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Safety is always a concern in all applications that utilize hydrogen (H; ) in one form or another. Hydrogen
leaks are invisible and odorless. In addition, blending odorants or additives into hydrogen in a manner sim-
ilar to natural gas is generally undesirable for certain applications, including proton exchange membrane
fuel cells. To facilitate detection of the location of hydrogen leaks, a special nonreversible chemochromic
H, sensing material that employs titania (TiO;) supported palladium oxide (PdO) pigments encapsulated
within a special silicone matrix has been developed at the Florida Solar Energy Center (FSEC) and field
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Pigment hydrogen gas sensing pigments were synthesized using various TiO; supports, and their hydrogen detec-

tion activity was determined. TEM and particle size distribution analysis showed that smaller particles
with a hemispherical, crystalline structure produced faster coloration kinetics when exposed to H gas.
However, agglomerated PdO particles on the TiO; surface displayed greater color contrast. XRD analy-
sis indicated that the crystalline phase of TiO, had no effect on the chemochromic performance of the

Transmission Electron Microscope
X-ray diffraction
X-ray photoelectron spectroscopy

pigments in a laboratory environment.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen (H;) is an important chemical commodity produced
and used in many industries such as the reduction of metal oxides
(e.g., iron ore), ammonia synthesis, and production of hydrochlo-
ric acid, methanol and higher alcohols, aldehydes, hydrogenation
of various petroleum, coal, oil shale and edible oils, among others.
Furthermore, hydrogen is a prospective energy carrier poised to
replace fossil-based transportation fuels and currently is the pri-
mary fuel of today’s space vehicles (e.g., rocket motors). It is also
used in fuel cells that generate electrical power. One key issue, in
all hydrogen-related applications, is operational safety. Hydrogen
is a colorless, odorless gas with a lower explosive limit of about
4% in air. Therefore, reliable and rugged sensors are required to
detect hydrogen leaks wherever it is produced, stored, or utilized.
Current hydrogen sensors typically need a dedicated operator to
monitor the instrument and are also susceptible to environmental
interferences in open areas.
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In this paper, we describe the development of a simple and
robust nonreversible chemochromic hydrogen sensing material
that can be readily applied to the surface of the hydrogen trans-
port pipes, flanges, joints, and all hard to reach places that may
encounter the possibility of the hydrogen gas leaks. The technique
provides a visual method for detecting and locating H, leaks espe-
cially during hazardous handling and operations when personnel
cannot be present, as it does not require any power or operator
presence. This is especially important during H; transportation,
loading, and storage, due to the low flammability limit of hydro-
gen.

TiO,-supported PAdO hydrogen sensing pigments described in
this work, when exposed to H, gas, undergo a color change trans-
formation from beige to dark gray or black color depending on PdO
concentration. This transformation is mainly due to PdO reduction
by hydrogen to metallic Pd (Eq. (1)) [1]. This paper presents the
experimental results for the effect of PdO particle size and distri-
butions over various TiO; on the overall chemochromic behavior
of the hydrogen sensing pigments.

PdO + Hy — Pd + Hy0 (1)
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2. Materials and methods
2.1. Pigments preparation

Using a modified procedure reported by Sakamoto et al. {2],
several chemochromic pigments were synthesized by using four
different TiO, support materials: Aldrich titania (mainly, rutile
crystalline form) with an average particle size of 1 wm, Fisher Sci-
entific TiO,, DuPont R103 TiO,, and Degussa P25 nanosize TiO,.

Pigments having 3wt% Pd were prepared by dissolving 1.0g
of PdCl, in 50mL of 2M Hydrochloric acid (HCI) solution. Two
syringes were filled, one with 30 mL of Pd(l; solution and the other
with 30mL of 2M NaOH solution. Both syringes were placed in
a programmable syringe pump, and the injection rate was set to
0.5mL/min. Then, a 25 mL of each solution was added to a TiO,
slurry (10 g TiO, in 100 mL H,0) heated to 70°C at a pH of 10. Dur-
ing this process, solution pH remained within the 10-11 (0.5%)
range. The solution pH was then adjusted to 8 by adding 3 M HCl
solution. The solution was stirred for an hour and then filtered,
washed, and oven dried at 110°C.

2.2. Tape preparation

The pigments alone, in their powder form, are not useful in
harsh conditions. Hence, an encapsulation technique in a silicone
matrix has been developed to overcome some of the limitations
such as being washed out or interference from other reducing gases.
This matrix has a high permeability toward hydrogen, is flexible
and hydrophobic, and has low permeability of water vapor and
other reducing gases such as carbon monoxide. The chemochromic
hydrogen sensing tape, used in this study, was a mixture of 3 wt% of
pigment in DOW Corning® RTV 3145 silicone matrix. Typically, the
mixture was spread into thin films (approximately 2 mils) using a
Gardco adjustable film applicator on wax paper.

2.3. Transmission Electron Microscopy (TEM)

An FEI/Philips, Tecnai F30, 300kV field emission source TEM
instrument, equipped with STEM, an HAADF detector, and XEDS
was used to perform TEM bright field high resolution imaging anal-
ysis. The software used was Tecnai G2 Digital Micrograph (DM)and
Tecnai Imaging & Analysis (TIA). Samples were mounted on Quan-
tifoil holey carbon grids by placing a few droplets of a methanolic
suspension of the pigment, followed by air drying.

24. X-ray diffraction (XRD)

The crystalline phase of the TiO, particles was analyzed by
means of Rigaku XRD using a CuK, radiation at 40kV from 10° to
80° at a rate of 2° min~1 (20).

2.5. XPS analysis

XPS analysis of the hydrogen sensing pigment prior and after.
hydrogen exposure was conducted on a Kratos XSAM 800 spec-
trometer at a background pressure of 1 x 10~ torr, using a Mg Ka
(hv=1253.6eV) X-ray source. The X-ray beam used was 150 W,
4-6 mm in diameter. The collected data were referenced to the C 1s
peak to 284.6 + 0.5 eV. Wide survey scans were collected from 0 eV
to 1100 eV at a pass energy of 80 eVin 1 eV steps with a 50 ms dwell
time to determine overall elemental composition. High resolution
scans of the C 1s, O 1s, Pd 3d, and Ti 2p peaks were acquired at a
pass energy of 20eV, in 0.1 eV steps with a 300 ms dwell time to
determine the chemical state. The relative atomic concentrations
of the detected elements were calculated and normalized to 100%

using sensitivity factors [3] supplied by the instrument manufac-
turer from known certified standards.

2.6. Color change measurements

The chemochromic effects of the membranes were evaluated by
placing them in a hydrogen exposure chamber. The volume of the
chamber was approximately 20 mL, and the flow through the cham-
ber was approximately 50 sccm. After exposure, a ColorTec-PCM
colorimeter was used to measure pigments color change before
and after exposure to hydrogen gas. Background interference was
minimized by placing the samples on a black surface prior to all
measurements.

2.7. Environmental exposure test

To test the durability of the chemochromic tapes, they were sub-
jected to tests in the laboratory and outdoors at the Kennedy Space
Center (KSC) corrosion beach site. At the beach site, tapes were
exposed to atmospheric conditions located approximately 100 feet
from the Atlantic Ocean. Individual pieces were attached to a stain-
less steel panel, and the panels were placed on racks. The racks are
5 feet high and oriented 60° from the plumb line. Laboratory stud-
ies included submerging the tape in deionized (DI) water and in a
3.55% sodium chloride (NaCl) solution for 12 days. The tapes were
also placed in an oven set at 95 °F and exposed to UV light for 12 h.
The UV light was inserted into a box lined with aluminum foil to
maximize the intensity of the radiation.

3. Results and discussions
3.1. Pigments’ responses to hydrogen exposure

As previously noted, when TiO;-supported PdO pigments are
exposed to hydrogen gas, PdO is reduced to elemental Pd resulting
in a color change from beige to dark gray. These pigments have
to be immobilized on the surface of interest, by first being mixed
with a resin and applied either as a paint or tape. In this study,
DOW Corning® RTV 3145 silicone was chosen to be mixed with
pigment and then cast as tape. Silicones are known to have very
high hydrogen solubility [4] and hence are the best candidate for
pigment application when any environmental factor such as wind
and rain is present.

Pigments' responses to H, exposure were measured by measur-
ing the extent of the color change by a colorimeter that incorporates
an algorithm capable of quantifying the color change, AE, using
following parameters: L—lightness value, a—position on red-green
axis, and b—position on yellow-blue axis.

1/2
2} /

AE={L-LY+(a—d)+(b-b) (2)

Eq. (2) gives a standard measurement with which to com-
pare the color change associated with different samples. The
chemochromic tapes were analyzed before and after exposure to
hydrogen gas, allowing quantification of the extent of color change.
Other techniques such as UV-vis could also be used to measure
this color change, but since this sensor will be mainly monitored
visually, a technique more suitable for human eye is more desirable.

Each pigment formulation was exposed to pure hydrogen in an
exposure chamber and analyzed at specific time intervals. Samples
were analyzed with the colorimeter to obtain the corresponding
AE value. Fig. 1 depicts the AE values vs. hydrogen exposure time
for four different titania supports in the TiO,/PdO pigments. All
pigments started to change color after 1.5 min of exposure time
except the Degussa P-25 based pigment, which began changing
color almost immediately after exposure to H, gas and reached
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Fig. 1. AE vs. exposure time to H; for four different titania supports in TiO,/PdO
pigments.

saturation after 1 min. The pigment based on Aldrich TiO, demon-
strated the highest value of AE (=38) after 3 min of exposure time,
while other pigments reached AE values no more than 26 for the
same length of exposure time.

Preliminary tests were conducted to determine response to low
levels of hydrogen. With the flammability limit of 4% hydrogen,
the four chemochromic tapes were exposed to the 1% hydrogen in
argon gas mixture for 2 min and calorimeter readings were taken
(Fig. 2). Note that color change kinetics can greatly be affected by
the membrane thickness, and hence the kinetic data presented in
Figs. 1 and 2 are for 2 mil thick samples and only to compare vari-
ous pigments. The kinetics of color change for virgin pigment as a
powder will be shortly submitted for publication.

3.2. XRD

Most TiO, photocatalysts contain an anatase crystalline phase
[5]. Anatase titania has a band gap of 3.2 eV, while rutile TiO; has
a band gap of 3.0eV. Rutile TiO, has limited photocatalytic activ-
ity. Fig. 3 shows the XRD patterns for TiO,/PdO pigments prepared
in this study. The sharp peaks at 25.3° and 47.9° were attributed
to anatase TiO, [6-9] which is the dominant phase for Degussa
P-25 and Fisher TiO,. Aldrich and DuPont R103 TiO, are mainly
composed of rutile phase. These results indicate that photocatalytic
activity of TiO, or lack thereof has no effect on the chemochromic
activity of TiO,/PdO pigments in the laboratory environment. Fur-
thermore, all samples with the exception of pigment based on
Fisher TiO,, contain a small peak at 32.6° attributed to the reflection
of PdO.
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Fig. 2. Color change measurements ( AE) for four different TiO,/PdO pigments after
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Fig. 3. XRD spectra of TiO,/PdO pigments.

3.3. X-ray photoelectron spectroscopy

To better understand the chemistry behind the pigment color
transition and response to environmental effects, XPS data was col-
lected on the Aldrich TiO; pigment prior to any hydrogen exposure.
Fig. 4 shows the wide survey scan of the pigment. It contains Pd, Ti,
0, Ng, C, and Cl.

Fig. 5 shows the high resolution spectra of the Pd and Ti peaks.
The Pd 3ds;; peak was measured at 337.5eV, corresponding to
PdO in agreement with the literature [10-13]. The peak position
for Pd(OH)4 has been reported at 338.5¢eV [12]. From the spectra
in Fig. 5a, the peak at 337.5 eV dominates; therefore, presence of
hydroxide is in all likelihood negligible.

Fig, 5(h) shows distinctively that the Ti is present as TiO;
(459.8 eV) [10]. No shoulders were observed on the main peak that
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Fig. 4. XPS wide survey scan indicating the presence of Pd, Ti, 0, Na, C, and Clin the
pigment.

could be fitted with sub-oxides or other species. The oxygen spec-
trum (not shown) was complicated by the presence of the large Pd
3p peak, and thus positive identification was not possible.

Fig. 6 shows spectral overlays for pure palladium metal, the pig-
ment unexposed to Hy gas, and pigment exposed to H; gas. The
C 1s peak is shown as a reference, 284.6eV and it occurs at the
same binding energy for all three specimens. The dashed verti-
cal line is aligned with the peak for the Pd metal. The peak for

Counts

22000 |- @ Pdsd
21000 |- /)\
20000 - / 3
19000 |- ;o
18000 C
17000
16000
15000
14000
13000
12000
11000
10000

1 1 I 1 i
346 342 338 334
Binding Energy, (eV)
Counts
14800 |- )
14600 - (b) m:
\

14400 |- /
14200 - /
14000 |- |

13800 |
13600 |- / ¢
13400 |- s

13200 + \
13000
12800 +
12600 |-
12400
12200
12000
11800
11600 +

e M\W\/M

X ]
458 454 450
Binding Energy, (eV)

s

Fig. 5. XPS high resolution spectra of the Pd (a) and Ti (b) peaks in the pigment.
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Fig. 6. XPS spectra of the Pd peak for pure Pd metal, unexposed pigment, and pig-
ment exposed to Hy gas.

PdO in the unexposed pigment is shifted to the left of the verti-
cal line. However, the binding energy for the pigment exposed to
the H; gas lines up with the peak for the pure palladium metal. As
mentioned before, when the pigment is exposed to H, gas, PdO is
reduced to elemental Pd metal and the binding energy shifts to the
right.

3.4. PdO/TiO, particle characterization

To obtain information on the size and morphology of the pig-
ments and to explore the underlying chemistry and role of the TiO,
support in the coloration reaction, the pigments were subjected to
a detailed Transmission Electron Microscopic study [7,8].

Fig. 7 shows TEM images of various PdO/TiO, pigments using
different titania supports. Although all pigments had been synthe-
sized in the same manner, nonetheless it can be seen that the size of
PdO particles and distribution vary considerably. PdO particles are
clearly visible as dark colored areas on the surface of the TiO, parti-
cles.Inthe case of Degussa P-25 and Aldrich TiO,, the hemispherical
PdO crystallites were well dispersed and strongly attached to the
metal oxide support at their flat planes (Fig. 7A-D) [7].

The faster response time of Degussa P-25 based pigments com-
pared to that of Aldrich could be explained in terms of the size and
homogeneity of PdO particles and their interaction with TiO; sur-
faces. The PdO particle size for Degussa P-25 was homogenous with
an estimated mean particle diameter of 2.0 nm. On the other hand,
the size of the PAO particles on the Aldrich TiO, was less homoge-
nous and varied from 2nm to 10 nm, with an estimated log mean
particle size of 3.4 nm.

Fisher and DuPont R103 supported pigments (Fig. 7E~H) gave
similar results when exposed to hydrogen gas. The mean diameter
of PdO particles for Fisher and DuPont R103 pigments 3.1 nm and
2.5 nm, respectively. In both cases, although the particle size dis-
tribution were similar to Degussa P25 but their shapes were more
spherical and, as a result had less interaction with the TiO, sup-
port surface as compared to Degussa P-25 and Aldrich supported
pigments.

Clearly, from the TEM images, it is clear that PdO did not wet
the titania. Qualitatively, it appeared that the Aldrich titania caused
the PdO particles to be larger and somewhat more agglomerated.
To quantify this observation, particle diameters were measured
one at a time manually using Image] [14]. The particle diameters
were then grouped into logarithmically evenly spaced bins rang-
ing from 1 nm to 100 nm in diameter, with 10 bins per factor of 10
change in dimension. Agglomeration is easiest to quantify from the
geometric standard deviation, o, as defined in the cumulative log-
normal distribution in Eq. (3) [15-18]. This can be achieved using
the NORMINV function in Excel using a probit mean of five and a
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Table 1
Effect of titania vendor on PdO particle size.
Titania vendor Log mean Error in log mean G.S.D. Error in
diameter diameter (nm) G.S.D.
(nm)
Degussa 2.0 0.2 1.3 0.1
Dupont 2.5 0.3 1.3 0.2
Fisher 3.1 04 1.3 0.1
Aldrich 34 0.4 16 0.2
probit standard deviation of unity.
. In(d;/d)
Fin d)=0.5% |1 +erf bt St 3
(d) 505 In(o) (3)

InEq.(3), dis a given particle diameter, Fiy (d) is the cumulative
lognormal probability density function, d is the log mean diameter
and o is the geometric standard deviation. From Eq. (3), one can
show that the geometric standard deviation is equal to the diameter
corresponding to a cumulative probability of 0.8413 divided by the
log mean diameter. Grangvist and Buhrman [15] have shown that
Eq. (3) can be derived from particle coalescence theory, which is
valid for all but the narrowest particle size distributions (¢ <1.2).
The PdO particle size distributions as a function of titania vendor
are summarized in Fig. 8.

The log mean particle diameters and geometric standard devia-
tions are summarized in Table 1. The difference in particle diameter
between the Degussa and Dupont titania is barely statistically sig-
nificant at the 95% confidence level, and the same is true between
the Dupont and the Fisher titanias. The one overwhelming differ-
ence isthe breadth of the distribution of PdO particles on the Aldrich
titania. One can clearly see from the geometric standard deviation
(GSD)results that the distribution is far broader for the Aldrich tita-
nia than for any of the others. PdO agglomeration is only significant
for the Aldrich titania.

3.5. Environmental exposure test

Many of the various environmental and laboratory exposures
did affect the extent of color change in the chemochromic sam-
ples when exposed to H, gas. When the tape was exposed to DI
water, salt water, UV light, and heat, the extent of color change was
more pronounced. At the KSC beach site, the tapes were exposed
to salt water, heat, and UV light. The combination of these factors
caused the tape at the beach site to change color faster than the one
tested in the laboratory environment. The chemistry underlying
this accelerated color change is currently under investigation.

4. Conclusions

Four different chemochromic TiO,-supported PdO pigments
were synthesized, and their activity toward hydrogen was
measured. Degussa P-25 based pigments yielded the fastest dis-
coloration kinetics toward H; gas, while the Aldrich titania (mainly
rutile crystalline form) based pigments had the greatest AF, color
contrast, value. The chemochromic activity of the pigments toward
hydrogen is a strong function of the particle size and level of PdO
agglomeration on the TiO, support surface. Smaller PdO particles
with a hemispherical crystalline structure produced faster kinetics
when exposed to H, gas. However, agglomeration of PdO parti-
cles on the surface of TiO, gave larger color contrast number, AE.
Samples with spherical particles resulted slower kinetics as well
as smaller color change. XRD analyses show that TiO, crystalline
phase apparently had no effect on the chemochromic performance
of these pigments in laboratory environment.
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