through the lattices. It is important to thatethe active surface
area of both the films is maintained constant at 1.4% Thus, these results demonstrate that
CeQ films grown using a pure Ar sputtering ambient significantly eoba the

electrochemical charge storage properties.

3.5 OSC measurements - TGA

Typical OSC measurements require relatively complicatecererpntal setups. These
methods involve gas-phase reactions in pulse mode (flow titrati@mhgas chromatography
or mass spectrometry for detection) [37, 38]. Therefore, a sif®BC measurement
technique introduced byang et al[22] is used in this work, where the mass changes of the
Ce( samples are measured and correlated to OSC using cyclic H&e we used a single

TGA cycle to assess the mass change of supported €2a@ple on reduction. After 5 h of

10
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reduction at 60TC, the overall mass change for A)/© CeQ sample was below the
detection limit, i.e. < 0.01 mg which corresponds to experirh@nizertainty (due to natural
baseline drifts). By contrast, the Ar - Ce€ample, under similar conditions, demonstrated a
detectable mass loss of ~ 0.024 mg which corresponds to approxi@eho of the total
sample mass or to ~ 4.7% of theoretical mass of the nanosadcCeQ thin film. We note
that the equilibrium oxygen nonstoichiometd) (n the bulk microcrystalline CeQ under
similar conditions (60TC and p(Q) ~ 10! Pa) is reported to be as low as ~ 0.01 [39]. Very
small nonstoichiometry variations at this temperature makapossible to determine the
OSC of thin films with higher precision. Nevertheless, thailte of our thermogravimetric
studies clearly show that the samples sputtered in argon atmedpnez a tendency to
greater oxygen losses (and therefore higher OSC) upon reductid® ¥ a4 flow at 600°C

compared to the films sputtered in Ag/@ixed atmosphere.

4. Conclusion

In this study, a reliable method for the deposition of stable,@&® films using pulsed DC
magnetron sputtering has been successfully demonstrated. A ufiliorihickness of 50
+10 nm was obtained for all the deposited samples. The efféwb sputtering gas ambient
on the morphological, electrochemical and oxygen storage properiedban studied, and
the following key conclusions are reached on the basis of ourseBirktly, the deposition
gas ambient influenced the surface morphology of Gi#®s. Secondly, the relative oxygen
deficiency in the sample sputtered in Ar has been confirmed by, AFMS, XPS, CV and
TGA. Finally, the electrochemical measurements and TGAysisaboth indicate that CeO
samples sputtered in Ar have a higher CSC and OSC than thosé@atepothe presence of
O,, making Ce@samples sputtered in Ar better suited for many applicatiornsdbas the

material’'s enhanced catalytic behaviour and redox properties.

11
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Tablel

Table 1. m/q values of different observed CeOysion clusters.

lon m/q (amu)
Ce" 140
CeO" 156

CeO," 172
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Fig. 1. 2 x2 um® top and 3D view AFM images of CeO, thin films sputtered in a) pure Ar and

b) an Ar/O, gas mixture.

Fig. 2. SIMS spectra in the range from 100 to 200 amu measured from CeO; thin films

sputtered in a) Ar and b) Ar/O,.

Fig. 3. Ce 3d core level photoemission spectra from CeO, thin films sputtered in a) Ar and b)

Ar/O, gas atmospheres.

Fig. 4. O 1s core level photoemission spectra from CeO, thin films sputtered in a) Ar and b)
Ar/O, gas atmospheres. The component labelled (i)’ is attributed to O® ions. The component

labelled ‘(1) is assigned to oY species or OH groups.

Fig. 5. CV scan of 50 nm thick nanostructured CeO, films deposited by pulsed d.c.
magnetron sputtering technique in a) a pure Ar environment and in b) an Ar/O, mixture
environment in anhydrous DMF solution with 1 M LiCIO4 as supporting electrolyte and a

scan rate of 0.1 Vs™.

Fig. 6. Relationship between capacitive current (i) and scan rate for CeO, films deposited in

a) pure Ar and b) Ar/O, ambients.

Fig. 7. TGA curves of CeO; films deposited in a pure Ar ambient and in Ar/O, mixed

ambient, on reduction in 10%H»-N, flow at 600°C.
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