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Hydrated ruthenium oxide (RuOx(OH),), the material of interest in this study was prepared by reac-
tion of an aqueous solution of ruthenium chloride with base. This material was amorphous, made up of
20-50 nm particles and contains Ru(Ill) and Ru(IV), as determined by X-ray photoelectron spectroscopy.
The conductivity of thick films of RuO,(OH), decreased in the presence of CO in a background of air and
this change was reversible. Infrared spectroscopy showed the formation of carbonates in the presence
of CO, which disappeared upon replacement of CO with O,. Upon heating RuOx(OH),, there was a grad-
ual conversion to crystalline RuO; beyond 200°C. With these heated materials, the resistance change in
the presence of CO at room temperature also gradually diminished. We propose that oxidation of CO on
RuO,(OH), leads to reduction of the ruthenium and a decrease in conductivity. With the conversion to
crystalline RuO; upon heating, the material becomes metallic and conductivity changes are diminished.
The change in conductivity of RuO,(OH), with CO provides a convenient platform for an ambient CO sen-
sor. Such a device also does not show interference from hydrocarbons (2000 ppm), ammonia (150 ppm),
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CO; (2000 ppm), NO (15 ppm) and NO; (15 ppm).
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1. Introduction

Ruthenium oxide (RuO;)is an important technological material.
In particular, its electrical properties are dependent on its structure,
with the room temperature conductivity of single crystalline RuO,
reported as high as ~104Scm [1], poly crystalline RuO, ~ 103 Scm
[2] and amorphous hydrous RuO, is ~1Scm [3]. In its crystalline
form, RuO, adopts a rutile structure, and exhibits metallic-like con-
ductivity. The crystalline from of RuO, is used in the electronics
industry as electrodes in integrated circuits [4], and as electrodes
for production of hydrogen, chlorine and oxygen [5,6]. The cataly-
sis applications of RuO, include water splitting [7,8], oxidation of
methanol and ethanol [9] and carbon monoxide oxidation [10].

The hydrated form of ruthenium oxide, RuOx(OH), is an
amorphous material and finds use in the power industry as super-
capacitors [11,12]. The supercapacitor performance of RuOx(OH)y
stems from its ability to reversibly incorporate protons and elec-
trons, as shown below [11,12]:

RuOy(OH)y + 6H* + 8e~ = RuO,_5(OH),, 5
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Several studies have discussed the structure of RuOx(OH),
[11-13]. The picture that emerges is that the nanoparticles present
in RuOx(OH)y consist of disordered arrangements of RuOg chains,
capped off by OH groups. Within the grains, conductivity is consid-
ered to be primarily metallic-like arising from the d-band structure.
Conduction involves electron hopping between the particles, and
this process is dependent on the size of the particle. Optimization
of the supercapacitor performance of RuOx(OH), has focused on
studies of the interfacial electron transfer between the nanoparti-
cles, and control of the microstructure [13]. For example, a hydrated
form of mesoporous RuO, was reported to have excellent capaci-
tive behavior [14]. Hydrous amorphous ruthenium oxide is also
a carbon monoxide oxidation catalyst under ambient conditions,
however, the catalytic activity is strongly dependent on the ther-
mal history of the samples, and diminishes as the material is heated
[15].

In this paper, we focus on the electronic conductivity of hydrated
amorphous ruthenium oxide and changes thereof in the presence
of carbon monoxide. Using information from infrared spectroscopy,
we propose a mechanism for the observed changes in electrical
properties. The change in conductivity with CO at room tempera-
ture was also exploited to develop an ambient CO monitor. There
is need for low power, solid state, miniaturizable CO sensors, and
to the best of our knowledge, this study reports the first exam-
ple of use of hydrated amorphous ruthenium oxide as an ambient
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chemoresistive CO sensor. Most semiconducting metal oxides such
as TiO; [16,17], polyaniline-TiO, [18], Au-Co304 [19], SnO, [20],
detect CO at high temperatures. Modifications of some metal oxides
by addition of noble metals as in Pt-Sn0O, [21] and Au-ZnO [22] can
lower the temperature of operation. Metallic RuO, is used as a gate
material in field effect sensor devices [23].

2. Experimental
2.1. Materials synthesis

Hydrated ruthenium oxide (RuOx(OH)y), was prepared by a
precipitation method [24]. To a stirred 0.1 M aqueous solution
of ruthenium chloride (RuCl3-xH,0 Sigma-Aldrich), 0.3 M sodium
hydroxide (Mallinckrodt 98.7%) solution was added drop-wise until
pH 7. The resulting precipitate was washed several times until chlo-
ride free (tested with AgNO3), and dried in air at room temperature.
Heat treatment of RuOx(OH), was carried out at 100°C, 200°C,
300°C, 400°C, 500°C and 600°C for 10 h each. The resulting pow-
ders were crushed in an agate mortar and pestle for 5 min and used
for all further experiments.

2.2. Materials characterization

Thermogravimetric analysis (TGA) experiments were carried
out with PerkinElmer TGA 7, with a Thermal Analysis Controller,
TAC7/DX.Aramprate of 10 °C/min in nitrogen gas flow of 40 cc/min
was used. A Rigaku Geigerflex X-ray diffractometer with Ni-filtered
Cu Ka radiation was used for powder diffraction measurements.
A Tecnai F20 with field emission 200kV STEM and X-TWIN lens
was used to elucidate the microstructure and particle size. The
Kratos AXIS Ultra X-ray photoelectron spectrometer (XPS) with
an Al source was used for all XPS analysis. A 13kV voltage with
a 10 mA current and pass energy of 20eV at 0.1 eV resolution was
used. CasaXPS Version 2.3.15 software was used for the deconvo-
lution of the XPS data. A Shirley background was used for all data
processing. The binding energies were calibrated relative to the Na
1s peak at 1072 eV.

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) analysis was carried out in a controlled environment cell
(Pike Technologies) with a ZnSe window in a PerkinElmer Spec400
spectrometer. Samples of 25 wt% of RuOx(OH), dispersed in spec-
tral grade KBr (Pike Technologies) was used for each experiment.
Certified mixtures of CO, 2000 ppm in N, (Praxair), 100% CO- (Prax-
air)and 21% oxygen in argon (Praxair) were used with gas flow rates
of 60 cc/min. Scans were collected in the range 4000-850 cm~! with
aresolution of 4cm~1. All spectral subtractions were done with the
Spectrum 6.3.1 software (PerkinElmer). The subtraction factor was
varied between 0.932 and 1.000 until the vy stretching vibrations
peaks at 2800-2950cm~! were minimized. A mercury cadmium
telluride (MCT) detector was used for the IR measurements.

2.3. Resistance measurements

Alumina substrates (15 mm x 10 mm) with interdigitated gold
lines of 0.25 mm spacing were obtained from Case Western Reserve
University Electronics Design Center. Gold lead wires (Alfa Aesar,
99.99%) were connected with gold paste (Heraeus). The elec-
trodes were heat treated at 600°C for 3h in order to remove
organic binders from the gold paste. The RuOx(OH), particles were
suspended in water (5% by weight) by sonication for 1 h. The sus-
pension was drop coated onto the electrodes and allowed to dry in
air for 4-6 h.

All tests were done with a quartz tube housed in a temperature
programmable furnace (Lindberg Blue, TF55035A). Measurement

protocol consisted of flowing various volumes of certified mix-
tures of carbon monoxide 2000 ppm in N, (Praxair), 50% oxygen
in Ny (Praxair) and nitrogen (Praxair) over the devices to give
250-1000 ppm CO in 21% oxygen, balanced with nitrogen in order
to keep the flow rate constant. Certified premixed carbon diox-
ide 2000 ppm in nitrogen (Praxair), methane 2000 ppm in nitrogen
(Praxair), propane 2000 ppm in nitrogen (Praxair), and ammonia
300 ppm in nitrogen (Praxair) were used. Gas concentrations were
varied by varying the flow of each gas with Sierra mass flow con-
trollers controlled by a National instruments card (NI-6703) and
operated by a Labview program. Resistance measurements were
made with a HP34970A at a scan rate of 0.1 Hz. Tests were carried
out at 25°C with a gas flow rate of 100 cc/min for all experiments.

3. Results
3.1. Synthesis and characterization of RuOx(OH)y

As expected from earlier reports [24], a brown aqueous solution
of RuCl3-xH,0 changes to a black solution as the pH was gradu-
ally increased. When stirring was stopped at pH 7, a black solid
collected at the bottom leaving a clear liquid at the top. The precip-
itate (RuOx(OH)y) was separated by centrifugation and forms the
subject matter of this paper.

The weight loss upon heating of RuOx(OH), was determined by
thermogravimetric analysis, and the data is shown in Fig. 1a. The
weight loss occurs in three stages, a moderately rapid loss until
~225°C, agradual loss until 1125 °C, followed again by a rapid loss.
These stages have been described in literature as arising from water
loss via loss of H;O and OH groups and finally the reduction to
metal beyond 1050°C [25]. Based on the TGA data shown in Fig. 1a,
we estimate a ~22% drop in mass for RuOx(OH)y due to water/OH
loss over the temperature range of 25-325°C, indicating a molec-
ular formula of RuO,-2H;0. Fig. 1b shows the diffraction pattern
of the as-synthesized RuOx(OH)y, the absence of peaks indicating
that it is an amorphous material. Fig. 1c shows a TEM image for the
RuOx(OH),. The particle size based on the analysis of ~100 particles
is found to be between 20 and 50 nm.

X-ray photoelectron spectroscopy of RuOx(OH)y in the O 1s and
Ru 3d region is shown in Fig. 2. Curve deconvolution of the oxy-
gen 1s region (Fig. 2a), results in three peaks at 528.0, 529.0 and
531.0eV, indicating the presence of multiple oxygen species. Based
on the literature [26], these peaks are assigned in order of increas-
ing binding energy to Ru-O-Ru, Ru-OH and Ru-HO0, respectively.
However, our infrared studies discussed later show the presence of
carbonates on the as-synthesized material, and carbonate oxygen
can also contribute to the 531 eV peak [27].

The Ru 3d region for RuOx(OH), exhibits two broad bands at
~280 and ~285¢eV (Fig. 2b), the intensity arising from the 3ds,
and 3ds, electrons. Several studies have reported the XPS of dif-
ferent forms of hydrated ruthenium oxide [25,26,28-30]. There is
general consensus that the signal appears from a mixture of Ru
(1) and Ru(IV), which causes the broad bands. In addition, the
hydroxyl and oxygen functionalities surrounding the Ru also lead
to broadening, and therefore makes the deconvolution of the Ru
3d region complicated. There is also contribution from the C 1s
in this binding energy range. The best fit was obtained with six
peaks at 279.3, 280.1, 282.1, 283.6, 284.5 and 295.7 eV. The peaks
at 279.3 and 283.6 eV are assigned to hydrous Ru(Ill) and 280.1 and
284.5eV to Ru(IV). Since the starting material is RuCl3-xH;0, we
discount the formation of Ru(0) in the RuOx(OH)y since treatment
with base should not result in reduction. The other two peaks at
282.1 and 285.7 eV are assigned to C 1s from carbonaceous impuri-
ties and carbonate respectively [25-27], the presence of carbonate
is confirmed by infrared spectroscopy.
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Fig. 1. (a) Thermogravimetric analysis of RuOy(OH), (ramp rate of 10°C/min in a
nitrogen gas flow of 40 cc/min), (b) XRD pattern of RuOx(OH)y, and (c) TEM image
of RuOx(OH),.

3.2. Interaction of RuOx(OH)y with CO

3.2.1. Resistance changes

Fig. 3 shows the changes in resistance of a thick film of
RuOx(OH), upon repeated exposure to 250 ppm CO at 25°C in a
background of dry 21% O, (the rest is Ny). There is a decrease
in baseline resistance upon initiation of the measurement, and is
attributed to drying of the sample. The baseline does stabilize with

T
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Fig. 2. XPS spectra of RuOx(OH)y, (a) O 1s region: A Ru-O-Ru, aARu-OH and &

Ru-H,0/Ru-carbonate and (b) Ru 3d region: A Ru(Ill), o Ru(IV) and £ carbon 1s
carbonaceous impurities (282.1) and carbonates (285.7 eV).

time. There is an increase in resistance with CO, and a decrease as
the CO is turned off in the gas stream over the film. This cycle can
be repeated numerous times (~100).

3.2.2. Insitu infrared spectroscopy

Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS) was used to monitor the surface of RuOx(OH)y, as O, and CO
was passed over the surface. Fig. 4a shows the infrared spectrum
of the as-synthesized sample, Fig. 4b after passing O, (21%) over
the sample for 150 min, Fig. 4c after 2000 ppm CO flowed over the
sample shown in Fig. 4b for 15 min, 21% Oxygen was flowed over
the sample shown in Fig. 4c for 30 min then the cell was closed off
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Fig. 3. Changes in resistance of RuOx(OH), with repeated exposure of to 250 ppm
COin 21% Oxygen at 25°C.

for 45 min after which Fig. 4d was recorded, Fig. 4e after O, (21%)
exposure for 150 min over the sample shown in Fig. 4c and f is
after CO, exposure of the sample shown in Fig. 4b. In these spectra,
there are changes observed over several regions. Fig. 4a shows that
the as-synthesized sample shows bands in the carbonate and water
regions, which change in flowing air. The best way to visualize these
changes was by taking difference spectra, which are shown in Fig. 5.
The extent of the subtraction was controlled so the intensity in the
C-H stretching region was minimized. The sample treated with air
(Fig. 4b) is considered the primary control sample and is used in all
the spectral subtractions.

Fig. 5b shows that after exposure to 2000 ppm CO (Fig. 4c and b),
new bands at 866, 1038, 1167, 1281, 1311, 1433, 1539, 1617 and
1650cm™! are observed in the carbonate region. Bands at 1433,
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Fig. 4. Diffuse reflectance infrared spectra of RuOx(OH)y, (a) initial spectrum, (b)
spectrum after exposure to O, (21%) for 150 min, (c) spectrum of sample in (b) after
CO (2000 ppm in air) exposure for 15 min, (d) spectrum of sample (b) closed off for
45 min after O, for 30 mins, (e) spectrum of sample (c) after exposure to O, (21%)
for 150 min, and (f) spectrum of sample (b) after exposure to CO, (25°C).
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Fig. 5. Difference spectrum of (a) two O, (21%) exposures each for 150 min (prior
and after CO exposure), (b) O, (21%) exposed sample for 150 min and CO (2000 ppm
in air) exposure (enhanced y-axis scale in the 1000-2500 cm~! region), (¢c) O, (21%)
exposed sample for 150min and O, (21%) exposed sample for 30 min after CO
(2000 ppm in air) exposure and (d) O, (21%) exposed sample for 150 min and CO,
exposure.

1311and 1167 cm™! are assigned to monodentate carbonate, bands
at1539,1281 cm~! to bidentate carbonates and 1617,1038 cm~! to
bicarbonates [31-34]. In addition, gas phase CO peaks are observed
around 2150cm~!. In the O-H stretching region, there is increase
in intensity at 3367 cm~! and loss of intensity at 3618 cm™, there
is also an appearance of a shoulder ~1650 cm~! due to the bending
mode of water. Fig. 5¢ is the difference spectrum for a CO-exposed
sample that was treated with flowing oxygen for 30 min, and then
the cell was closed off (Fig. 4d and b), and bands at 1050, 1297, 1515
and 1620cm~! are observed in the carbonate/bicarbonate stretch-
ing region, and there is a loss of the monodentate carbonate peaks,
and the water bending mode. In addition, chemisorbed CO bands
are observed at 2003, 2043 and 2059 cm~! and adsorbed CO, at
2354cm!, in addition to the water band at 3426 cm~!. The differ-
ence spectrum between the two long-term exposed O, samples is
shown in Fig. 5a (Fig. 4e and b), indicating that passing air over a CO-
exposed sample over a longer period of time essentially removes
all of the new species formed upon CO reaction. The entire cycle of
0, and CO introduction could be repeated several times, with com-
parable infrared data. Fig. 5d is the difference spectrum upon CO,
exposure to RuOx(OH)y (Fig. 4f and b). Bands at 1052, 1297, 1539,
1617 cm™! are observed in the carbonate/bicarbonate region, CO,
at 2333 cm! and the water band at 3410cm™1.

3.3. Change in properties of RuOx(OH)y with heat treatment

Samples of RuOx(OH), were heated up to 600°C, and struc-
tural as well as resistivity changes were measured under ambient
conditions. Fig. 6 shows the powder diffraction pattern of the sam-
ples obtained at the various temperatures. Peaks begin to form in
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Fig. 6. XRD pattern of samples obtained by heating RuOx(OH), to different temper-
atures (data recorded at 25°C).

the sample heated to 300 °C, and these peaks increase in intensity
and sharpen as the heat treatment temperature is increased. The
dominant peaks at 28°, 35° and 54° (26) correspond to the 110,
101 and 211 reflections of the rutile RuO, structure [25]. Corre-
lating this observation with the TGA data in Fig. 1a, it is clear that
following the loss of water, the amorphous material is becoming
crystalline.

The XPS data were obtained for all the heated samples and
the data in the O 1s and Ru 3d region for the sample heated to
600°C is shown in Fig. 7. As was observed in Fig. 2a, the spectrum
of RuOx(OH), has multiple oxygen species Ru-OH (529.0eV) and
Ru-H,0(531.0eV)and Ru-O-Ru (528.0eV)[25]. The ratios of these
peaks change with heat treatment, with increasing contributions
from Ru-O-Ru (Fig. 7a). In the Ru-3d region, there is a sharpen-
ing of the Ru 3ds, peak with heating and a shift to lower binding
energies. This is a reflection of the oxidation of Ru(IIl) to Ru(IV) as
well as the loss of hydroxides on the ruthenium [26]. For the 600 °C
treated sample, the Ru 3d XPS data was fit to four peaks (Fig. 7b).
The low-binding energy doublet (281.2, 285.4eV) is assigned to a
screened final state and the high-binding energy doublets (282.8,
286.0eV) to the unscreened final state, both for Ru(IV) typical of
crystalline RuO, [30].

Fig. 8a shows the change in resistance of the various heat treated
samples upon exposure to 500, 250 and 1000 ppm of CO. The rel-
ative changes in resistance (R/R,, where R is the resistance in the
presence of the CO and R, is the resistance in the background gas)
are shown in Fig. 8b. Clearly, the resistance change diminishes with
heat treatment, and is not observable beyond 400°C.

3.4. CO sensing potential of RuOx(OH), under ambient conditions

The change in resistance of RuOx(OH), with CO provides an
opportunity for developing a solid state electrochemical ambient
CO sensor. Multiple devices were made with RuOx(OH)y and tested
in parallel at 25°C. Fig. 9 shows the response of three devices
to 1000, 500, 250, 1000 ppm CO in an air background. Response
times and recovery times for the 1000 ppm CO were calculated
to be 6 and 11 min (time taken to reach 90% of the steady state
signal). The insert in Fig. 9 shows the response with 32 ppm CO
over a 12-h period, and the response appears to be stable. We did
notice that beyond 16 h, a gradual decrease in signal is observed.
Fig. 10 depicts the normalized resistance (R/R,) to 2000 ppm CO5,
1000 ppm methane and propane, 150 ppm ammonia, 15 ppm NO
and NO,, indicating that the device is selective towards CO.
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Fig.7. (a) O 1s XPS spectra of RuO,(OH), heated to 600 °C: A Ru-O-Ru, ARu-OH and

& Ru-H;0 and (b) Ru 3d XPS spectra of RuO,(OH), heated to 600 °C: A Ru screened
final state, o Ru unscreened final state for Ru(IV).

4. Discussion

The primary focus of this discussion is to examine the reactiv-
ity of CO on RuOx(OH)y and correlation of the reactivity patterns
with the resistance changes of RuOx(OH), upon exposure to CO.
The catalytic activity of RuOx(OH), towards CO oxidation under
ambient conditions has been examined as a function of heat
treatment of RuOx(OH)y [15]. It is reported that the untreated as-
synthesized samples have negligible catalytic activity, the activity
increases upon heating the sample, with the optimum tempera-
ture being 150-250°C (CO conversion of 42.46%), and decreases
significantly for samples heated at 450-600°C [15]. Thus, both as-
synthesized RuOx(OH)y and crystalline RuO, obtained from heating
the RuOx(OH), beyond 500 °C are poor ambient condition CO oxida-
tion catalysts, yet the change in electrical properties upon exposure
to CO is very different (Fig. 8). As-synthesized RuOx(OH), exhibits
marked changes in resistance with CO and RuOx(OH), heated
beyond 500 °C (converted to crystalline RuO; ) exhibiting no change
atall.
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Fig. 9. Change in resistance of three different samples of RuOx(OH), upon exposure
to 1000, 500, 250 and 1000 ppm CO at 25 °Cin 21% oxygen. Inset: normalized change
in resistance on exposure to 32 ppm CO at 25°C in 21% oxygen.

4.1. Reactivity of CO with RuOx(OH)y

The changes in the infrared spectra in the 1000-1700cm™!
region (Fig. 5b) upon exposure of RuOx(OH), to CO suggest forma-
tion of monodentate, bidentate and bicarbonate species [31-34].
The formation of these CO,-derived carbonate/bicarbonate species

250ppm CO

2000ppm CO,
1000ppm Methane
150ppm Ammonia
15ppm NO,
15ppm NO

1000ppm Propane

T T T T

1.0 15 2.0 25 3.0
RIR,

Fig. 10. Normalized change in resistance of RuOx(OH), on exposure to 250 ppm CO,
2000 ppm CO3, 1000 ppm methane, 150 ppm ammonia, 15 ppm NO and 15 ppm NO,
and 1000 ppm propane at 25°C.

indicates that CO oxidation is taking place. Eventually with flow of
air over the sample (150 min), the surface is completely regener-
ated (Fig. 5a). However, treatment in air for a limited time (30 min)
leads to an intermediate stage in this cycle and provides more
insight into the reactivity. Bands are observed due to chemisorbed
CO at 2043 and 2059 cm~! (Fig. 5¢) which are characteristic of CO
binding to a Ru site on RuO, [35].In addition, the band at 2003 cm™!
is typical of CO adsorption on a coordinatively unsaturated Ru site
on RuO; (oxygen vacancy) [35]. The band at 2354cm™! is due to
adsorbed CO, since P and R branches typical of the gas phase are
not being observed, and show that the regeneration of the sample
in air leads to CO, formation. Exposure to flowing air also leads to
the loss of the monodentate carbonate bands at 1433, 1311 and
1167 cm~! (compare Fig. 5b and c). Interaction of the RuOx(OH),
surface with CO also leads to changes in the OH stretching region,
loss of high frequency OH groups (3618 cm~1) and generation of
water (3367 cm~!) (Fig. 5b). The surface of RuOx(OH)y is also reac-
tive to CO, (Fig. 5d), and the carbonate/bicarbonate bands are
similar to the partially air-treated sample after reaction with CO
(Fig. 5¢).
We propose the following reactions on RuOx(OH)y:

~CO(ad) + -OH + 0, — -HCO3(ad) (1)
~HCOs5(ad) + ~OH — -COs(ad) + H,0(ad) 2)

The reaction with O, (lattice oxygen) on the RuOx(OH), leads to
reduction in the metal. It has been noted that redox active metal
oxides are more active in CO oxidation since they can provide
“active” oxygen and can accommodate oxygen vacancies [36,37].
Oxygen from the gas phase can replenish the oxygen vacancies and
regenerate the sample. Evidence for the reduction also comes from
the CO chemisorbed band at 2003 cm~! (Fig. 5¢), which is in the fre-
quency range assigned to CO adsorbed on oxygen vacancies [35].
Overall, CO oxidation is leading to a reduction of the RuOx(OH)y sur-
face, formation of CO, leading to carbonate/bicarbonate formation
involving the OH groups of RuOx(OH), and the oxygen vacancies are
being occupied by CO. The adsorbed water is formed by reaction of
bicarbonate with -OH.

CO oxidation over RuO, (110) has been studied extensively
[10,38-41]. Two prominent active sites for reactive oxygen have
been identified, a bridge site and oxygen on coordinatively unsat-
urated Ru atoms. The high catalytic activity is attributed to CO
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adsorbed on the unsaturated site reacting with the oxygen on the
unsaturated site or with the oxygen at the bridge site [40,41]. Thus,
the mechanism is still controversial, centered on which oxygen
is more reactive. Comparison of the mechanism of CO oxidation
on RuO,(110) to CO oxidation on RuOx(OH)y is unclear, though,
the kinetic data (activation energy) for CO reaction on single crys-
tal RuO,(110) at 107 mbar pressure [39] was comparable to CO
oxidation at ambient pressure on particles derived from a low tem-
perature thermal treatment of RuOx(OH), [15]. There are also other
parallels: on single crystal RuO,(110) surface, the vibrations of
chemisorbed CO at the oxygen vacancy sites are observed at 1995,
2072 and 2135cm~! [35,38], we observe bands at 2003, 2043 and
2059 cm~!. This strongly held CO on RuOx(OH)y is not removed
readily with O, a similar observation is made from experiments
involving reaction of CO-bound RuO, (11 0) with O, [39]. The car-
bonate observed upon reaction of CO, with on RuO, (11 0) leads
to monodentate (1216 and 1410cm~") [42], with RuOx(OH), we
observe bicarbonate and bidentate carbonates (Fig. 5d).

As-synthesized RuOx(OH)y is known to be a poor CO oxidation
catalyst [15], and we propose that the product of the oxidation CO,
is held as carbonates/bicarbonates which block active surface sites.
Surface poisoning has also been noted for single crystal RuO, (11 0)
due to the formation of carbonate and bicarbonate species [42,43],
with the latter being proposed as the major deactivating pathway
[43]. Water adsorption on Ru sites in RuO, (1 1 0) has also been pro-
posed to act as deactivating the catalysts [44]. Carbonate poisoning
is also reported on Co304 [36]. Carbonate and bicarbonate bands
are also formed on exposure of Fe;03 to CO [37], and the forma-
tion of the oxygenates involve the reaction of CO, with —~OH groups.
Water production during CO oxidation on Au/Fe, 03 has been noted
[31].

There are least three possible scenarios to interpret the changes
in resistance observed with CO. Resistance changes due to forma-
tion of carbonate species has been noted for neodymium oxide
carbonate upon exposure to CO, and H,O [45]. The basis for
the electrical activity was the reaction between CO, and surface-
adsorbed OH groups. However, in the present study, no resistance
change was observed upon exposure of RuOx(OH)y, to CO, though
carbonate formation was observed. Thus, even though CO, reacts
with the OH groups in RuOx(OH)y, as in the neodymium oxide car-
bonate, the resistance change must arise from a different pathway
in RuOx(OH)y.

The second scheme is based on the supercapacitor literature
related to RuOx(OH)y,, where electronic conductivity between the
particles is proposed to occur by electron hopping across small
rutile-like 20-50 nm nanocrystals in a percolative fashion, with
the OH/H,0 adsorption layer between the particles forming the
barrier through which the electron needs to move [11-13]. Thus,
any interference to this hopping process will decrease conductiv-
ity. As shown in Fig. 5, the IR spectra indicates that carbonates
are adsorbed to the RuOx(OH), surface in the presence of CO. The
carbonates formed on the surface of RuOx(OH), will impede the
electron hopping between the RuO, crystallites in the RuOx(OH),
network. However, this mechanism cannot be correct, since CO,
also creates carbonates, but results in no change in resistance.

The third scheme involves the influence of the lower valent
states of ruthenium on the electronic conductivity of RuOx(OH)y. In
RuOx(OH)y, as supercapacitor, the electron capture results in reduc-
tion of ruthenium (Ru(IV) — Ru(III), Ru(Il)), indicating that multiple
valences are readily accessible. The origin of electronic conduction
in these mixed ion-conducting materials has been correlated with
an electron hopping mechanism between the 3+ and 4+ oxidation
states [46,47]. Hydrated RuOy in hydroxyapatite has been reported
to be reduced by CO under ambient conditions to a lower valence
state [48], and reduction of the RuO; layer on ruthenium catalysts
during CO oxidation has also been observed [35]. Impedance spec-

troscopic studies on RuO,-TiO, aerogels under both dry and humid
conditions suggest that increase in oxygen pressure can result in
electronic conductivity [49]. This increase in electronic conductiv-
ity in the presence of O, has been explained as due to oxidation of
Ru(III) to Ru(IV). Data presented in the present study shows that
lower valent states of Ru are present in RuOx(OH), (XPS), and the
IR studies show that CO oxidation is taking place, abstracting oxy-
gen from RuOx(OH), and leading to reduction of the material. The
lower valent states of Ru will lead to increased resistance which is
reverted in the presence of oxygen, as the vacancies are filled and
the adsorbed carbonates/bicarbonates/water is lost.

With heated samples of RuOx(OH)y, the conductivity changes
observed under ambient conditions in the presence of CO grad-
ually disappears. There are four changes that occur upon heating
RuOx(OH),—loss of water and the hydroxyl groups (as evidenced
by TGA), the lower valent states of ruthenium are transformed to
Ru(IV) (XPS) and the disordered RuOy units assemble to form crys-
talline RuO, (XRD) and there is an increase of particle size with
annealing (XRD). With heating of RuOx(OH)y, it is reported that the
CO oxidation at ambient conditions is diminished, and the reason
proposed is that the surface area of the material is decreasing [15].
It is known that bulk crystalline RuO, is a metal and thus electron
compensation upon CO oxidation can readily occur. We propose
that this is the primary reason why there is only a minimal change
in conductivity with CO (Fig. 8).

4.2. Sensor performance

The response of the device to CO (32-1000 ppm) as observed in
Figs. 3 and 9 shows stability with repeated cycling, though passing
dry gases over the sample for times >16 h does begin to decrease
the signal. This loss in signal with long testing times could be due
to loss of hydroxyl groups, or due to strong adsorption of carbon-
ate species that are not being removed by the air treatment, as
evidenced in the infrared (Fig. 5). An experiment was carried out
where a sample was exposed to dry air for 16 h and then the sens-
ing tests were performed. The sensor performed as well as a sensor
that was not subjected to flowing gas. Thus, we propose that the
sensor may be losing response at long times because of the carbon-
ate adsorption, and inclusion of catalysts on the ruthenium oxide
surface may alleviate this problem. The reproducibility of device
fabrication is confirmed by the testing of multiple devices (Fig. 9).
The as-synthesized RuOx(OH), without heat treatment is the most
sensitive to CO and discriminates against NH3, NO, NO,, propane,
methane, CO, which makes it attractive for use in CO detection in
ambient conditions. The advantage of the present device is that it
operates at room temperature requiring no heat and hence suitable
for low power applications. Typically, metal oxide semiconductor
sensors based on TiO, [16], SnO, [20] operate at high temperatures
(>250°C) since oxygen vacancies are necessary for electronic con-
duction. Also, semiconductor sensors usually show interference to
other gases (e.g. hydrocarbons) that react on the oxide surface.

5. Conclusion

RuOx(OH), was synthesized by reaction of alkali with a solu-
tion of RuCls-xH,0. The material was amorphous with hydroxyl
groups, water and mixed valent ruthenium (Ru(Ill) and Ru(IV)).
The conductivity of the material decreased upon exposure to CO
and recovered after passing air over the sample. Infrared spec-
troscopy showed the presence of carbonate and bicarbonates on
the RuOx(OH)y surface with CO. Upon heating the RuOx(OH)y, the
crystalline form of RuO, was obtained, but this material showed
no change in resistance with CO. A mechanism involving the redox
state change in RuOx(OH), upon reaction with CO is proposed for
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explaining the conductivity changes. The change in conductivity
of RuOx(OH)y is suitable for the detection of carbon monoxide at
room temperature. The sensing tests show that the selectivity and
detection limits have the potential to make this device a practical
CO detector for low power applications.
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