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High Temperature Selective Sensing of Hydrogen with MgO-Modified SrMoO4 Micro-

fibers
Engin Ciftylirek?, Katarzyna Sabolsky?, Edward M, Sabolsky?

aDepartment of Mechanical and Aerospace Engineering, West Virginia University (WVU), Morgantown,
WV, 26505, USA

Highlights

e Two-step hydrothermal process was developed to produce highly porous SrMo0O4/MgO micro-
fibers.

e Selective detection of H; by a resistive-type gas sensor under high temperature conditions.

e Catalytic effect of the residual MgO lead to selective and improved H, sensing behavior of
SrMoQs;.

e Mg-doping of the SrMoO, micro-rods lowered the band gap and work function of the final
material.

o Relatively low sensor response towards sulfur was shown to be due to MgO modification of the
SrMoQs.

Abstract

Micro-fibers of Mg-doped SrMoO. (SrMo0O4/MgO) were synthesized using a two-step hydrothermal
technique. The SrM0O4/MgO micro-fibers were used as the sensing material within a solid-state,
resistive-type sensor architecture. The material showed selective detection of hydrogen (H.) up to 1000°C
with high sensor response and stability for the given concentrations. The maximum relative resistance
change values (Rmax) for SrMoO4/MgO for 4000 ppm H; in a N, atmosphere (1% O-) were -31, -85, and
-87.5 for 600, 800 and 1000°C, respectively. At 1000°C, and the same background atmosphere, the Rmax
was only -2.5 and -12.5 to 4000 ppm CO and 2000 ppm SO, respectively. Chemical characterization
showed that the Mg was dissolved into the SrMoQ, structure, in addition to residual MgO precipitate
found within the final SrMoQO,4 powder. The surface MgO was shown to affect the H, adsorption and

dissociation processes in addition to high selectivity for H, in comparison to SO, and CO, while the



dissolved Mg contributed to the alteration of the electronic properties, where the Schottky barrier height,
band gap, and work function were all lowered. These combined effects resulted in the favorable
sensitivity and high selectivity to H, and also contributed to the increased stability at the elevated sensing

temperatures.
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1. Introduction

Hydrogen (H.) is a potential clean energy source for the future; however, there are several challenges
that need to be overcome before this is achieved. A few of these challenges include the development of
clean and efficient approaches for H, production and storage, and the development of reliable safety
measures to monitor storage and utilization systems [1]. For both safety and production technologies,
hydrogen sensors are required for low to high temperature. Detection of hydrogen at elevated
temperatures is essential for many scientific and industrial applications ranging from fuel cells [2] to
metallurgical processes, slagging gasifier, refineries, hydrogenation, automotive exhaust emissions and
hydrodesulphurization [3, 4] in order to increase overall efficiency where temperatures may exceed
500°C. One example of a technology that would benefit from the development of high-temperature
hydrogen sensors is solid-oxide fuel cells (SOFCs). The SOFC technology has significant importance
since it may be used in conjunction with various reformers to efficiently utilize readily available fossil
fuels, such as natural gas or coal syngas. Typical SOFCs operate at a temperature between 700-1000°C.
SOFC systems would benefit from real-time monitoring of the H, concentration on the anode in order to
regulate/maintain the required H. for optimal fuel utilization and control of reforming operations [5]. This
is just one example of the near-term need for high-temperature hydrogen sensors. It would be important
that these sensors be stable in this temperature range and show low cross-selectivity to other reducing
species (such as CO). In addition, since many of the applications discussed above utilize gasses derived
from fossil fuel sources, the sensor must be resistant to carbon fouling and poisoning (like that of typical

contaminates such as sulfur).

The majority of high temperature, solid-state H, sensors are designed with a potentiometric
architecture, where the active material is based on the fluorite-structured, yttrium-stabilized zirconia
(YSZ) or perovskite-structured oxides such as SrCeQOs, BaCeOs, SrZrOs, BaZrOs, and CaZrOs (and
various doped combinations) [4]. The major issue with the potentiometric design is the need for a

reference electrode, which must be either buried within the sensor architecture (within a complex



laminate design) or must be isolated outside the testing environment [6]. These restrictions limit the
potential placement of the sensor(s) within the testing environment or system. With this in mind, much
research has been focused towards the more simplistic resistive-type sensor design which permits
minimization of the sensor platform [3]. This type of sensor derives its functionality from surface redox
(reduction-oxidation) reactions with a reducing gas (such as Hz) and surface adsorbed oxygen ions, which
results in the donation or elimination of electronic carriers from the sensing material (altering the
resistivity of the sensor). The advantage of the design stems from its simplistic and robust design, and the
lower electronic measurement requirements for signal acquisition [7, 8]. The typical solid-state, resistive-
type sensor is composed of binary oxide semiconductors, such as SnO,, NiO, CuO, WOs;, and VOs;
unfortunately, these compositions are not suitable for high-temperature sensing applications due to
stability issues aligned with grain growth/sintering, chemical decomposition/reaction, and reduction
processes [3]. Recently, Wildfire et al. stabilized the traditional semiconducting tin oxide (SnO.) sensing
material used in resistive-type sensors by forming a composite with nano-Gd,Zr,07-GdosY 022107, and -
Gd1.6SmMo.4Zr19Sne107 composites. These composite materials were used on a micro-scale, resistive-type
sensor architecture. Wildfire et al. were able to sense H, with different O, background levels up to
1000°C by using the refractory zirconate materials to stabilize the SnO, microstructure and to act as an
oxygen support (oxygen source) at high-temperature [9]. However, the authors reported relatively low
sensor response values, such as 1-5% change in resistance upon exposure to 4000 ppm H.. There are only
a few other reports regarding the high-temperature sensing of H,. An operation temperature of 800°C has
been reported for sensing high concentrations of H, based on AlGaN/GaN, SisNand Ti/Al/Mo/Au metal
contact architectures [10]. Ga20Os exhibited high sensitivity for H,, CH4, and CO at temperatures starting
from 500°C to 1000°C; the researchers attempted to improve selectivity by applying an alternative
catalyst, as well as, physical filters aligned with the demand dictated by the environment [11]. Chen et al.
reported the successful testing of ppm levels of H, at 500°C with a 20% O testing environment using
TiO; supported on Al>O3[12]. Lloyd-Spetz et al. developed metal-insulator-SiC devices in both capacitor
and Schottky diode configurations, and showed successful operation at 1000°C with operation for several
weeks at 600°C against hydrocarbons and H; (with an O, background less than 0.7%). This
demonstration was one of the most successful in literature, but the sensor still had some limitations due to
potential oxidation of SiC at elevated temperature and high oxygen background (>1% O,). The other
limiting factors arise from sensor architecture that requires a complicated/multistep micro-
electromechanical system (MEMS) manufacturing process in addition to costly single crystal SiC sensing
material [13].

Chemical and microstructural modifications of the sensing materials are the basic strategies to

improve the relative sensitivity of resistive-type sensors. In the case of microstructural modification, the



prime method is to reduce the grain size (increase surface area) of the sensing material by utilizing
nanomaterials (particulate or thin film microstructures). In some cases, various high surface area
nanoparticle morphologies were engineered by modifying local surface energy or by using a sacrificial
template [14, 15]. This strategy usually results in further enhancement of the surface area, and thus,
increased catalytic activity and sensor response. Unfortunately, these strategies are not applicable in the
case of temperatures higher than 500°C due to sintering/coarsening mechanisms and enhanced reduction
rates (due to the high surface area). In this work, a SrMoO4+/MgO nano-composite composition was
synthesized into micro-fibers using a hydrothermal process. The MgO-modified SrMoO4 was tested for
H, detection at 600-1000°C, and the porous fiber microstructure was found to remain stable after the
sensor testing. The current authors (Ciftyurek et al.) previously tested SrMoQ. for high-temperature SO,
and H.S sensing on a resistive-type sensor platform, where the sensing materials demonstrated reasonable
stability and adequate sensing of the sulfur species up to 1000°C [16]. Interestingly in the previous work,

the SrMoO4 composition, without the MgO addition, showed low sensitivity to H,.

The current work investigated the effect of MgO addition/doping to the SrMoQ. in order to form a
porous, MgO-enhanced SrMoQO4 composition with selectivity towards H.. The selection criterion for
MgO was based on the fact that it is a known H; dissociation catalyst [17], as well as, a support in
transesterification, double-bond isomerization, self- and cross-condensation reactions [18, 19]. A
secondary MgO phase on the SrMoO. would catalytically modify the SrMoQO, surface which would
potentially increase reversible [20, 21, 22], homolytic [23, 24], and/or heterolytic [25, 26] dissociative
adsorption processes towards H, [27, 20, 28, 29] and H, uptake capability [30, 31, 32].

The composite SrM0oO4/MgO composite was synthesized using a two-step hydrothermal process in
order to control the MgO-content in the SrM00O, and to control the macroscopic morphology of the sensor
material. The two-step process included the formation of acicular (fiber)-shaped MgO particles in the
initial hydrothermal step. The intent was to use these MgO particles as templates to topotaxially grow
SrMoO, films over these particles in a second hydrothermal step. This process would permit the
formation of a SrM0oO4/MgO composite, while potentially Mg-doping of the SrMoO4 could concurrently
occur due to dissolution/re-precipitation of the Mg in the agueous medium. In addition, it was perceived
that a portion of the acicular morphology of the MgO templates would remain after the SrMoQ, reaction.
The acicular morphology would limit potential grain growth and sintering processes at high temperature.
The current paper describes the synthesis and final chemistry/structure of the described SrMo0O4/MgO
composite, as well as, the electronic characteristics of this material. This characterization was correlated
to the sensing response of the material to H,, CO, and SO, on a resistive-type sensor platform at

temperatures >600°C.



2. Experimental
2.1 Synthesis of SrMo0O4/MgO Fibers

The MgO micro-fibers were synthesized by a hydrothermal method based partially on a procedure
reported elsewhere [33]. The MgO micro-fibers were synthesized using 6.44 g magnesium acetate
(magnesium acetate tetrahydrate, ACS, 98.0-102.0%, CAS 16674-78-5, Alfa Aesar) and 1.2 g urea (ACS,
99.0-100.5%, CAS 57-13-6, Alfa Aesar) within de-ionized H.O. These salts were combined within a 300
ml Teflon™ lined autoclave (401A-8336, Autoclave Engineers, PA, USA), and the hydrothermal reaction
was completed at 200°C for 3 h. The SrMoO4 growth on the MgO micro-fibers was completed in a
second hydrothermal step which included the addition of 0.027 g MgO micro-fibers to 40 ml deionized
(DI) water; the pH of the suspension was adjusted to 6 by dropwise addition of nitric acid (HNO3).
Strontium nitrate (Sr(NOs3)2 (99.0%, Alfa Aesar) and ammonium molybdate (((NHa4)s-M07024)+4H,0,
99%, Alfa Aesar) were dissolved into deionized (and de-carbonized) water in separate beakers. After
mixing the two solutions with the MgO suspension, the pH of final clear solution was altered to 8 by the
addition of ammonia hydroxide (NH4OH). The final product was transferred into the same 300 ml
Teflon™ lined autoclave (used for the MgO micro-fiber synthesis) and processed at 80°C for 8 h with a
3°C heating and cooling rate for nano-SrMoO.. The details of the effect of alteration in the pH, solute ion
concentration, and hydrothermal processing time and temperature on the morphology of nano-SrMoO4

were discussed elsewhere by the current authors [16].

2.2. Sensor Fabrication and Testing Protocol

The sensor device utilized in this work was composed of alumina (Al,Os) substrates, platinum (Pt)
inter-digitized electrodes (IDEs) and the SrMoO4/MgO sensing layer. The sensing material was screen-
printed to a thickness of ~300 um and subsequently fired at 1200°C in air to promote the adhesion. The
testing gas composition was adjusted by individual mass flow controllers (MFCs, Sierra Instruments). A
Keithley 2700 Multimeter was used to supply a 5-10 pA DC current in a two-point resistance
configuration. A LabView® program controlled the testing and data acquisition in order to
simultaneously read gas flow rate, temperature and resistance of the sensor during testing. The sensor
response, cross-selectivity, and response/recovery times were characterized. The relative resistance
change (R) is expressed as an alteration in the baseline resistance of a metal-oxide sensing material upon
introduction of the target gas. The relative resistance was calculated using the equation presented in Eq. 1.
The R denotes the relative change in resistance, where Rg is the resistance in 1% O, balanced with pure

N2, while Re is the resistance value during exposure to the target gas.



Rg-Rp
Rp

Relative Resistance Change (R) = [( ) X 100] [Eq. 1]

The response time is described as the time that passes for the sensor to reach 90% of the total
resistance change. If the relative resistance change is a negative value, then the sensor response will be
designated in this paper as an “n-type response”’; if the R is a positive value, then the sensor response will
be termed as a “p-type response”. The absolute maximum of the relative resistance change will be termed
as the Rmax throughout the work. The gas exposure cycle used throughout the work was presented as insets
within the measurement figures, which include the concentration of the target gas and time of exposure
during holds at the designated temperatures. In all tests, the total flow was adjusted to 50 sccm by
adjusting the flow of H,, CO, SO, N2 and O, via the mass flow controllers (MFCs). Three different
concentration levels of target gas, balanced with high purity nitrogen (N2, 99.99%, Matheson Ultra High
Purity grade), were tested at three different exposure times. During time dependent sensing experiments,
the sensors were heated and held at 600°C, 800°C, and 1000°C for 8.5 h, and the gas exposure cycle
presented in the figures was applied. The sensors were cooled to room temperature under atmospheric
conditions. In a few occasions, the sensor was cooled under N, flow in order to conduct chemical state
analysis on the sensing material. Matheson Research grade 99.998% O was used in this work. As seen in
the inset plots for H, testing, the exposure cycle increased the ppm level of H, from 1000 to 2000, and
then to 4000 ppm, and then the concentration was decreased back down to 1000 ppm. Each of these gas
concentrations were held for 20 min and then the pyramid was repeated with a hold time of 5 min. A final
pulse of the maximum concentration was placed on the sensors for 30, 15, and 5 s to test the limits of the
response/recovery kinetics. Each of these pulses were balanced with pure N. (with 1% O, background)
during the isothermal hold. A 30 min holding time in the 1%0O,+N, mixture was placed on the sensors
between each pulse in order to allow the sensors to recover before further exposure testing. Potential
interfering gases, SOz and CO, were included in the cross-selectivity tests for StM0O4/MgO with the same

exposure cycle applied for H..

2.3. Sensing Material Characterization

The chemical composition and nano/micro-structure of the developed sensing materials were
characterized by means of JEOL 7600F scanning electron microscopy (SEM) attached with Oxford INCA
350 energy dispersive X-ray spectroscopy (EDS), X-ray and ultraviolet photoelectron spectroscopies
(XPS PHI 5000 Versaprobe) and UPS), atomic absorption spectroscopy (AAS), X-ray diffraction (XRD)
(a Panalytical X-Pert Pro diffractometer PW 3040 Pro and temperature programmed reduction (TPR).

SEM-EDS and XRD were utilized to observe the microstructure and determine the crystallinity of the as-



synthesized product. XPS was used for quantification and chemical state analysis of the constituent
elements on the surface and through the thickness of the micro-fibers. Temperature programmed
reduction (TPR) was used to better understand the different H, adsorption/dissociation/consumption
behaviors of the nano-SrMoO,4 and SrMo0O4/MgO. Atomic absorption spectroscopy (AAS) was employed
to precisely determine the atomic concentration of the Mg in SrMo0O.. A solid-solution forming between
the nano-SrMoO4 and the MgO micro-fiber substrate would affect the band-gap and work function (@),
thus the SrMoO4/MgO material was subjected to further UV-Vis (ultraviolet-visible spectroscopy) in
order to measure the band-gap (Eg). UPS spectrum was utilized to measure the work function of both the
sensing and platinum electrode materials. The activation energy calculations were carried out in order to
guantify the Schottky barrier heights among the grains, while a work function based approximation is
used to determine the Schottky barrier height between the inter-digitated metallization and sensing

material interface.

3. Results and Discussion

3.1. Microstructural Characterization of the SrMo0O4/MgO Fibers

Fig.1-a shows the SEM micrograph of the as-synthesized MgO micro-fibers. The XRD data showed
that the MgO micro-fibers displayed a high level of crystallinity (data not included). All of the measured
peaks were indexed using the standard #87-0653 card from the Joint Committee on Powder Diffraction
Standards (JCPDS) for MgO. The MgO micro-fibers differ in radius from 100 nm to 1 pum. Fig.1-b
displays the SEM micrograph of the SrMoO. decorated over the MgO micro-fibers at low magnification
while the inset provides a high magnification micrograph of the fiber surface. The micro-fibers of
SrMo0O4/MgO displayed a similar acicular morphology as the original MgO fibers. The nano-sheet
features of the SrM00./MgO were shown to be homogeneous through the synthesized material. In order
to rapidly assess high temperature stability of the seeded growth material, the SrMoO4/MgO was heated
to 1000°C and held for 5 h. The resulting microstructure is presented in the SEM micrograph shown in
Fig.1-c. The microstructure of the SrMoO4/MgO micro-fibers was generally resistant to the effects of the
high temperature treatment. The spongy microstructure with the extended and homogeneous porosity
network was preserved; however, the grain growth still occurred with some limited sintering. The grain
size of the STM004/MgO micro-fibers was in the range of 1 to 10 pum. For comparison purposes, Fig.1-d
shows the SEM image of the nano-SrMoQO, (without MgO) after a 5 h heat treatment at 1000°C. Image
analysis was conducted in order to quantify the porosity using a 2D binary reconstruction analysis of the
SEM images; the analysis showed that after firing, the porosity was ~52%. For the given sensor
application, it is of great importance to maintain this highly porous network at high temperature in order

to present a high level of active redox area and also to eliminate diffusional limitations of the target gas



[34]. Overall, this open microstructure permits the whole volume of the sensing material to be open to
interaction with the hydrogen. The nano-SrMoO4 decorated over MgO will be termed as SrMoO4/MgO in
the rest of the work.

3.2. Chemical Characterization of the SrMo0O4/MgO Fibers
3.2.1. X-ray Photoelectron Spectroscopy of the SrMoO4/MgO Fibers

A comparative XPS analysis was completed on nano-SrMoO; (Fig.2-a) and SrMoO4/MgO (Fig.2-b)
synthesized using the same hydrothermal conditions. The main difference is that the nano-SrMoQO,4 was
synthesized without the inclusion of the MgO template/seed particles within the autoclave vessel. The
deconvolution of the O, Sr and Mo main photoelectron positions made it possible to quantify the chemical
states, and concentration of the defects such as oxygen vacancies (Vg) and oxygen interstitials (O;).
Deconvolution of the O 1s position in SrM0oO4/MgO proved that three chemical states of the oxygen exist
in the material. Those are located at 530.11, 531.25 and 532.56 eV. The former value matches well with
the literature values for lattice O% ion in SrMoOQ4 [35], while the latter agrees to the value reported for
interstitial oxygen ions, and the last aligns with the values stated for chemisorbed oxygen [36, 37, 38, 39,
40, 41, 42]. The binding energy values reported here for the O% ion in SrMoO4/MgO are within ~0.2 eV
proximity of the values measured for nano-SrMoOs. The corresponding full width at half maximum
(FWHM) values for the lattice oxygen are 1.5 and 1.2 eV for SrM0oO4/MgO and nano-SrMoOs
compound, respectively. The broad nature of the lattice component in the MgO-modified material can be
interpreted as the contribution of the incorporated Mg. Approximately 57 at.% of O% ions were located on
ordinary lattice positions, while 24 at.% of O? ions were located on interstitial sites, with the remaining
19 at% detected on chemi/physi-adsorbed locations. The significant increase in the fully-oxidized regular
lattice sites, in addition to the decrease from 37 at.% to 24 at.% in the amount of interstitials, was
observed in the SrM0oO4/MgO in comparison to the nano-SrMoQ.. The effect of this will be explained
later in the paper, when the electronic structure, including the band gap and work function of the material

will be discussed.

The Mo 3d doublet is composed of the Mo®* and Mo®* peaks, which were positioned at 232.21 and
233.77 eV for SrM0o04/MgO. The broad feature of the Mo®" and Mo®* peaks, in comparison to the nano-
SrMoO4 compound, suggested complexity in the chemical environment of Mo. It was proven from the
deconvolution that the as-synthesized SrMoO4/MgO contained ~76 at.% Mo®*, while the nano-SrMoO,
contained 86.8 at.% Mo®. A similar increase in the Mo® was also observed; the amount of Mo®*

increased from 13 at.% to 24 at.%. The Sr?* had well resolved spin-orbit components with the value of



1.76 eV for 3ds2 and 3dss, which is usual in stable compounds. However, in addition to the well-defined
3d doublet, the shoulder formation was observed at the high energy side, which was fitted into another
doublet that represents the Mg incorporated and/or effected areas in the host material. The deconvolution
results indicated that ~5 at.% of the Sr was positioned in the Mg incorporated regions. The compositional
depth profiling of the fired SrM0oO4/MgO was obtained by XPS, and the profile is presented in Fig. 3. The
most striking result of the analysis is that the atomic concentrations of the Sr, Mg, O and Mo do not vary
through the thickness of the particles. In other words, the core MgO structure was totally lost during the
reaction, even though the morphology of the MgO fibers remained.

In order to envision this claim, MgO micro-fibers were treated in an aqueous solution (at a pH of 8) at
ambient pressure conditions, and SEM micrographs of the overall microstructure is presented in Fig. 4.
As discussed previously, MgO has significant solubility in aqueous solutions at both low and high pH, so
it was expected that a certain extent of dissolution of the seed particles was expected at the give reaction
conditions. In order to synthesize the nano-SrMo0Os using the hydrothermal method, the pH was adjusted
to~ 6, which further increased during the reaction to 8. At this pH level, the surface of the MgO core
structure began to dissolve into the aqueous solution, while at the same time, the SrMoO4 phase was
nucleating and precipitating onto the same surface. Interestingly, the dissolution reaction of the MgO did
not disturb the nucleating process of the SrMoQO4 and continued to serve as an active surface for
nucleation and growth.

Fig. 5 represents the chemical state of the Mg throughout the probed depth of the SrMoO4 material. At
the surface of the as-synthesized powder, the material contained Mg in three different chemical states,
MgO, MgO:x and Mg(OH).. MgO is strongly basic [43]; therefore, it was not surprising to identify
Mg(OH).. As can be observed from the graph, the relative amount of each chemical state of the Mg varies
through the depth. After 1 min surface cleaning of the micro-fibers by Ar* ion etching, a shift in the Mg
2s photoelectron position occurred towards a lower binding energy that shows that Mg(OH). consisted of
a few atomic layers. The shift was accompanied by an increase in the amount of MgO and MgO:.x phases.
The shoulder formation and increase in the intensity at the high energy binding site indicates the relative
amount of MgO1.« increase with the depth probed. The broad feature of the main peak itself suggests the
potential formation of a SrMgxMo01.xOa4.5 solid-solution. The importance of the MgO1.x phases arises from
the fact that the catalytic properties of the MgO are mainly dependent on the surface base sites; point
defects, such as low coordinated Mg sites, facilitate the dissociative adsorption of H [44, 45]. It was not
possible to conduct peak deconvolution analysis on both Mg and O peak positions in order to quantify the

relative ratios of the MgO and MgO:.x phases due to fact that the amount of Mg was ~ 2 at%. The low



amount of material probed produced peaks with very low intensity which made it difficult to conduct

peak deconvolution analysis.

In order to corroborate the XPS chemistry results, the bulk SrMoO4#/MgO powder was analyzed by
atomic adsorption spectroscopy (AAS). The technique is regarded as the best method for determining
trace concentration of metals [46]; therefore, the technique was used in order to analyze the bulk amount
of the Mg incorporated into the nano-SrMoO, powder (which includes both substitutional and secondary
phase precipitates). According to the AAS analysis of the SrMoO4#/MgO, the material contained ~2 at%
Mg. The result is aligned with the XPS measurement regarding the amount of the Mg found in the

modified compound.

3.3. Structural Characterization of the SrMoO4/MgO Fibers

XRD patterns of the calcined nano-SrMoO. and SrMoO4/MgO are presented in Fig. 6. All of the
diffraction peaks can be indexed with the ICSD card #01-085-0586 for the nano-SrMoO. and
SrMo04/MgO. The XRD measurements were taken from the samples after calcination at 1000°C for 5 h.
The calcined samples were thought to be a better representation of the final sensing material, since these
materials were fired to this temperature to adhere to the metal electrode and substrate. The sharp and high
intensity diffraction peaks of the calcined powders showed a good level of crystallinity with no secondary
phases, such as MoQOj3; and/or SrO present. Both materials showed the tetragonal scheelite structure. The
scheelite structure contains four formula units per unit cell with four Sr** and four (MoO4)* ions. The
Mg(OH). peak was assigned in accordance to the ICSD card #01-075-1527. However, it was not possible
to identify the (001), (101) and (102) main diffraction peaks due to the low intensity and strong positional
match with the main SrMoO, peaks. An increase of the relative intensity of the (101), (211) and (116)
peaks for the SrMoO, was observed due to potential contribution from the (001), (101) and (102) of
Mg(OH)..

The inset figures within Fig. 6 provide a better visualization regarding the difference in both the XRD
spectra. Further inspection of both spectra showed that the SrMo04/MgO displayed different diffraction
characteristics near the 26 value of 64°. This peak position corresponds to the (111) plane of the
Mg(OH),. It was expected to observe the hydrated Mg compound due to its tendency to form in the
presence of steam even at room temperature. Therefore, it is normal to observe the Mg(OH). peak even
after high temperature heat treatment. The XRD spectra showed no other phase formation, neither SrO or
the double-perovskite SroMgMoQsg, was detected. In addition, the FWHM values for both powders
contrasted by more than 5%. The most striking points of the XRD data are the existence of the Mg(OH)-
phase in the SrM0O4/MgO, in addition to the well-resolved peak shifts. There is a regular shift of all the



SrMo0O4/MgO peaks towards the higher 20 values by 0.3° compared to that identified for the nano-
SrMo0Q.. This could be attributed to the relatively higher amount of the Mo®* in the modified structure in

comparison to the pure SrMoQs4, as the former had 24 at.% Mo®* while the latter possessed just 13 at.%.

3.4. Electronic Characterization of the SrMo0O4/MgO Fibers

The consequences of the Mg incorporation can be observed in the electronic characteristics of the
material. The work function and band-gap for the nano-SrMoQO, and SrMo0O4/MgO were measured via
ultraviolet photoelectron spectroscopy (UPS) and ultraviolet-visible light absorption spectrum (UV-Vis),
respectively. The activation energy calculations were conducted to quantify the grain boundary Schottky
barrier height in both the nano-SrMoO4 and SrMoO4/MgO materials.

3.4.1. Work Function (&) Measurement

In order for the sensing material to serve its function, the material surface must show a high affinity
for the redox reaction with the gas phase and the sensing material must show adequate ability to transfer
electrons to the sensor electrode. Therefore, the work function (@) plays an important role in the overall
sensing process, since both of these mechanisms are affected by this value. The @ is not a characteristic
property of a bulk material, but rather a distinctive feature of the material surface, which depends on the
surface’s crystal facet and stoichiometry. The interface between semi-conducting oxides and metals create
a Schottky contact due to the discrepancy in the work functions. Platinum metal-oxide interfaces are
known to display a Schottky contact rather than an ohmic contact at high temperature [47, 48]. There are
two Schottky barriers in a resistive-type sensor composed of a particulate sensing material. The first
Schottky barrier occurs among the sensing material grains. The second is observed between the sensing

material and the sensor electrode

The measured @g,;q4. Values were 9.3, 8.2 and 7.7 eV for the nano-SrMoO,, micron-SrMoO,4 and
SrMoO4MgO, respectively. The micron-size SrMoO, was included in order to better distinguish the
effect of the MgO and the effect of the SrMoO, particle size on the work function (@gyige). The
reported @p, for platinum (Pt) is 5.7 eV, which was the interconnect material used in this sensor work
[49]. When a semi-conducting oxide and Pt come into contact, the Fermi level will be adjusted due to

thermodynamic necessity. The e will experience an energy barrier (‘DB(ome/m))' whose height for an n-

type semi-conducting oxide can be derived from the difference between the work function of the metal

and electron affinity () of the semiconductor. The electron affinity, typically denoted by Eea or g, is



defined by the amount of energy attained by placing an electron from vacuum to the bottom of
the conduction band of the semiconductor. The analogy will be altered at a temperature higher than
absolute zero, with the effect of doping and/or non-stoichiometry, since an e” will go to the Fermi level as
illustrated in Fig. 7. Therefore, the work function values measured were considered analogous to the
electron affinity of the semiconductors, as described in Eq. 2 and 3. Eq. 4 presents the equation for the

Schottky barrier height based on the difference between the work functions of the materials at the

interface.
XZEEA = Evac_EC Eq2
(DEEEA+EC_EF=Evac_EC Eq3
(DB(Oxide/Pt) = XsrMo04,/Mgo — Dp; Eq. 4

Generally, a low work function is desired in order to promote the transport of electrons to the sensor

electrode or interconnect. The magnitude of @p ..~ e for nano-SrMoQa,, micron-SrMoQOs-micron and

SrMo04/MgO was calculated as 3.6 eV, 2.5 eV and 2.0 eV, respectively. The lowest barrier height was
measured for STM0oO4/MgO.

3.4.2. Band Gap Measurements

The UV-Vis spectrum of the nano-SrMoO. and SrMoO4/MgO are presented in Fig. 8. The formula
proposed by Wood et al. [50] was used to estimate the optical bandgap from the UV-Vis spectrum [51].
The measured values for the band-gap were 3.7 and 3.2 eV for nano-SrMoOs and SrMoO4/MgO,
respectively. The band gap value for the nano-SrMoO4 was a good match with the values reported in
literature, especially when considering the non-stoichiometry of the material [52, 53, 54, 55].

The red shift in the SrM00O4/MgO spectra can be attributed to many factors including, order/disorder,
morphology, stoichiometry, oxidation state, secondary phases, defect type (and density), grain size and
shape. The absorption spectrum of the SrMoO./MgO displays the typical optical behavior for a wide
bandgap n-type semiconductor; however, it should be noted that it slightly deviates from the regular trend
at the higher energy section. The section of interest is highlighted by the green circular shaded region in
the SrMo0O4/MgO and indicated with the square shaded region for the nano-SrMoQOa. This deviation is
due to the residual MgO that continues adsorption instead of presenting a smooth plateau of absorption as
observed in nano-SrMoOQs.. It is obvious that there is no observable band edge for the SrMoO./MgO
composition, as can be seen for the nano-SrMoQOs (presented in the inset figure). The continuous

absorption clearly indicates that there is interference from a high band gap material, such as that from


https://en.wikipedia.org/wiki/Conduction_band
https://en.wikipedia.org/wiki/Fermi_level

MgO which has a band gap of 7.8 eV [56]. The reduction in the SrM0o0O./MgO band gap can be attributed
to cation or anion defects within the structure. Anion defects would primarily align with the oxygen
vacancy and interstitial oxygen ion concentration. The amount of interstitial oxygen ions in SfMoO./MgO
are lower than that of nano-SrMoQs, which was shown in the XPS data in the previous section. In the
case of cation defects, alterations in the B-site composition may be attributed to Mo deficiency, a change
in the overall oxidation state (during the hydrothermal growth), or the substitution of the Mg into the
lattice that would potentially lead to impurity level bands in the main bandgap. Other reports in literature
confirm the reduction of the band gap by doping with a lower valance ion, such as the following doped-
oxide systems: Er¥*:Ce0,, Ga**:TiO,, and Ga*:WOQO3[57, 58, 59].

3.4.3 Activation Energy Calculations for SrMo0O4/MgO Grain Boundary Schottky Barrier
Height

The total electronic resistance in the SrMoO4+/MgO is governed by both the resistance of the bulk
grains and grain boundaries. For most semi-conducting oxides, the grain boundaries dominate the total
resistance of the material due the presence of second-phases and other defect-association along the grain
boundaries. These two contributors usually form a space-charge layer (sometimes termed depletion layer)
between the grains, resulting in a Schottky barrier which limits both electronic and ionic conduction. The
influence of this barrier can be correlated to the relative thickness of the depletion layer (compared to the
average size of the grains) and the Schottky barrier height. Due to the larger SrMoO4/MgO grain size, it
is assumed that the bulk grain conductivity was unaltered by the depletion layer (due to its nano-size
thickness in comparison to the large grain size); this means that the bulk grain conductivity was not
dominated by the influence of the depletion layer and retained its semi-conducting nature. Regardless, it
is assumed that the absolute sensor resistance was dominated by the grain boundary resistance (governed

by the depletion layer), as typical of semi-conducting oxides.

In this work, it is assumed that the grain boundary Schottky barrier (®g,,) formation was the result of
both the grain boundary defects and surface adsorbed oxygen ions. Activation energy calculations were
carried out in order to quantify the barrier height for @g_, . It must be restated here that this is the second-
type of Schottky barrier discussed in this work and schematically represented in Fig. 7. The magnitude of

the Schottky barrier (@g,) can be assessed from the formula presented in Eq. 5.

—(Eq) (Ep)
G = Poge?s™" = R=G'" = Rx e - E;, < ®p__ Eq.5

The Arrhenius formula presented by Schierbaum et al. was used in this work which links the

activation process for electron transport to electrical conductance (G), or electrical resistance (R) [60].



Fig. 9 shows the natural logarithm of the linear fit of the sensor resistance versus (ksT)* for nano-SrMoQ,
and SrMoO4/MgO. The resistances of both nano-SrMoO4 and SrMoO./MgO were both measured in
1%0,+N; atmosphere on the same sensor platform with a current load of 5-10 uA DC. By taking the
slope of the In(R) vs (ksT)? plot, it was possible to calculate the activation energy (Ea) values for both
materials. In Eq.5, the Ea denotes the energy to form and transfer the electron through the material, T
represents absolute temperature, and kg is the Boltzmann constant, while P and ¢ are the proportionality

constant and bulk conductivity, respectively.

The Ea values calculated for nano-SrMoO4 and SrMoO4/MgO were 1.63 and 1.48 eV, respectively.
Both values are higher than the 1.34 eV reported for SrMoOQs in the literature [61]. However, the value
reported in for SrMoQ, was tested in atmospheric conditions in the form of a pressed pellet. The typical
microstructure of a high-temperature sintered, polycrystalline SrMoO, ceramic would potentially possess
a low level of intergranular porosity; in addition, the higher firing would result in grains and grain
boundaries with higher order and a different defect state. The Schottky barriers among the grains stem
from the space charge layer which exist due to the existence of interstitial oxygen ions [62], thus testing
in high oxygen background environment will also decrease the overall activation energy. The grain size
and number of grain boundaries may also have an influence on the overall resistivity of the bulk material.
The nano-SrMoO, and SrMoO4/MgO both experienced coarsening beginning at ~600°C and both
materials ended with a similar grain size. Therefore, it may be assumed that the grain size did not
influence the Ea significantly for both the nano-SrMoQO, and SrMoO./MgO materials.

4. Sensor Testing of SrM004/MgO for Hydrogen (Hz)

The H: sensing experiments were completed in accordance with the testing procedure described
previously in the experimental section. Fig. 10-a presents the time dependent relative resistance change
curves (R) for the testing of the STM004/MgO sensor material in H, at 600, 800 and 1000°C under 1% O,
balanced with N,. The material showed a rapid and intense sensor response against H- at all temperatures
tested. The response was n-type in nature to all target gas concentration levels, testing temperatures and
different oxygen background concentrations. The probable sensing reaction is shown in Eg. 6, where the
dissociated H, reacts with lattice and/or interstitial oxygen ions leading to the formation of H.O. As
previously discussed, it is believed that the available second-phase MgO facilitated the adsorption and

dissociation of the H,.

2H" + 0% & H30 445 + 2€~ [Eq. 6]



The Rmax values of -25, -27, and -30 were measured upon exposure to the 20 min pulses of 1000, 2000
and 4000 ppm of H, at 600°C. The SrMoO4/MgO displayed a smooth and repeatable response to the 5 min
pulses of H; at the same temperature. The Rmax Values for the 5 min pulses of 1000, 2000, 4000 ppm of H;
were -24, -26, and -29, respectively. The same values were also recorded for the 2000 and 1000 ppm
exposures after receiving the maximum concentration. The sensor also detected the 4000 ppm H:
concentration for the 30 and 15 s pulses; the Rmax values were -19 and -9.5, respectively. The time
dependent relative resistance change curve of the SrM004/MgO at 800°C is presented in the Fig. 10-b. At
800°C, there was a jump in the response for the SrMoO.4/MgO in comparison to that measured at 600°C.
The sensor response was smooth and drift-free. The Rmax values were -66, -79 and -85 for the 20 min
exposure of 1000, 2000 and 4000 ppm H- at 800°C, respectively. The Rmax Values for 5 min pulses of
1000, 2000 and 4000 ppm H; were -46, -64 and -75, respectively. At this temperature, the SrMoO4/MgO
detected the 30 and 15 s exposures of 4000 ppm H; with the Rmax values of -19.2 and -6.5, respectively.

Fig. 10-c shows the time dependent relative resistance change curve for the SrM0oO4/MgO at 1000°C.
The Rmax values were -75.8, -85.2, and -87.2 for the 20 min pulses of 1000, 2000 and 4000 ppm H; at
1000°C, respectively. The same trend was valid for the 5 min pulses and the Rmax Values were -59.5, -67.8
and -73.7, respectively. In the case of 30 and 15 s pulses, the Rmax Were -46.7 and -26.5 for 4000 ppm of
H,. The material showed very high sensitivity and excellent repeatability upon multiple exposures in one
sensing cycle. The recorded response times for the SrMoO4/MgO against the 20 min exposure of 4000
ppm H, were 6.1, 12.6 and 8.4 min at 600°C, 800°C and 1000°C, respectively. The SrMoO./MgO not
only revealed high sensor response, repeatability, and relatively high response kinetics, but also it showed
the ability to differentiate between the different concentration levels of the target gas. At 1000°C, the Rmax
was -87.2 and the sensor displayed a similar high response even after successive tests and subsequent H,
exposures that covered almost 150 h of operation at 1000°C. These discussed results are one of the few
successful demonstrations reported in literature of a resistive-type hydrogen sensor that operates at such
an elevated temperature regime. The high sensor response of the SrMoO4/MgO material towards H; can
be explained on the basis of three distinct characteristics. These characteristics may be attributed to the
porous/tailored microstructure, the catalytic activity towards H. dissociation/adsorption, and the
electronic modification of the SrMoQOa. The electronic modification and porous microstructure effects for
the SrMoO. sensing material was explored in the previous sections. The catalytic modification will be

explored in the next main section.



4.1. Cross-Selectivity Testing
4.1.1 Carbon Monoxide (CO) Testing

Carbon monoxide (CO) is another common reducing gas that many times causes significant
interference to specific hydrogen sensing, since a portion of the surface redox reaction may be related to
the oxidation of CO as well as H,. CO is a common product of many industrial processes, where H, and
CO coexist within the gas stream. The CO cross-selectivity testing of the SrMoO4#/MgO material was
completed for three different temperature regimes (600, 800 and 1000°C) in accordance with the testing
procedure described previously for H,. Fig. 11 represents maximum relative resistance change for 4000
ppm of CO at 1000°C. The CO sensing results presented here are very similar to data presented in our
previous work that focuses on the nano-SrMoOs [16]. The relative resistance change curve was not
included, since the material showed insignificant and inconsistent sensor response to CO at all
temperatures tested. The material showed the typical n-type response with Rmax Values less than -2. Only
the longer 20 min CO exposures at a level of 4000 ppm showed a reading level that could be detected.
The Rmax values for CO at 800 and 1000°C was -3.1 and -2.5, respectively, for a concentration of 4000
ppm CO. This level of response is far below that measured for the H, values detected at the same
temperature; this indicates that the cross-selectivity is relatively low for this gas mixture. The reason for
this low response is still being investigated, but it is known that MgO is a weak adsorber of CO [63, 64].
It should be kept in mind that at >600°C, stable CO adsorption and carbonate formation is not favorable.
In addition, it is not expected that MgCOs3; formed either since this composition decomposes at 350°C [65,
66]. In the end, the MgO may have an effect of further reducing the CO oxidation, and it may be assumed

that any CO oxidation is primarily associated with its reaction with the SrMoO, surface.

4.1.2. Sulfur dioxide (SO2) Testing

Selectivity against sulfur species is of particular interest for H, sensing since many reforming
processes of fossil fuels, where the high-temperature sensors would be used, contain significant levels of
sulfur. In the case of sulfur compound exposure, MgO can form a MgS/MgSO, product, which would be
expected to cover the surface of the sensing material and potentially inhibit further reaction/interaction
with the active sensing layer. It was also perceived that the MgO additions could also lead to substitution
into the SrMoQO, structure (onto the Mo site) after high-temperature processing (and potentially during
operation). The solid solution formation would lead to the modification of the electronic properties as
well as the defect chemistry on the surface.

In many fossil fuels, there is a high level of sulfur species which exist or transform into SO, and H,S

during gasification or combustion. These compositions complicate the stability of many catalyst and fuel



cell components. In previous publications by the current authors, the team investigated the use of
SrMoOQ4, and other molybdate and tungstate compositions, for high temperature sulfur species sensing
[16]. The SrMoO. composition was shown to have significant sensitivity to sulfur species (both SO, and
H>S), but very low sensitivity to H2 (as described in this paper also) [16]. The current paper demonstrated
that the incorporation of the MgO into the SrMoQ, lattice, and as a second phase into the bulk material,
resulted in a drastic increase in sensitivity to H.. Also, the synthesis method used to produce this complex
composite not only altered the chemistry, but also resulted in a change in the electronic nature of the
resultant SrMoOs. In order to better understand the full effect of this change, SO, testing was also
completed on the SrM0oO4#/MgO material to quantify the cross-selectivity. Fig. 11 shows the maximum
resistance change (Rmax) values of SrMoO4/MgO for SO, at 600, 800 and 1000°C together with the Rmax
values measured for H, and CO for comparison purposes. Interestingly, SrM00O./MgO showed a regular
n-type semi-conducting sensor behavior with very low sensor response towards SO, at all of the testing
temperatures. The response seen in this work is far different from that measured previously for the pure
nano-SrMo0Q4 [16].

The Rmax values for the SrMoO4/MgO were -2.8, -3.7 and -5.9 upon exposure to the 20 min pulses of
500, 1000 and 2000 ppm of SO at 600°C. It should be noted that sensor did not detect the first 500 ppm
SO, exposure, and surprisingly, the first detection of 12000 ppm SO was higher in sensitivity compared to
the 2000 ppm level. At 600°C, the Rmax for the 5 min pulses of 500, 1000, 2000 ppm of SO, were -2.0, -
5.5, -3.1, respectively. Despite the low response, the sensor detected the 2000 ppm SO; at the 30 s
exposure, with the Rmax Value of -2. The sensor could not detect the SO, at the 5 s and 15 s pulses. For the
testing at 800°C, the Rmax Was -9, -7 and -5.4 for the 20 min exposure of 500, 1000 and 2000 ppm SO at
800°C, respectively. It is noteworthy to indicate that despite the increase in the concentration of the SO,
the sensor response decreased after each exposure. This is potentially due to the poisoning of the active
sensing area. This lower response, and its cause, will be addressed in the next subsection in detail. The
same trend was observed for the 5 min pulses, as the Rmax values were -6, -7 and -8 for 500, 1000 and
2000 ppm of SO, respectively. The SrMoO4MgO detected the 30 and 15 s exposures of 2000 ppm SO;
with the Rmax Of -5 and -3, respectively. For 1000°C, the Rmax for the first response was as high as -50.5 for
500 ppm of SO2; however, the Rmax values for 1000 and 2000 ppm of SO, were -7 and -12.5, respectively.
The rest of the exposures were not detected apart from the 5 min exposure for 500 ppm, in addition to the

30 and 15 s pulses. The Rmax in those cases were -13, -11 and -7.

The reason behind the lower sensitivity toward SO, can be explained on the basis of the compound
formation between MgO and SO, which is termed as poisoning in sensor/catalysis literature [67]. It is

well known that MgO destructively adsorbs sulfur dioxide [68, 69, 70, 67], and other catalyst poisons



such as hydrogen halides, organochloride [71], and organophosphorus [72] [73, 74, 75]. The proposed
sensing mechanism for SO; is aligned with previous studies, where the SO interacts with the interstitial
and/or lattice oxide and attaches weakly to the surface [16]. Eq.7-13 illustrate a few of the potential
reactions for molecular oxygen adsorption to the surface and further dissociation and incorporation into
interstitial and/or lattice sites. The chemisorption of SO, onto a perfect MgO surface is relatively weak;

however, in the case of a non-stoichiometric surface with surface defect sites, sulfite formation may occur

strongly.
03(gas) © O2(ads) [Eq.7]
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Eq. 14-17 represent a few of the various potential oxidation reactions that may occur for SO, forming
S0O; (and potential further formation of sulfite and sulfate ions). This interaction may be enhanced due to
the interaction of O ions with SO on surface defects, such as the four-coordinated Mg?* sites [76]. A
single SO, molecule favors the interaction with the MgO (100) surface where the two oxygen ions are
bridging two neighboring Mg?* positions. In other words, the SO, adsorbs molecularly at the five-
coordinated Mg?* cation sites [77]. In another interaction, it may be assumed that the SO, weakly bonds
to the surface and interacts with the interstitial oxygen ions, which creates SOs that further oxidizes to
S0., and/or stabilizes itself by reducing MgO to form MgSO.. In this case, the MgO particulate surface
would be saturated with magnesium sulfate (MgSQ,) [67]. Previous work has shown that the reaction of
SO, with MgO is favorable to form MgSO. as low as 700°C [78, 67], where the standard enthalpies of
formation (AH¢°) for MgO and Mg(SO.) are -603.6 and -1278.2 kJ/mol, respectively. The MgSQs is a
stable compund, with a decomposition temperature of 1135°C [79]. If the testing atmosphere changes
from pure N2 to O, containing atmosphere, then the decompsition products would contain more SO; [80].
Catalyst literature also reported sulfate, sulfite and sulfide formation with MgO near and beyond 500°C
[81, 67]. It was reported by Lee et al. that the exposure of MgO to SO,, which was completed in order to
promote the SO, transformation to SOs, resulted in the formation of a compound of Mg and S (MgSO.)
[82]. The same authors also reported that after exposure of MgO to SO, at >500°C, MgO could not

recover to its initial state [83].



$0,+ 0" - S03 +e” [Eq. 14]

S0, + 0%~ - S0; + 2e” [Eq. 15]
S0; + 0%~ - 50;* [Eq. 16]
S0; + 2e” - S0%~ [Eq. 17]

For the given work, it is asumed that the sulfur oxidation reaction occurs with local surface oxygen
ions (or with the interstitial oxygen ions residing within the SrMoQ, structure). The oxidation process
liberates electrons that alters the resistance of the sensing material. In the case of the SrMoO4/MgO, it
appears that after the initial surface covarage of the SO, a limiting point is reached where the sensor
response is greatly reduced with further exposure due to poisoning of the surface. A few of the multiple
reaction steps leading to the sulfide/sulfate formation are presented in Eqg. 18-21. The conversion of the
magnesium sulfite (MgSOs3;) composition to MgSO, is also possible at this temperature due to the
availability of interstitial oxygen ions from the SrMoO4/MgO sensing material [67]. However, as can be
seen from Fig. 11, it is obvious that sensor response still exists towards SO due to insufficient coverage
of the surface of the SrMoQO,4 by MgO, although the Rnax Values are in the range of -10.

Mg*t + S0% > MgSO0, [Eq. 18]
MgS0; +50, - Mgso, [Eq. 19]
Mgo + S05~ > MgS0,+ 0, + 2e [Eq. 20]
Mgo + S0, +50, - Mgso, [Eq. 21]

It is interesting to note that the sensor regained its functionality quickly after removing the SO, and
switching back to regular H, containing testing environment. One potential reason for this response may
be due to H: cleaning of the potential poisoned surface, due to the reducing nature of the H, against
Mg(S0O.) [84]. Ding et al. showed that the existence of H,O accelerates the decomposition of MgSO,
under H, atmosphere [85]; therefore, the sensor used for full-scale SO; tests managed to exhibit the usual
H, sensing performance during successive tests switching from SO, to H, and vice versa. The sulfur
poisoning could be removed from the sensor during exposure by high concentrations of H, or the
presence of H, may limit the formation of the sulfate/sulfite composition during operation when a finite
amount of Hy is present. This feature demonstrates the selective sensing capability of the SrMoO./MgO

fibers when exposed to levels of SO; at high temperature.



4.1.3. XPS Characterization of SrMoO4/MgO after SOz Exposure

The low sensitivity of SrM004/MgO towards SO, was further investigated by XPS analysis. The XPS
spectrum of the SrMoO4/MgO sensor material after SO testing is presented in Fig. 12. In comparison to
the as-synthesized conditions, oxygen exhibited two separate peaks due to the relatively large difference
in the binding energy of O% in oxides (MgO, SrMoOs) and sulfates (MgSOQs). Lattice O (nearly 57 at.%
in content) was positioned at 530.44 eV, while 7 at% interstitial O? was positioned at 531.1 eV. The level
of interstitial oxygen was significantly lower in intensity in comparison to that identified for the as-
synthesized case due to oxygen loss during sensor operation. Due to the fact that the sensor was cooled
down in a N atmosphere, the oxygen used or expulsed during high temperature testing was not
replenished. Another portion of the oxygen 1s peak was positioned at 532.75 eV, which is attributed to
the S-O bonds (nearly 36 at.%); this position matches well with the value reported by Sugiyama et al.
[86].

The XPS analysis shows that nearly a third of the oxygen is correlated to a sulfate composition on the
surface of the sensing material. This result aligns well with the idea that the sensor surface is saturated
with sulfur species, which limits further reaction with SO, within the gas stream. As seen in our previous
work, the nano-SrMoO. remained as a highly sensitive material due to the adsorbed sulfur at high
temperature [16]. After the inclusion of the MgO as a second-phase (and dissolved into solution), the
formation of MgSO, appeared to limit further SO, reaction (and possible diffusion) [87]. Even with this
formation, the presence of this sulfate permits continuous functioning of the adsorption and redox
reaction with Ha. In this case, initially H, may reduce the MgSO.to Mg and H,SO4, and subsequently in
the sulfur deprived and oxygen rich environment, Mg may then re-oxidize to MgO. The XPS spectra for
the sulfur (S) 2p was also characterized for the same sample and this data is presented in Fig. 12-b. Sulfur
was detected in the form of MgSO, in addition to MgSi.x and trapped SO./S. The deconvolution of the
corresponding S 2p peak provided information regarding the relative amount of each phase. The
deconvolution of the sulfur spectra indicated that the sulfur resided in forms of MgSix, SO2/S and
MgSQ,, where the sulfur concentration was 10.2, 12.5 and 77.3 at.%, respectively. The binding energies
measured for sulfur in MgSQOs, SO./S and MgS:x were 169.0, 165.4 and 163.1eV, respectively. The
values are an excellent match with the literature values [86, 88, 89, 90]. In stoichiometric MgS, the 2pa
electrons belong to sulfur having the binding energy values of 162.0 eV [91]; however, in our
measurements, the value was 1.1 eV higher which corresponds to a sulfur deficient compound of MgS. It
was not possible to distinguish elemental eight-coordinated sulfur from the trapped SO., since both

possess close binding energy values.



5. Reduction Characterization of SrMoO4/MgO with Temperature Programmed Reduction
(TPR)

The temperature programmed reduction (TPR) technique was utilized to further investigate the
reduction process of the nano-SrMoQO, and SrMoO4/MgO. By this technique, it was possible to further
justify the high sensitivity of SrM00./MgO towards H, in comparison to the nano-SrMoO.. Kubo et al.
concluded that the reduction of SrMoO4 to SrMoOs starts at 650°C under hydrogen flow without any
oxygen background [92]. The TPR isotherms for nano-SrMoO. and SrMoO4/MgO are presented in Fig.
13. The isotherms represent consumption of H, with increasing temperature starting from room
temperature until 920°C. The TPR measurement was completed by increasing the temperature to 910°C at
a rate of 5 °C/min in 10% Hx/Ar atmosphere. The nano-SrMoO, showed two H, consumption peaks that
were located at 576°C and 825°C. The first reduction was nearly 25°C lower than that reported by Kubo
et al., and the second reduction was observed nearly 90°C higher in temperature [92]. The SrMoO4/MgO
exhibited a similar reduction behavior with almost identical peak positions, but the magnitude of these
peaks were an order of magnitude higher in peak intensity. Between 130°C and 400°C, it is assumed that
the SrM004/MgO released H- due to the decomposition of Mg(OH)., since the consumption values were
negative. Mg(OH), and MgH; decompose at 300°C and 285°C, respectively [93]. The release of the H;
was immediately followed by a rapid and intensive consumption of H; starting from 400°C. The first
reduction maximum for SrM00O./MgO was observed at ~575°C, and the signal output was proportional to
the consumption of Hy. The relative intensity change was ~22 times greater than that measured for nano-
SrMoOs. The second reduction maximum was observed around 830°C, and the consumption of H, was
increased with the increase of temperature until the test was completed at 910°C. Based on the TPR
results, it may be assumed that this significant increase was due to the high adsorption and dissociative
nature of H, on MgO. This subsequently increased the reduction kinetics of nano-SrMoO. based on the
higher H* concentration. Although it is still debatable about the exact mechanism of H, adsorption and
dissociation over MgO [22], it is well-known that MgO supports hydrogen dissociation on cation-anion
couples, especially with the lowest coordination [94, 95, 23, 22]. Some literature attributes this to di-
vacancy defect sites [96, 20, 21][97].

6. Hz2 Sensing Comparison of SrMo04/MgO to SrMo04-MgO Composite

In order to better understand the relative influence of the MgO substitution into the nano-SrMoOQs.,
MgO was precipitated onto the surface of nano-SrMoOs to purposely form just the composite
composition. In this case, MgO would only remain as a secondary phase on the surface of the nano-

SrMoOs, and would not be dissolved into the SrMoQOs structure (thus, not modifying the electronic



structure). As discussed throughout the paper, it was shown that the SrMoO4#/MgO contains both MgO on
the surface of the SrMoO4/MgO sensor material and dissolved into the nano-SrMoQO. scheelite structure.
We have proposed that the MgO allows for improved H; adsorption and dissociation, and the MgO
protects against SO; interference and poisoning. The dissolved Mg is altering the work function, bandgap
and activation energy which all increasingly contributed to the sensor response by reducing interconnect

and grain boundary Schottky barriers.

In order to have a clearer understanding on the benefit of the electronic modification, MgO was added
to the nano-SrMoO. with the exact amount that was measured by AAS. The amount was incorporated
into the nano-SrMoQ, by mechanical mixing. MgO micro-fibers and nano-SrMoO,4 aqueous mixture were
heated at 180°C for 2 h on a hotplate without the hydrothermal processing until the mixture was dried.
These powders were similarly printed onto the electrode alumina substrates and fired in the same manner
as all of the other sensors fabricated in this work. The composite sensor material was tested for H, and
SO, sensing using the previously described testing procedures. The relative resistance change curve for
H, at 1000°C is presented in Fig.14-a. The testing results for SrM0O4/MgO and nano-SrMoQ; are also
presented in Fig.14-b and ¢ for comparison purposes. The Rnax Value for SrMoO4-MgO composite against
4000 ppm of H, was -32.2; this value was considerably higher in comparison to the nano-SrMoQ, alone,
which was -7.5; however, it was significantly lower than the Rpax 0f STM0O4/MgO (-87.2). This result
confirms the catalytic influence of the MgO secondary phase on the nano-SrMoQO, sensing material. For
a final comparison of the mechanically-formed SrMoO4-MgO composite to the SrMo04/MgO material,
the SrMo0O4,-MgO composite was also tested for SO, cross-selectivity as the previous sensors. The
SrMo04-MgO composite exhibited similar insensitivity (data not included). The very first exposure on
the testing sequence was detected with the Rmax value of -36; however, the remaining exposures were
detected with very low Rmax Values due to poisoning of the surface. The similar compound formation (data

not included) between MgO and SO, was observed after the testing of this SrMo0,-MgO composite.

These experiments furthered the understanding of the influence of the MgO second-phase to the
SrMo0Q, sensing capabilities. A general summary of the contribution of the MgO to the sensor response
is presented schematically in Fig.14. The figure shows the general sensor response, microstructure and
attribute list for the three compositions tested in this work between Pt IDE electrodes. Again, the
compositions tested in this work were the pure nano-SrMoO., the hydrothermally-synthesized
SrMoO4/MgO composite, and the mixed SrMoO4-MgO composite (in order from bottom to top in the
figure). First, comparing the microstructural difference, the porosity in the pure nano-SrMoO, (bottom of
figure) was low after sensor testing, indicating that significant densification occurred during testing. In the

case of the SrMoO4,-MgO composite (top of figure), the porosity was more prevalent throughout the



structure, which indicates that the MgO second-phase limited the densification mechanism. Also, this
MgO pinning controlled the grain growth process, where the grain size was limited to a finer size

compared to its nano-SrMoQ, counterpart.

The SrMo04/MgO composite (middle of figure) showed the very fiborous composite structure with
pores >30 um in size. The final SrMoO4#/MgO micro-fibers were composed of grains in the size range of
~1-10 um after testing, which coarsened from the original ~50 nm size range, but stabilized during
prolonged testing. The more open microstructure was attributed to the packing of the fiberous material,
and the presence of residual MgO secondary-phase (limiting the grain growth of the SrMoQ, sub-grains
in the fiber). The increased porosity level of both the SrM00O4-MgO and SrMo04/MgO composites would
permit better mass diffusion of the sensing gas, and thus, a higher exposure rate to the H, gas.
Comparing the influence of the second-phase MgO on the electrochemical response, the additional MgO
was shown to permit a high level of H, adsorption and spill-over to the sensing material. In the case of the
pure nano-SrMoO4 (bottom of figure), without the addition of MgO, the response was lower than either of
the compositions with MgO. The highest sensor response was obtained for the hydrothermally-derived
SrMo0O4/MgO (middle of figure), stemming from the incorporation of the second-phase MgO. The further
performance improvement over the mixed SrMoO.-MgO composite (top of figure) was attributed to both
the enhanced H; adsorption (potentially due to a better MgO dispersion or content) and the electronic
modification of the intrinsic SrMoQO4 composition. The SrMo0O./MgO compostion was shown to have a
lower work function (7.7 eV) over the pure nano-SrMoO4 (9.3 eV). This alteratnion would increase H»
sensitivity due to a relatively lower barrier height between the Pt electrode and sensing material interface

(CDB(M e /m). In addition, the activation energy calculations showed that the Schottky barrier height

(®p,,) among the grains was also lower for the SrMoO./MgO material, which would lead to higher
electron conductivity through the sensing material. Moreover, the bang gap value for SrM0oO4/MgO was
lower than that of nano-SrMoQ4. Overall, these attributes would all lead to more accessible electrons for
both conduction and redox reactions. The influence of the highly porous microstructure of the

SrMo04/MgO also conributed to the high response.

7. Conclusion

The work presented the hydrothermal synthesis and characterization of MgO-enhanced SrMoO4
composition which was used as a sensing material in a resistive-type, solid-state gas sensor. The material
was synthesized by providing MgO micro-fibers as seed particles into a SrMoO4 hydrothermal synthesis

reaction. The MgO micro-fibers acted as a nucleation site for SrMoO. formation, but did not template the



orientation of the composition. Interestingly, as the SrMoO4 grew on the MgO particles, the MgO
concurrently dissolved back into the aqueous medium (leaving a portion dissolved within the SrMoQO4
crystal structure). The MgO micro-fibers acted like a transient template for the formation of the SrMoQO4
phase. The final obtained powder retained the general MgO acicular morphology and particle size, but a
core MgO phase was not found within the resultant SrMoOQ, particles. Although the MgO was not
discovered as a second-phase within the SrMoQ; particles, it was found to re-deposit onto the surface of
the final particles. In the end, the final acicular structure of the SrMoO, powder was found to be stable
for high-temperature sensor testing, where the microstructure remained consistent without significant

sintering or grain growth.

The inclusion of both Mg dissolved into the SrMoO lattice and MgO remaining on the surface of the
particles significantly altered the sensing capabilities of the composition, which was different than that
found in our previous work. In our previous work, the SrMoO4 composition showed poor H; sensing
capabilities, but showed relatively high response to sulfur species (such as SO, and H,S). In the current
work, the MgO-modified SrMoO4 showed very low sulfur sensitivity due to the formation of surface
MgS/MgSQ., which we presume poisoned the surface from further sulfur oxidation. In the case of H;
sensing, the MgO-modified SrMoO. showed relatively high sensitivity toward H,, which was again
different from that found in our previous work for the pure SrMoQO, composition. It was found in this
work that the Mg-modification altered the band gap and work function from pure SrMoO; significantly,
which could contribute to some of this difference. One result of these electronic changes affected the
height of the Schottky barriers between the Pt metal interconnect and semi-conducting oxide interface
within the sensor; the Schottky barriers among the bulk grains within the sensing material were also
affected. Finally, the additional MgO second-phase on the SrMoQ, surface was assumed to enhance the
hydrogen adsorption and dissociation at the elevated temperatures, where the pure SrMoQ, showed low
hydrogen reaction at the same temperatures. All of the above attributes for the MgO-modified SrMoO,
sensing material lead to adequate sensing of H; at relatively high temperatures. Future work will focus on
further testing of H, at even lower concentrations than that demonstrated in this work, in addition to lower
pO; levels. In addition, further work must be completed to better understand the compositional range of
dissolved and surface MgO on the electrical properties, H. adsorption/dissociation, and poison surface

reactions.
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Microstructure

Comparison

Figure 1: SEM micrographs of as-synthesized (a)MgO micro-fibers (b)SrMoO4/MgO
(c)SrM004/MgO and (d)nano-SrMoQ; after 5 h at 1000°C.
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Figure 2: XPS core spectrum of Sr, O and Mo in the as-synthesized (a) nano-SrMoO4 and (b)

SrMo0O4/MgO.
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Figure 4: SEM image of pH 8 treated MgO. The inset provides a higher magnification of the

MgO micro-fibers.
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Figure 5: The chemical state of Mg at different depths through the SrMoO4/MgO.
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Figure 9: Ln(R) vs. (ksT)* plot for the nano-SrMoQ4 and SrMoQO4/MgO.
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Figure 11: Maximum relative resistance change versus temperature for CO and SO2 cross-

selectivity testing for the SrM0oO4/MgO composite.
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Figure 12 : XPS analysis of the SrM004/MgO sensor material after testing in SO2. The O 1s (a)

and S 2p (b) positions are presented.
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Figure 13: TPR measurements of nano-SrMoO4 and SrMoO4/MgO.
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