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ARTICLE INFO ABSTRACT

We report enhanced sensing properties of Pd-coated SnO, nanorod (NR) arrays for detecting H, gas in N, and
dissolved in transformer oil. The Pd nanoparticles were coated on randomly ordered vertical SnO, NR arrays by
SnO2 the glancing angle deposition (GLAD) method, which utilizes an electron-beam evaporator and a DC magnetron
Pd sputtering system. The Pd-coated SnO, NR arrays exhibited high response (104 at 1% H) in N,. Pd-coated SnO,
Nanorod arrays NR arrays were immersed and in mineral oil that contains various concentrations of dissolved H, and the
Transformer oil N .

electrical response was measured. We found that the Pd-coated SnO, NR arrays showed superior response (R =
“96), low detection limit (0.3 ppm), and fast response times (300s). The Pd-coated SnO, NR arrays had a
temperature coefficient of resistance (TCR) of 3.69 x 10-3°C™! at various oil temperatures (20-80 °C), in-
dicating good thermal stability at high temperatures. The sensing mechanism of the Pd-coated SnO, NR arrays
was also demonstrated by using changes in the Schottky barrier height at the Pd/SnO, interface upon exposure

Keywords:
Hydrogen sensing

to H,.

1. Introduction

Analyzing gases dissolved in insulating oil for monitoring failure of
the internal components of power transformers is one of the most
pressing issues in the electric power industry. Deterioration of mineral
oil and insulating paper in a transformer occurs under abnormal con-
ditions, making dielectric insulation impossible [1-5]. The deteriora-
tion causes C-H and C—C bonds in the insulating system to break, thus
generating various gases such as Hp, CH4, CyHg, CoH,, CO, and CO,
[1-5]. Among these gases, H, is the most important to be monitored
since it is generated during both discharge and thermal deterioration of
insulating oil and paper. Its concentration is also the highest among 10
kinds of dissolved gases [1-5].

The severity of faults and type of failure can be determined by
measuring the concentration of dissolved gases [6]. Transformer ab-
normality is diagnosed using dissolved gas analysis (DGA) [6]. Until
recently, as a kind of the off-line measurement, gas chromatography has
been used to analyze the oil gathered from the transformer [7-9]. This
method consumes time and manpower, requires expensive equipment,
and has a measurement error caused by the lack of real-time monitoring
[7-9]. Due to these issues, optical [10-12], diode [13,14] and resistive
[15-17] immersed gas sensors have been developed that can con-
tinuously monitor dissolved gases in-situ. In recent years, we have
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reported the H gas sensing properties of Pd-coated p-type Si nanowire
(NW) arrays for detection of dissolved H, in oil [18]. The Pd-coated Si
NW arrays exhibit prominent sensing performance at room temperature
(20°C) in terms of response ("10), response time (600 s), and low de-
tection limit (1 ppm) [18]. However, we found that there is a decrease
in response at elevated temperatures in oil (R = 2.2 at 70 °C, 460 ppm
H,). A solution to work out the stability problem at elevated tempera-
tures is necessary.

Here, we report the H, sensing properties of Pd-coated SnO, NR
arrays fabricated by glancing angle deposition (GLAD) in N, and
transformer oil. The length of SnO, NRs was controlled to obtain op-
timal H, sensing performance. The real-time response of Pd-coated
SnO, NR arrays was measured for various H, concentrations in both N5
and transformer oil. The electrical response of Pd-coated SnO, NR ar-
rays for specific H, concentrations was also measured at various tem-
peratures (20-80 °C). In order to clarify the sensing mechanism, we
focused on the Schottky barrier variation upon exposure to H, at the
Pd-SnO, interface. This will be addressed in detail below.
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SnO,NRarrays

Fig. 1. (a) Schematic illustration of the fabrication process of Pd-coated SnO, NR arrays. (b-d) Top-view SEM images of the vertically ordered SnO, NR arrays as a

function of incident angle (70°, 80°, and 85°).

2. Experiment
2.1. Fabrication of Pd-coated SnO2 NR arrays

Fig. 1(a) shows a schematic of the overall fabrication process of Pd-
coated SnO, NR arrays. Randomly ordered SnO, NR arrays were fab-
ricated by GLAD using an E-beam evaporator [19-21]. 1 x 1 cm? SiO,/
Si substrates were diced from a wafer and were sequentially cleaned in
acetone, methanol, and deionized water. The cleaned substrates were
finally dried with nitrogen (N5). The cleaned wafers were attached to
the holder and tilted to a constant incident angle. Subsequently, "3 mm
SnO, grains (4 N purity, Kojundo Chemical Laboratory Co., Ltd) were
placed in a 7 cc-crucible and located under the holder. Vertically
standing SnO, NR arrays were deposited on the 70°, 80°, and 85° tilted
substrates rotating at a speed of 15 rpm. Process conditions include an
initial pressure of 5.0 x 10~° Torr and a growth rate of 1A/s. After
deposition, the samples were heat treated at 550 °C for 2 h.

Five-nanometer Pd films were sputtered on the vertically ordered
SnO, NR arrays through an ultra-high vacuum DC magnetron sput-
tering system (SNTEK Co., Ltd). When the base pressure reached
4.1 x 1077 torr, 34 sccm of Ar was injected to start deposition. The
working pressure at the time of deposition was 2.3 x 10~ torr, and the
Pd deposition rate was “4.7 A/s at 20 W.

2.2. Characterization and I-V measurements

The morphologies of the Pd-coated SnO, NR arrays were char-
acterized using field-emission scanning electron microscopy (FE-SEM;
JSM-7100F, JEOL Ltd.). Pd films deposited on the surface of the SnO,
NR arrays were examined with an energy dispersive X-ray spectrometer
(FE-SEM-EDS; JEOL-7100 F, JEOL Ltd.).

I-V measurements of the Pd-coated SnO, NR arrays were conducted
by exposing to air, 10 ppm, and 1% H, in ambient conditions. After the
reaction saturated, the voltage was changed within the -4 to +4V
range and was controlled with a Keithley 236 SMU, and the current in
the sensor was measured.

2.3. Sensing measurement

The Pd-coated SnO, NR arrays grown onto the SiO,/Si substrates

were loaded onto a printed circuit board (PCB). Line electrodes were
constructed parallelly on each top side of the Pd-coated SnO, NR arrays,
being connected to the PCB by using silver paste (P-100, Cans Inc.)
[Baek, Jang]. The constructed electrodes were dried at ambient atmo-
sphere for 4 h. For the H, sensing measurement in N, atmosphere, the
sensor device of the Pd-coated SnO, NR arrays loaded onto the PCB is
mounted in a home-made gas chamber [22]. The measurement in N,
atmosphere was performed at room temperature. The real-time re-
sistance was measured by applying a constant voltage (0.1 V) for a time
interval of 1 s using the measurement unit (Keithley 236 SMU, Keithley
Instruments Inc.). The gas flow rate was fixed at 500 sccm by a mass
flow controller (MFC). The Pd-coated SnO, NR arrays were tested by
varying H, concentration from 0.2 to 10,000 ppm in N, atmosphere.
For the H, sensing measurement in oil, the Pd-coated SnO, NR array
loaded onto the PCB was mounted on a device composed of a poly-
imide-based plastic outer-shell, which had a 0.8 x 0.8 cm? square open
window, and the assembly was directly submerged in oil through a
cable port [18]. The details of the oil gas-testing equipment were de-
scribed in our previous paper [18]. The measurement in oil chamber
was performed at temperatures in the 20-80 °C range, and temperature
was controlled using a heating cable. H, was bubbled into the chamber
at atmospheric pressure and dissolved in mineral oil (KS 1#2,
DONGNAM Petroleum Ind. Co. Ltd.). H, measurements in oil were
carried out in the same manner as in the N, ambient test.

3. Results and discussion

It is well known that the GLAD creates an oblique deposition geo-
metry by tilting the substrate to a glancing angle [21]. The glancing
angle (0) between the surface normal and incident vapor leads to a
shadowing effect between vaporizing flux and pre-evaporated SnO,
nuclei and enables modification of the average NR diameter and density
[20,21]. Among the factors that can be used to control the density and
perpendicularity of the nanostructures, high deposition angle and fast
rotation yields a vertically oriented columnar morphology (see
Fig. 1(a)) [21]. The density of the SnO, NRs was controlled by selecting
the appropriate glancing angle, as shown in Fig. 1(b)-(d). Each shows
the top surface morphology of the SnO, NR arrays with incident angle
of 70°, 80°, and 85°, respectively.

Fig. 2(a)-(c) shows the SEM images of the top, tilted, and cross-
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Fig. 2. SEM images of Pd-coated SnO, NR arrays. (a) Top view, (b) tilted view, (c) cross-sectional view, and (d—-e) EDX mapping of the magnified cross-sectional view.
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Fig. 3. (a) Response of 100, 200, 300, and 1000 nm long Pd-coated SnO, NR arrays to 1% H,. (b) Resistance variation of Pd-coated SnO, NR arrays with optimal
thickness of 200 nm at 1% H,. (c) Response vs. time plot of Pd-coated SnO, NR arrays with various H, concentrations. Plots of responses as a function of (d) Hy
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Table 1
Sensing properties of Pd/SnO,-based H, sensors at room temperature operation.
Materials Response Operating temp. (°C) Lowest Detection Limit (ppm) Response time (sec) Ref.
(AR/Rg)
SnO,-Pd-Au composite 0.02 RT 134 60 [25]
(1% Ha)
Pd-doped SnO, nanowires 43.8 (0.1% Hy) RT 100 138 [26]
Pd/Sn0O, nanoclusters 0.6 RT - 80 5000 41 [27]
(1% Ha)
Nanocrystalline SnO,, thin films with Pd grid 6.0 (0.1% H,) RT - 125 150 205 [28]
Pd/Sn0O,/RGO nanocomposites 1.2 (1% Hy) RT - 45 100 123 [29]
Pd-coated SnO, NR arrays 104 RT 0.2 15 This work
(1% Ha)

50
Room temperature

Gas conc. 1000 ppm
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20+

Response (AR/RQ)
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P O

Fig. 4. Sensing response of Pd-coated SnO, NR arrays to 1000 ppm of H, and
other common transformer oil gases (acetylene, CO, and CO,) at room tem-
perature.

sectional views of the Pd-coated SnO, NR arrays, respectively. The
optimal fabrication conditions were obtained by controlling the SnO,
NR growth via employing different deposition times and glancing an-
gles. As shown in the SEM image in Fig. 2(a)-(c), vertically standing
NRs were randomly spaced with an average diameter of “30 nm, an
average height of 200 nm, and an average spacing of 20-40 nm. Energy
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Fig. 5. (a) Real-time response curves for SnO, NR arrays for various H, concentrations in oil.

oil.
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dispersive X-ray (EDX) mapping of the magnified cross-sectional SEM
image is shown in Fig. 2(d) and Fig. 2(e). Pd nanoparticles were de-
posited on the overall surfaces of the SnO, NR arrays, facilitating the
formation of a Schottky contact at the interface between Pd nano-
particles and SnO5 NRs.

The H, sensing performance of the Pd-coated SnO, NR arrays in N,
is shown in Fig. 3. Specifically, the responses of Pd-coated SnO, NR
arrays were measured as a function of the height of the SnO, NRs (see
Fig. 3(a)). The response is defined as R = (Ro-Rg)/R,, where Ry and R,
indicate the electrical resistances before and after H, exposure, re-
spectively. As shown in Fig. 3(a), 200 nm-tall Pd-coated SnO, NR arrays
showed highly enhanced H, response (R = 104 at 1% H,), which was
higher than that of 1000 nm SnO, NRs (R = 2.3 at 1% H,) by a factor of
45 [19]. Fig. 3(b) shows a resistance curve of the Pd-coated SnO, NR
arrays with optimal thickness of 200 nm upon exposure to 1% H,. When
exposed to H,, the resistance of the Pd-coated SnO, NR arrays de-
creased from the base resistance value. The response time of the Pd-
coated SnO,, NR arrays was defined as the time required to reach 90% of
the total change in resistance. This was found to be 15s for 1% H,. The
real-time response of 200 nm Pd-coated SnO, NR arrays was measured
with various H, concentrations (10,000-0.2 ppm) in N, at room tem-
perature, as shown in Fig. 3(c). The maximum response value was 104
for 1% H,. The response plots show a parabolic curvature for specific Hy
concentrations, as shown in Fig. 3(d). The response for specific H,
concentrations were plotted as a function of the square root of H,
concentration (see the inset in Fig. 3(d)), showing a linear dependence
of changes in response to H, concentration (correlation constant,
r = 0.98), in accordance with Sievert’s Law [23,24]. Compared to other
Pd/SnO, based room-temperature H, sensors reported in the literature,
Pd-coated SnO, NR arrays show superior sensing performance in N, in
terms of high response, low detection limit, and fast response time (see
Table. 1). Moreover, Fig. 4 exhibits the sensing response of Pd-coated
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Fig. 6. Temperature dependence of Pd-coated SnO, NR arrays at temperature in
the 20-80 °C range in oil. (a) Plot of resistance variation depending on stepwise
temperature modulation. (b) Replot of the resistance change ratio vs. tem-
perature. (c) Response curves as a function of H, concentration in oil at various
temperatures (20-80 °C).

SnO, NR arrays towards 1000 ppm of H, and other common trans-
former oil gases (C.H,, CO, and CO,) at room temperature. The Pd-
coated SnO, NR arrays only response to H,, indicating that the Pd-
coated SnO, NR arrays shows good selective for H, compared to CoHo,
CO, and CO,. This is due to the excellent catalytic effect of Pd on H,
even at the low temperature.

The Ostwald coefficient is a concept derived from Henry's law,
which states that the concentration of dissolved gas in liquid is pro-
portional to the partial pressure in the gas phase [30]. This indicates the
solubility of a gas per unit volume at a specific temperature and pres-
sure. The solubility of H, in the oil was calculated in accordance with
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the Ostwald coefficient [31]. The Ostwald coefficient is defined as:

0.639(700 — T)

L. = 2.31exp [( T

)ln(3.333L0)](0.980 —d)
1)

where L, is the Ostwald coefficient at T for a liquid of specified density,
T is the specified temperature, d is the density of the liquid at 288K,
and L, is the Ostwald coefficient at 273K for a liquid. According to
standard test method for estimation of solubility of gases in petroleum
liquids (ASTM D2779), L, for H, is 0.04, and the density of the oil used
in this study is 0.8560kg/L. Using this equation, we calculated L.
= 480 ppm/% at 20 °C and L. = 808 ppm/% at 80 °C [31]. In order to
measure the concentration of dissolved H, in oil, GC analysis (Agilent
7890 A Gas Chromatography, Agilent Technologies) was assisted by
Hyundai Electric. The GC analysis was conducted according to Method
C of ASTM D 3612, a headspace sampling method [32]. It was found
that 475 ppm H, was dissolved in the oil when 1% H, was blown into
the oil-filled chamber at room-temperature (20 °C). This is comparable
to the calculated value above (480 ppm/% at 20 °C).

The real-time response of the Pd-coated SnO, NR arrays was mea-
sured with dissolved H, in oil at 20 °C, which ranged from 480 ppm to
0.3 ppm (see Fig. 5(a)). The resistance of the Pd-coated SnO, NR arrays
decreased rapidly as H, was blown into the oil and it eventually became
saturated with H,. At 480 ppm, the maximum response was found to be
96 and the fastest response time was 300s. The changes in response
were plotted as a function of H, concentration (see Fig. 5(b)) using the
data from Fig. 4(a). Pd-coated SnO, NR arrays show excellent perfor-
mance in terms of response and limit of detection (see Fig. 5(b) inset)
compared to other oil-immersed H, sensors [16-18].

Fig. 6 shows the temperature dependence of the Pd-coated SnO, NR
arrays in oil ranging from 20 °C to 80 °C. Fig. 6(a) shows a plot of re-
sistance variation as the temperature changes stepwise. The tempera-
ture of the oil was increased with a 20 °C increments and was main-
tained at each temperature for 2 h. The resistance of the Pd-coated SnO,
NR arrays decreased at each increment, with the magnitude also de-
pending on increasing temperature. Similarly, resistance incrementally
increased with decreasing temperature. Fig. 6(b) shows a replot of the
resistance change ratio versus temperature converted from Fig. 6(a) to
obtain the temperature coefficient of resistance (TCR, a). The TCR is
defined as Eq. (2):

1 R(T) = R(Ty)

TCR(a) = T R(T)

(2

where AT represents the difference between T and T. The TCR value of
the Pd-coated SnO, NR arrays is 3.77 x 10”2 °C! with increasing
temperature and 3.69 X 1073 °C? for decreasing temperature. The
obtained value is similar to the TCR value for a 200-300 nm SnO,, thin
film (a= 4 x 102 °C ') [33]. Fig. 6(c) shows the response of the Pd-
coated SnO, NR arrays under exposure to various H, concentrations in
oil at temperatures in the range of 20-80 °C. We found that the H, re-
sponse of Pd-coated SnO, NR arrays decreases with increasing oil
temperature at specific H, concentration values. This may be due to the
reduced solubility of H in PdH, at high temperatures [16,24]. Despite
the decreased H, response, the Pd-coated SnO, NR arrays only 28%
variation when exposed to 480 ppm H, at 80 °C compared to the re-
sponse variation (79%) of Pd-coated Si NW arrays exposed to 460 ppm
H, at 70 °C [18].

The sensing mechanism of the Pd-coated SnO, NR arrays can be
explained by using a model for general n-type metal oxide based gas
sensors, as shown in Fig. 7. When Pd-coated SnO, NR arrays are ex-
posed to air, oxygen molecules are adsorbed onto the surface of the Pd-
coated SnO, NR arrays (Eq. (3)). The adsorbed oxygen molecules cap-
ture electrons from the conduction band of the SnO5 NRs to form O;
ions (Eq. (4)) [34]. Pd serves as a catalyst to induce a spillover of dis-
sociating oxygen molecules into atoms and creating O~ ions (Eq. (5))
[35]. This leads to formation of an electron depletion layer on the
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Fig. 7. Schematic images of the sensing reaction mechanism in the Pd-coated SnO, NR arrays in air and H,.
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Fig. 8. (a) Schematic illustration of the contact resistance change at the Pd-SnO, junction due change in the Schottky barrier (dy > ¢s) before and after exposure to
H,. (b) I-V characteristics for bias voltage ranging from -4 to +4V, revealing different Schottky barrier height for various H, concentrations.

surface of the Pd-coated SnO,, which increases the resistance of the Pd-
coated SnO, NR arrays [34,35].

0,(gas) — O, (ads)or 20 (ads) 3)
O,(ads) + e - 05 “4)
O(ads) + e~ —» O~ 5)

When exposed to H, gas, H, molecules decompose into hydrogen
atoms (Eq. (6)) and react with the O, or O~ ions (Egs. (7), (8)) [31,32].
The trapped electrons are then released to the conduction band in the
SnO, NRs, leading to a decreased resistance in the Pd-coated SnO, NR
arrays [34,35].

H,(gas) — 2H (ads) (6)
4H (ads) + O; (ads) — 2H,O + e~ (V2
2H (ads) + O~ (ads) — H,O + e~ (8)

The sensing mechanism can be explained in detail by the change in
Schottky barrier height at the Pd/SnO, interface, as depicted in
Fig. 8(a). In the initial state, a Schottky barrier (b > dsc) is formed
due to the larger work function of Pd (¢ppq = 5.12 eV) compared to the
work function of SnO, (¢dsn02 = 4.9€V) [36,37]. After H, exposure,
dissociated hydrogen atoms convert Pd into PdHy, thus reducing the
work function of Pd (dpq > dpaux) and causing the Schottky barrier
height to decrease [36,37]. In order to validate the sensing mechanism,
Schottky barrier height changes at the interface between Pd and SnO,
were investigated by measuring the I-V curve upon exposure to H,.
According to the thermionic emission theory, the current through the
Schottky contact is inversely proportional to the height of the Schottky
barrier [36]. As shown in Fig. 8(b), nonlinear I-V characteristics are
observed regardless of H, exposure, showing that Schottky contacts are
formed in air and in H, at ambient conditions. However, the current in
the Pd-coated SnO, NR arrays shifted with increasing H, concentration,
indicating a decrease of the Schottky barrier height at the Pd-SnO, NR
interface when exposed to H,. This supports the resistance variation in

Pd-coated SnO, NR arrays explained above.
4. Conclusions

We achieved enhanced H, sensing performance of Pd-coated SnO,
nanorod (NR) arrays for H, detection in N, and H, dissolved in trans-
former oil. Randomly oriented vertical SnO, NR arrays were fabricated
using glancing angle deposition (GLAD), and Pd nanoparticles were
subsequently sputtered on top of the SnO, NRs. Pd-coated SnO, NR
arrays with 200 nm length were measured at various H, concentrations
in both N, and transformer oil. Excellent H, sensing properties were
observed in N, ambient. In particular, the sensors show high response
("104), fast response time (15s), and low detection limit (0.2 ppm) at
room temperature. High-performance H, sensing properties in oil were
obtained with high response of “96 and rapid response time (300 s)
upon exposure to dissolved H, with 480 ppm concentration. The re-
sponse of the Pd-coated SnO, NR arrays to dissolved H, in oil was
slightly reduced at elevated temperature (28% at 80 °C). Furthermore,
the H, sensing properties of Pd-coated SnO, NR arrays are superior to
that of other previously reported oil-immersed-type H, sensors. The
resistance change of the Pd-coated SnO, NR arrays is attributed to
changes in the Schottky barrier height at the Pd-SnO, NR interface.
When exposed to H,, PdH; lowers the work function of Pd
(bpa > dpamx), resulting in a decreased Schottky barrier height. Our
results demonstrated that Pd-coated SnO, NR arrays show outstanding
performance with the potential in degradation monitoring for the in-
ternal components of a transformer.
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