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Abstract:

The chemidry of sol-gel derived slica and refractive meta oxide has been
sysematicdly studied. Sol-gdl processes have been developed for preparing porous
slicaand semiconductor meta oxide matrerids. Micellelreversed micelle techniques
have been developed for preparing nanometer sized semiconductor metal oxides and
noble metd particles. Techniques for doping meta ions, metal oxides and nanosized
metd particles into porous sol-gd material have aso been developed.

Optical properties of sol-gd derived materids in ambient and high temperature
gases have been studied by using fiber optic spectroscopic techniques, such asfiber optic
ultraviolet/visble absorption spectrometry, fiber optic near infrared absorption
spectrometry and fiber optic fluorescence spectrometry. Fiber optic spectrometric
techniques have been developed for investigating the optical properties of these sol-gd
derived materias prepared as porous opticd fibers or as coatings on the surface of silica
optical fibers. Optical and eectron microscopic techniques have been used to observe the
microstructure, such as pore size, pore shape, sensing agent distribution, of sol-gd
derived materid, as well as the size and morphology of nanometer metd particle doped
in sol-gel derived porous slica, the nature of coating of sol-gd derived materids on
slicaopticd fiber surface. In addition, the chemical reactions of metd ion,
nanogtructured semiconductor meta oxides and nanometer sized metd particles with gas
components at room temperature and high temperatures have aso been investigated with
fiber optic spectrometric methods.

Three classes of fiber optic sensors have been devel oped based on the thorough
investigation of sol-gel chemigtry and sol-gdl derived materias. Thefirgt group of fiber
optic sensors uses porous Slica optica fibers doped with metal ions or metal oxide as
transducers for sensing trace NHz and H,Sin high temperature gas samples. The second
group of fiber optic sensors uses sol-gd derived porous silicamaterids doped with
nanometer particles of noble metasin the form of fiber or coating for sensing trace Hy,
NH3 and HCl in gas samples at for applications ambient temperature. The third classes of
fiber optic sensors use sol-gel derived semiconductor meta oxide coating on the surface
of dlicaopticd fiber as transducers for sdectively sensang Hy, CH, and CO at high
temperature. In addition, optical fiber temperature sensors use the fluorescence signd of
rare-earth metd ions doped porous silica opticd fiber or the optica absorption sgna of
thermochromic metal oxide materias coated on the surface of slicaopticd fibers have
as0 been devel oped for monitoring gas temperature of corrosive ges.

Based on the results obtained from this project, the principle of fiber optic sensor
techniques for monitoring matrix gas components as well as trace components of cod
gasfication derived syngas has been established. Prototype sensors for sensing trace
ammonia and hydrogen sulfide in gasfication derived syngas have been built up in our
laboratory and have been tested using gas samples with matrix gas compostion smilar to
that of gadification derived fud gas. Test resultsillugtrated the feasibility of these
sensors for gpplicationsin IGCC processes.
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1. Executive summary

In this project, sol-gel techniques have been developed for preparing porous silica
and semiconductor metal oxide materias. In addition, nanometer particles of noble
metals have been prepared with micellefreversed micelle techniques. Nanocrystdline
semiconductor metal oxide materias have aso been prepared with sol-gd techniques.
Meta ions, meta oxides and nanocrystalline semiconductor metal oxides have been
immobilized into porous slica materids viadoping aslica ol solution with metd st
solution or co-hydrolyzing a metd akyloxide to obtain amixed sol solution. Nanometer
meta particles have been immobilized into porous silica through the combination of a
sol-gd technique with micdle/reversed micelle techniques. A patented technique has
been employed for fabrication of porous slicafibers for designing fiber optic sensors.

The prepared materids have been investigated with eectron microscopes. SEM
has been employed to observe the microstructure and morphology of sol-gd derived
porous sllica materias, ssmiconductor metd oxides, the coating of sol-gel derived porous
materids on the surface of opticd fibers, and sol-gel derived porous slica optica fibers.
TEM has been employed to observe the microstructure and morphology of nanometer
metd particles and measure the distribution of particle sze.

The optica properties of the prepared porous materials have been investigated
with fiber optic spectrometric methods. Active core fiber optic spectrometry has been
employed to investigate the optical properties of sol-gel derived porous silicaoptical
fibers. Fiber optic EW spectrometry has been employed to investigate the optical
properties of the porous materias as coatings on the surface of slicaoptica fibers. The
optical absorption and fluorescence emission properties of these materidsin the
waveength region from 200 nm to 2.1 mm have been investigated. These materias have
been exposed to gas samples of different compositions at different temperatures, and the
response of these materias to different gas compostion at high temperature has been
investigated.

Fiber optic sensor techniques have been devel oped based on the comprehension
of the microstructure and optical properties of these materials exposed to gas samples of
varied composition at different temperatures. Fiber optic temperature sensor techniques
using sol-gel derived refractive thermochromic materias can be used for monitoring
temperature up to 1000 °C. Fiber optic gas sensors developed in this project include an
ammonia sensor using slver nanometer particle immobilized porous silicamaterid for
monitoring trace ammonia at ambient temperature down to 61 ppb, a CuCl2 doped
porous slicafiber sensor for monitoring trace ammoniaat high temperature down to 0.3
ppm, a CdO doped porous silica fiber sensor for monitoring trace hydrogen sulfide at
high temperature down to sub-ppm level, and a SnO2 coating based fiber optic sensor for
sdectively monitoring hydrogen gas at high temperature down to ppm level. All these
sensors are reversible, can be used for continuous monitoring industria processes. The
sensors for high temperature gas and temperature senang are corroson resstant,
applicable in corrosive gas environment encountered in IGCC processes.

Based on the foundation knowledge built up in this project, sensor technologies
for monitoring other gas components exist in cod- derived syngas can be developed. In
addition, the fiber optic spectrometric techniques developed in this project are also useful
in investigating the catayzed high temperature chemica reactions used syngas reforming
and cleaning.
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Experimental
1.1. Material preparation
1.1.1. Preparing poroussilica materials usng sol-gel processes

The preparation of a porous slicamaterid involves the hydrolysis of an ester of a
dlicic acid to generate a silica sol solution, gelatinization of the silica sol solutionina
gpecid container to form aslicagd, drying the slicagel to form a porous slica materid.
Depending on the gpplication purpose, treatment procedures could be gpplied to the
prepared materiasin order to improve the optical properties and change the
microgiructure of the materids.

The procedura details used for preparing a pure porous silica materid with
hydrochloric acid as a catalyst are asfollows. Firgt, 2 mL tetraethylorthosilicate (TEQS),
1 mL de-ionized water, and 40 ni. 0.1M HCI were mixed and stirred in abaker until
homogenized. The resulting solution was stored in the smal baker, which was covered
with a parafilm. The slica sol solution was gdatinized insde the baker and the formed
gd was air dried indde the baker. The gdatinization and drying processes usualy takes
tow weeks.

1.1.2. Preparing metal ions doped porous silica materialswith the developed sol-gel
techniques
In praparing ametal ion doped porous silica material, an agueous solution of the
meta chloride was mixed with a silica sol solution prepared according to the precedure
descirbed above using TEOS as a precursor. The mixed solution was seded inside a
baker for gelatinization and drying. Porous silica materials doped with Cd?*, Co®*, Cl?™,
B, Fe**, Ni**, Pd**, Zr?* have been prepared with this method.

2.1.3. Preparing metal oxide doped porous silica matrials by adding an ammonium

salt of metaloxo meta acid to a silica sol solution

Vanadium oxide, molybdenum oxide and tungsten oxide doped porous silica
materials were parepared as examples of meta oxide doped porous slicamaterias. In
preparing a vanadium oxide doped porous slicamaterid, a solution of ammonium
vanadate was mixed with a TEOS slicasol solution. The obtained solution was stored in
abaker for gddinization and drying.

Similar procedure has been used for preparing a molybdenum oxide doped porous
dlicamaterid and atungsten oxide doped porosu materid.

2.1.4. Preparing semiconductor metal oxide doped porous silica materials by co-
hydrolyzing a metal alkyloxide with TEOS.

A semiconductor meta oxide can dso been immobilized into a porous slica
materid through co-hydrolyzing an akyloxide of the metal with TEOS or TMOS.
Through this method, porous silica composite materias (TiO2-Si02, ZrO»-S0,, V20s-
SO, M0,;05-S03, and WO3-S05) have been prepared.

The procedura details used for preparing a TiO2-SO, materid are asfollows 2
drops 2M HNO3 was dropped in 8ml ethanol. Then 1ml tetraethyl orthosilicate (TEOS)
was added. During gtirring, titanium isopropoxide was added according to titanium
isopropoxide (TIP) to TEOS molar ratio 1.2. After the solution was stabled for 10min,
0.5 ml H,O was added drop by drop while tirring. The obtained sol solution was sedled
in abaker for gddinization and drying.
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Similar procedure has been used for preparing ZrO»-S0,, VO,-S0,2, M0,05 and
WO3-S0, composite materids. The metal akyloxide used for preparing these materids
are zirconium(V1) isopropoxide (Zr(i-OCgHy7)a, vanadium(l11) triisopropoxide oxide
(VO(i-OC3Hy)3, molebdenium(V) isopropoxide (Mo(i-OCsHy7)s, and tungsten(V)
isopropoxide (W(i-OC3Hy)s).

2.1.5. Preparing noble metal nanoparticles with micelle/r ever sed micelle techniques
and immobilizing noble metal nanoparticlesinto porous silica materialsvia
sol-gel techniques
Nanometer particles of anoble meta can be prepared through reducing ametal

complex with aligant dissolved in an organic solvent, which is digtributed in water as

micelles by using a surfactant. The nanoparticles of noble metals can aso be prepared
through reducing metd ions in an agueous solution, which is digtributed in an organic
solvent as reversed micdles. If the micdle technique is used, the meta complex wasfirst
dissolved in an organic solvent. The obtained solution is then digtributed into water by
using asurfactant. A reducing agent in an agueous solution is then added into the micelle
solution. Part of the reducing agent molecules participated into the micelles to reduce the
meta complex in the micdlesto form metd atoms. The formed atomsin individud
micelles aggregate to form metd particles with Sze in nanometer range. If the reversed
micdle technique is used, ametd sdt isfirg dissolved in an agueous solution. The

obtained solution is then digtributed into an organic solvent by using asurfactant. A

reducing agent in an agueous solution is then added into the reversed micelle solution and

distributed into the reversed micelles. Meta ionsin the reversed micelles are reduced to
metal atomsin the micro water pools. The formed atoms aggregate to form meta

particles with Sze in nanometer range.

If amicelle solution is used, the solution of nanometer metd particlesin micelles
isthen mixed with aslica sol solution obtained from the hydrolyss of TEOS. With the
gelatinization of the dlica sol solution, the metd particles are immobilized ingde the
porous slicato form ahybrid materid. The organic solvent used for forming the micelle
solution was evaporized during the drying process. With this method, porous silica
materias doped with nanometer particles of Au, Ag, Pd, and Pt have been prepared. The
procedural details for preparing a Pd nanoparticles doped porous silicamateria by using
Pd-2, 4-pentadionate in 2, 4-pentadionate solution as a Pd nanoparticle precursor are as
follow: Firgt, 12 pl Pd-2,4-pentadionate in 2, 4-pentadionate solution (27 103 M) was
mixed with 2 ml Trion X-100 agueous solution at its critical micelle concentration (CMC,
0.3 mM) at room temperature with rapid stirring. One drop of 9 M hydrazine hydrate
(N2H4-xH,0) was added to the mixture as areducing agent. 4 ml of TEOS was added to
the above mixtures after nanosized paladium formed with girring. The pH vaues of the
mixtures were adjusted to around 2 by adding 2 M HNOs. The pH-adjusted mixture was
then stired until a clear solution was obtained. The obtained solution was kept in a baker
and dlowed to gelatinization for one week.

In order to immobilize nanometer metd particles prepared in areversed micelle
solution, an diquot of asol-gd dlicaprecursor (TMOS or TEOS) solution is added into
the reversed micelle solution. The precursor molecules participated into the water pools
in the reversed micdles and hydrolyzed in the water pools. After the sllica sol solution
gelatinized, the metd particles are immohilized in the formed porous silicamaterid. The
technique has been used to preparing Ag, Au and Pd doped porous silica materias by
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using AgNOs, HAUCl, and PdCl; as the precursors of metd particles. TEOS, TMOS are
used as the precursor of porous slica. The procedura details for preparing asiver
nanoparticles immobilized porous slicamateria using the reversed micdle technique are
asfollows 2 10° M silver nitrate solution (PH=1.5), water, Igepa CO-520 and 5ml
cyclohexane were used to get atotal 10ml solution with wo=8 (for Igepal CO-520). The
mixtures were stirred until a stable and clear solution was got. One drop of 9M
N2H4%H>O was added to the solution.  After tirring for 30 min, TEOS was added to the
solution according to the ratio Vi2o/V1e0s=2 and vigoroudy stirred for 24 hours to get
thefinal products. 2M HNO; was added until the pH vaue arrive 2.

Instead of using surfactant, a mercapto-siliane can be used as a stabilizer for
preparing nanometer particles of noble metas. In thismethod, ametd isfirg mixed with
the mercapto-slane compound compounds in an organic solution. A reducing agent is
added to the mixture solution. Meta particles formed from the reduction of the meta
compound were surrounded by the mercapto-slane molecules and gabilized in the
solution. The mercapto-silane is then hydrolyzed together with another precursor of
dlicato form aslicasol solution and the metal particles are immobilized insde the sllica
gd after the gdainization of the formed sol solution. The procedurd details for preparing
adlver nanoparticles using 3-mercaptopropyltrimethoxyslane (MPTS) as a dabilizer are
asfollow: 5ml 1x10°° M AgNO3z methanolic solution was mixed with 0.092 ml MPTS.
The mixture was vigoroudy stirred. Then, 5ml 4x10°3 M NaBH, methanolic solution
was added to the above solution in an ice-bath drop-by-drop. In order to immobilize the
formed silver nanoparticles into a porous silica compodte, 2.5 ml DI water and 5 ml
Tetramethoxyslane (TMOS) were added to the silver nanoparticle solution obtained
above, one drop 2M HNOs was added to the mixed solution for catayzing the hydrolysis
of TMOS. A ydlowish solution was obtained after stirring the mixed solution for 2
Hours. The prepared sample isreferred as Ag-SH-SO,, later. This method has adso been
used for preparing Au-SH-S0O,, Pd-SH-SO, and Pt-SH-SO».

2.1.6. Preparing semiconductor metal oxide vial sol-gel techniques and coating the
semiconductor metal oxide on the surface of silica optical fiber
Semiconductor meta oxides, such as SnO», TiO», ZrO,, have been prepared

through hydrolyzing an akyloxide of the meta ion, and gdatinization of the obtained

metal oxide sol solution. This procedure was used for preparing metal oxide sol solution

for coating the meta oxide on the surface of aslica opticd fiber.

2.2. Fabrication of poroussilica optical fiberswith a sol-gel derived material as

composite by using a patented sol-ge technique

The sol-gd fiber fabrication technique developed in our previous work [1,2] has
been employed for preparing porous sllica optical fibers with the sol-gel derived silica
materials (pure or doped) as composites. The procedura details for preparing a cupper
ions doped porous silica optical fiber usng asol-gd derived silica sol solution doped
with CuCl2 are asfollows. Firgt, The CuCl,-doped slica sol solution wasfilled into
varying lengths of 1.0 mm ID/0.22 mm OD Tygon tubing (Cole-Parmer, Vernon Hills,
IL). Oncefilled, both ends of the tubing were sedled with parafilm and the tubing was
fixed in avertica postion for 24 h. Next, the parafilm in one end was removed and the
tubing placed in ahorizontal pogition until a transparent gd was formed insde the tube.
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Then, water was injected through the Tygon tube to push the gdl fiber out of the tube.
Thefiber gd wasar-dried.

Similar procedure was used in preparing porous silica optica fibers doped with
other meta ions, meta oxide and naometer metal particles.

2.3. Heat-treatment of the sol-gel derived materials

The sol-gd derived materials were heat-treated by using the split tube furnace
with the programmable controller. During the trestment adried sol-gdl derived materiad
(monalith, fiber or coating on the surface of a glicaopticd fiber) was placed insde the
gasflow cdl. The gasflow cdl with the materids was then inserted into the tube
furnace. The furnace was heated with the programmable controller from 25 °C to 600 °C
over an 18 h period (100 °C increase every 3 h) and then held at 600 °C for 4 h. Upon
completion of the heat treatment, the fibers were removed from the furnace and cooled to
room temperature. Air gas or a pecific gas was flown through the quartz cdll during the
heat treatment process.

2.4. Invegtigating the microstructureof sol-gel derived materials by using electron
miCr oscopes

Sol-gel derived materids prepared in thiswork have been investigated with a
scanning electron microscope (SEM, Leo Stereoscan 360 scanning € ectron microscope,
Leo Electron Microscopy, Thornwood, N. Y'.) and a transmission e ectron microscope
(TEM, JEOL JEM-100CX Il operated at 80 KV). The SEM has been used to observe the
morphology of sol-gdl derived porous slicamaterid, sol-gel derived hybrid materids,
porous silica optica fibers, the coating of sol-gel derived sllicamaterid and
semiconductor meta oxide materids. Some of the sol-gel derived materia samples have
been coated with gold by using a sputter coater before SEM observation in order to
increase the dectron conductivity. For the TEM studies, the samples were prepared by
dropping the freshly made sol solution onto a FormV AR film coated copper grid and
driedin air. The TEM has been employed to observe the morphology and shape of noble
meta nanoparticles, measure particles Sze.

2.5. Investigating the optical properties of sol-gel derived materials by using fiber
optic spectrometric methods
Three fiber optic spectrometric methods have been used to investigate the optica
properties of the prepared materials. These are active core fiber optic absorption
spectrometry (ACF-OAS) [1-5], optical fiber evanescent wave absorption spectrometry
(OF-EWAYS) [5-7] and active core fiber optic fluorescence spectrometry (ACF-OFS) [5].
The principle and instrument structure of these methods are briefly described below.

2.5.1. Active corefiber optic absorption spectrometry [1-5]

The ACF-OASissmilar to traditiona optica absorption spectrometry. However,
apecidly prepared opticd fiber isused asasample cdl in thistechnique. A
diagrammatic graph of the concept of ACF-OASisshownin Fig. 2.1. Inthismethod, a
piece of specidly prepared opticd fiber is connected with two conventiona optica fibers
with glue or a specidly designed connector. A light beam from alight source is focused
into the free end of one of the conventiond slica opticd fiber, then guided through the
specidly prepared opticd fiber, fed into the second conventiona silica opticd fiber. The
light emerged from the free end of the second conventiona optica fiber is detected with
an optical fiber compatible optica spectrometer. With this method, the optica absorption
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sgnd of the specidly prepared optical fiber is observed. The optica absorption signd of
this method can be described by using the Lambert-Beer law described by follow
equation:

A=Log (1T)=eCL (2.1)

In this equation, A isthe absorbance; T isthe transmittance; e isthe absorption
coefficient of the andyte compound ingide the fiber; C isthe concentration of the anayte
indde the fiber; L isthe length of the interaction, which is decided by following equation:

L =1/(1-srfqo) Y2 (2.2)

where| isthe length of the optica fiber transducer, and o isthe incident angle of light
beam to the active core opticd fiber.

In thiswork, the specially prepared optica fiber isaporous slica optica fiber
prepared with the sol-gel techniques described above.

S ——— )

Light source  SPecially designed optical fiber core poadetector

Fig. 21. A diagrammatic structure of an active core fiber optic chemical sensor. Inthis
sensor, theinteraction of light guided inside an optical fiber core (the red colored part)
with a chemica speciesingde thefiber core is detected as a sensing signdl.

2.5.2. Fiber optic evanescent wave absor ption spectrometry

The OF-EWAS is different from traditiona optica absorption spectrometry. In
this method, a conventiona opticd fiber, which has a coating on the surface of the optica
fiber core, isused. The optical fiber coreis used for senaing light from alight sourceto a
sample, which is the cladding coated on the surface of the fiber core. Thisspedidly
coated fiber is connected with alight source and an opticdl fiber compatible optica
spectrometer. The optical absorption signal of the materid coated on the surface of the
optical fiber coreisobserved. A diagrammeatic graph of OF-EWAS concept is shown in
Fig. 2.2. Theoptica absorption sgna of OF-EWAS can be described by using the
Lambert-Beer law described by follow equation [4,5]:

Agw = Log(1/T) = geC(dy | npsing/a(m®-np?sir’q)*?) (2.3)

In this equation, g istheratio of optica power flowing in the dladding over totd light
power guided through the optica fiber. e isthe asorption coefficient of the andyte
compound in the coating, and dy, | n,sing/a(y®-npsinfg)“? is the absorption path length,
which is equd to the penetration depth (dp) times the number of total internd reflections.
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The number of totdl interna reflectionsis calculated as| n.sSng/a(n - np2sinfg) Y2, aslight
travesalength of | ingde the opticd fiber.

In this work, the materias coated on the surface of conventiond slicaoptica
fibers are the sol-gd derived slica materials and semiconductor metal oxide materids
prepared with the sol-gel techniques described above.

5 — 0

Light source Optical fiber with specialy Photodetector
designed cladding

Fig. 2.2. A diagrammatic structure of afiber optic EW absorption chemica sensor. In
this sensor, the interaction of light distributed into the cladding (the red colored part) of
the fiber with a chemica species exist ingde the cladding layer is detected asa sensng
sgnd.

2.5.3 Active corefiber optic fluorescence spectrometry

The ACF-OFS technique used in thiswork is different from traditiond optica
fluorescence spectrometry. A diagrammatic graph of the ACF-OFS concept is shownin
Fig. 2.3. Inthismethod, a piece of specidly prepared optical fiber is connected with two
conventiond opticd fiberswith glue or a specidly desgned connector. The excitation
light from alight source is focused into the free end of one conventiona slica optica
fiber, then guided through the specidly prepared opticd fiber. Part of the excitation light
is absorbed by the fluorophores insde the specialy prepared fiber. The resulted
fluorescence light and the un-absorbed light is fed into the second conventiond slica
optical fiber and detected with an optica fiber compatible optica spectrometer. The
fluorescence signd of this active core fiber fluorescence technique can be expresses by
follow equation:

F =KflpeCL (2.4)

In thisequation, K isacongant; f isthe quantum efficiency of the fluorescent andyte
compound insde the fiber; I isthe incident light intengty. e isthe absorption coefficient
of the andyte compound inside the fiber; C isthe concentration of the analyte insgde the
fiber; L isthelength of the active core opticd fiber.

In thiswork, the specidly prepared opticd fiber isaporous silica optica fiber
prepared with the sol-gel techniques described above.
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L ———— )

SpeC|aI ly designed optical fiber core  Filter with photodetector
Or optical spectrometer

Fig. 2.3. A diagrammatic structure of fiber optic sensor using active core fiber
fluorescence spectrometry. In this sensor, afluorophore insde an optical fiber core (the
red colored part) is excited by light guided inside the fiber core. This fluorescence signd
isused asasendang sgnd.

Light source

2.6. Observation of optical propertiesof sol-gel derived materialsat high
temperature with fiber optic spectrometric methods

In order to investigate the optical properties of the sol-gdl derived materids at
high temperatures using the fiber optic spectrometric methods described above, a specid
testing system has been designed and built up for this project. The diagrammatic
dructure of thistesting system is shown in Fig. 2.4. This system conssts of atemperature
control sub-system (a split tube furnace with a programmable controller, specia gas flow
cdl), and an optica fiber spectrometric sub-system (optical fibers with a specidly
designed connector and fiber holder for deploying a porous silica optica fiber into the
gasflow cdl). A picture of thistesting system isshown in Fg. 2.5.

For testing a sol-ge derived porous silica optica fiber by usng active core fiber
optic spectrometry, the sol-gd derived material to be tested was deployed into the gas
flow cdl with aspecialy designed connector and a specidly designed holder as shownin
Fig. 2.6. Becausethe materidswill be tested at high temperatures, the fibers used to
connect a porous fiber with the light source and spectrometer are gold jacketed optical
fibers (AFS400/440G, core/cladding/jacket diameter: 400/440/510 mm) from Fberguide
Indudtries, Inc. (Stirling, NJ). Thisoptica fiber has sllicaas afiber core, porous slicaas
acladding and athin layer of gold on the top of the cladding as ajacket for mechanica
protection. Thisfiber can work at temperature up to 800 °C.

Slit tube firnace

“T" connector “T" connector

N AR E—— . MW\
\J
/ \ / Goldijacked fiber

Sample gas inlet Quartz flow cell A porous silica fiber Sample gas outlet
on a ceramic holder

Fig. 24 A diagrammatic sructure of agas testing system for investigating the reactions
of coa gas components with sol-gel derived slica opticd fibersin ahigh temperature
environment using finer optic pectroscopic techniques.

Photodetector

Light source
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Fig. 2.5. A picture of the testing system for investigating the optica properties of sol-gd
derived slica opticd fibers. The testing system consists of three sub-systems. a
programmable split furnace with a temperature controller (A& B); adynamic gas
cdibrator for mixing up to three gas components to make a gas sample and a gas flow
cdl housed insde the split furnace (C& D); a spectroscopic system for observing the
optical transmission, absorption or fluorescence emission of the sol-gd slicafibers
(EFGH & I). A multi gas sensor (J) with the function of aarm was aso used for
monitoring possible toxic gas (CO, H,S) leskage and air quality during the tests.
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Fig. 2.6. A picture of aceramic holder for assembling a porous sol-gd opticd fiber with
two gold-jacketed silica optica fibersin order to investigate the optical properties of the
porous silica opticd fiber by using active core fiber optic spectrometric methods.

A sol-gd derived porous silica optical fiber and the gold-jacketed silica optical
fibers can be assembled with follow procedure. First, two gold jacketed silicaoptical
fibers were prepared by etching the gold jacket from the fiber ends via aqua-regia (3:1
HCI:HNOs). Next, one side of each gold jacked fiber was inserted into a 1 cm piece of
700 mm 1D/850 mm OD fused dlica capillary (Polymicro Technologies, Phoenix, AZ).
The short porous silica fiber was then placed inside both pieces of fused capillary,
forming a continuous fiber path. The resulting fiber assembly was placed in the groove of
the ceramic optica fiber holder and stabilized using the holding plates and screws (Fig.
2.6). Thissetup dlows light to travel from alight source through the porous silica optica
fiber and to a detecting element without the use of any glue, which could bresk down
under the high temperatures during thetest. The ceramic holder/fiber assembly was
placed insde the specidly designed quartz flow cell, which served asthe testing
chamber. Next, the device was positioned insde the tubular furnace and appropriate gas
lines were connected to the quartz flow cell. The free ends of the two gold-jacketed slica
fibers were then connected to alight source and an optica fiber compatible spectrometer
with SMA connectors, respectively.

If the materid to be tested isin the form of coating on the surface of an optical
fiber, the material was coated on the surface of the opticd fiber core of the gold-jacketed
opticd fiber with the coating procedure described above. The sol-gd derived materid as
coating on the surface of an optical fiber was deployed into the gas flow cdl by fixing the
fiber with a rubber stopper as showing in Fg. 2.7.
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Fig. 2.7. A diagram of the |aboratory set up for investigating the optical properties of a
sol-gel derived materid coated on the surface of an optical fiber core. During atest the
coating is exposed to different gas samplesinsde the gas flow cdl. If the materid will
be tested for high temperature gpplication, a gold jacketed silica optica fiber was used
for preparing the probe.

The dructure of the fiber optic spectrometric sub-system for active core fiber
optic spectrometry isshown in Fig. 2.8. This sub-system congsts from an opticd fiber
compatible light source, a porous silicaoptica fiber connected with two gold-jacketed
slicaoptica fibers, and an optica fiber compatible spectrometer. In this project, a
deuterium/tungsten combo light source (Model DT-1000CE, Anaytical Instrument
Systems, Inc., Hemington, NJ), aNIR light source and light emitting diodes (LED) were
used for providing light in the wavdength region from 200 nmto 2.1 nm. Anoptica
fiber compatible UV/Vis spectrometer (Model SD 2000, Ocean Optics, Inc., Dunedin,
FL) and an opticd fiber compatible NIR spectrometer (NIR-512, OceanOptics, Inc.) were
used for recording optica absorption spectrum and optical fluorescence spectrum.

During atest, the split tube furnace inserted with the quartz flow cell housed the
assembled fiber unit or the coated bent optica fiber probe was placed insde aventilation
hood, which pull the exhaust gas from the experiment to outsde air. The split tube
furnace wasinitidly hested to certain temperature at a programmed rump rate with
compressed air flowing through the flow cdll. The gas sample flow through the quartz
cdll was then switched to pure N,. After the observed light intendity sgnd was
gabilized, an andyte gas component was introduced into the gas sample by using the gas
diluting system described below, and the optical sgna (UV/Vis absorption, NIR
absorption or fluorescence) of the porous slicafiber or the coated bent optica fiber probe
was recorded with the optica fiber compatible spectrometer.
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properties of the sol-gd dlicafibers. This system includes avisble/NIR light source (E),
aUV/islight source (F), adud channel UV/Vis spectrometer (G), a NIR spectrometer

(H), and acomputer for data acquisition (I). All the light sources and the spectrometers

are fiber compatible.

2.7. Preparing gas samplesfor testing the sol-gel derived materials

Gas SETﬂp'ES (Ol%V HoS-N», 1%v NHs-No, 10%v Hy-N», 5%v CHs-No, 10%v
CO-Ny) obtained from AirGas Inc. (Marietta, GA) were used in this project for testing the
response of the sol-gel derived materials. A gas sample of desired gas composition was
prepared by mixing gas sample of high analyte concentration with another gas sample
with adynamic gas cdibrator (Modd 146, Thermo Environmenta Instruments, Inc.
Franklin, MA).

2.8. Thefeatures of the high temperatur e testing system guilt up for this project
The features of the system built up for this project for testing the optica properties of sol-
0d derived materids at high temperatures are as follow:
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Gas sample temperature range: ambient to 900 °C;

Gasflow rate: 0.01 L/minto 10 L/min;

Gas composition: ppmv to tens percent;

Wavelength range of optical properties observed: 200 nmto 2.1 mm;
Optical properties being tested: UV/Vis absorption, NIR absorption and
fluorescence emisson.

The form of the materid to be sudied: porous fiber, coating on the surface of
dlicaopticd fiber.
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3. Resultsand Discussion
3.1. Development of sol-gel processes for making sol-gel derived material suitable
for designing optical fiber chemical sensor

A sol-gd processisalow temperature wet chemica processfor the synthesis of
inorganic or composite organic/inorganic networks based on the hydrolysis of a
molecular precursor and subsequent polycondensation. Thisis a versatile solution
process for making ceramics, glasses, therma isolating materids, catayss for high
temperature gas reaction, sorbents for gas storage, separation and water purification,
bioactive materias for catdyzing biochemicd reaction and separation, semiconductor
materias for gas senang, coating materia for fiber optica sensing, etc[8-10]. The
chemistry of sol-gd processes includes the hydrolysis of a precursor, condensation of the
hydrolys's product to form asol solution, gdatinizing the sol solution to form agd,
drying the formed gd and hegt trestment of the dried sol-gdl materid.

The precursor of sol-gd materidsis usudly aslicon akoxide or ameta
dkoxide. In somereports, slicate stg4] and meta coordinating complexeq 5] have
als0 been used as the precursors. The hydrolysis and condensation of aslicon akoxide
to form aslicacolloid sol solution can be expressed asfollows:

(RO):Si-OR + H,0 == (RO);Si-OH (3.1.1)
(RO):Si-OH + (RO);Si-OR == (RO);Si-O-Si(OR); + ROH (3.1.2)
(RO)3Si-OH + (RO)3Si-OH == (RO)sSi-O-Si(OR)3 + Hz0 (3.1.3)

Equation (3.1.1) showsthe hydrolysis of an dkoxide group (OR) whichis
replaced by aslanol group (-OH) after the reaction. The hydrolys's reaction can
continue until eventudly al of the OR groups are replaced by silanol groups. Equations
(3.21.) and (3.1.3) are condensation reactions, through which siloxane bonds are formed.
The condensation reaction continues and oligomeric slanols are formed. Ultimately, the
oligomeric slanals condense to slica colloid particles in nanometer sze. Theseslica
particles digributed in the water/d cohol solution form aglicasol solution.

The slicasol solution is an unstable system. The particles are further connected
to each other through surface silanol dehydration condensation or through aggregetion.
These connected particles form a gel which is a porous materia with solvent (water and
acohol) filled indgde the pores. 1n the aging process, the reactions that caused the
gelation continue on to produce a strengthening, stiffening and shrinkage of the gd
network. In the sametime, part of the solvent migrated out of the pores. In the drying
process, the solvents in the pores are moved out of pores of the gel through evaporation
or by using supercriticd fluid techniques.

The optica properties and microgtructure of a sol-gel materid are determined by a
number of parameters used in a ol-gel process, including precursor composition, solvent
type and concentration for the hydrolysis and gdlainization, catalyst type and
concentration, geainizing and drying process. In this project, the effect of precursor
compostion, catayst compostion and conditions for gelatinization and drying sllicagel
on the optical propterty of sol-gd derived slicawas investigated and optimized sol-gd
procedures for making sol-gel derived porous slica materias which are best suitable as
congtituent materias for designing optica fiber chemica sensors have been established.

3.1.1. Preparing porous silica materials with different precursors
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Porous sol-gd slicamaterias can be prepared by using an ester of slicic acid as
aprocursor. Depending on the procursor used, the conditions for preparing a porous
dlicamaterid are different. For example, the time needed to hydrolyze the ester varies
with the procursor in the sequency: tetramethylorthoslicate (TMOS)<
tetragthylorthosilicate (TEOS) < tetrapropylorthoslicate (TPOS). Usudly with TMOS as
procursor, the hydrolysis process can be finished within 10 minute. With TEOS asthe
procursor, it will needed more than four hours for hydrolyss. With TPOS, thetimeis
more than 16 hours. Temperature can Sgnificantly affect the hydrolysis and
geldinization time. Because the hydrolysisis exothermic, the reaction proceeds faster a
higher temperatures. In this project, TMOS and TEOS are used as precursors for
preparing silica sol solution. TMOS was used when the obtained sol solution need to be
used for form age in ashort time (within two or three days), while TEOS was used
when the obtained silica sol solution need to be stored for alonger time (several weeks)
before gelatinization.

3.1.2. Preparing porous sol-gel silica materialswith different catalysts

The hydrolyss of aslicon akoxideisadow process. Thisistrue evenfor the
mogt reactive silicon dkoxide, TMOS. Therefore, a catalys is usudly added to the
mixture of a dlicon aloxide and water to promote the reaction. In thiswork, two
catalysts, HCl and NHs; were compared for preparing porous silica materials through
cadyzed hydrolyssof TMOS. A solution of 0.1 M HCI and a solution of 1% NHs were
used as the catalyst, respectively. TMOS was hydrolyzed within severd minutes (<10
min) with both of the catalysts. The obtained sol solutions gelatinized in afew hours
when the solutions were exposed to air. When the sol solutions were sedled in glass
vids, trangparent silica gels were obtained after 3 days. Trangparent glass materiads were
obtained after drying the sllica gds gdatinized within the sedled glassvids. Thereisno
visudly observable crack in the dried slicamonoliths. When the sol solution obtained
with the HCI solution as a catdyst was gelatinized and dried in air, the sllica materid
bresks into smdl pieces during the drying process. Each individud piece lookslike a
amall piece of glass and istrangparent. However, if the sol solution obtained with the
NH3 solution as a catayst was gelainized and dried in air, the obtained slicamateria
breaks to many small pieces and the material has an opaque appearance.

These experimentd resultsindicate that both an HCI solution and a NH3 solution
can be used to promote the hydrolysis of asilicon akoxide. The speed of the hydrolysis
reaction using an HCl solution or aNH; solution as a catalyst is comparable. However,
the finaly formed porous slica materid is different. With an HCl solution as a catdyd,
the obtained sol-gd dlicais trangparent even the sol solution was gdlatinized and dried
relaively fast. When aNH; solution was used as a catalyst, a transparent sol-gd slica
meaterid can only be obtained from well controlled gelatinizing and drying processes.
These results are in agreement with observations reported by other scientists worked on
sol-gel chemistry [11]. 1t was believed among sol-gel slica chemigs that with an HCI
solution as a cady4, the silica particles in the obtained sol solution have a* curved wire”’
dructure. During the gelatinizing process, the “curved wires’ are interconnected to form
anetwork. When aNHs solution is used as a cataly, the silica particlesin the obtained
sol solution have a“bdl” structure. The“bals’ sick to each other in the gelatinizing and
drying processes to form a porous silica material. Compared with the porous silica
formed from * curved wires’, this porous slicamaterid has more pores and larger pore
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gze. If the solvent indde the poresis rapidly vaporized, asin the case of drying the sllica
gd inair, this porous silica tend to bresk because the bond between the “bdls’ is not as
strong as that between the interconnected wires. From the viewpoint of fiber optic sensor
design, agas sensor using a porous sol-gd slicafiber with more pores and larger pore

Size can have afaster response. Therefore, both catalysts could be used to prepare porous
dlicafiber. If NH; isused asthe catdys, well controlled gelatinizing and drying

procedures must be followed in order to obtain transparent porous silica fiber.

3.1.3. Gdatinizing silica sol solutions at different temperatures

An experiment was carried out to compare the processes of gelatinizing aslica
sol solution and drying the obtained silica gels at different temperatures. A slicasol
solution was obtained by hydrolyzing aliquid TMOS using an 0.1 M HCI solution asa
catadyst. The obtained solution was divided to two glass vids and seded in the glass
vids. One of the glass vids was kept a room temperature and the second via was placed
inarefrigerator. The sol solution kept at room temperature gelatinized in three days.
However, it takes more than three weeks for the sol solution in the refrigerator to
gelatinize. Thisfeature of dower geldinization at lower temperatures provides an
opportunity for doping the sol solution with other chemica reagent for synthesizing
hybrid porosu slicamaterids. A sol solution can be stahilized for along time by storing
in arefrigiritor before mixing it with aother solution to make hybrid materias,

The glass vias were opened after slicagels were formed inddethevids. The
slicagd formed at room temperature was dried in air a room temperature and the silica
gd formed in the refrigerator was kept in the refrigerator. A slicagd monalith in the
shape of aglass rod was formed indde the glass vid after drying the gel at room
temperature for about one week. When the gel was kept in the refrigerator, it took more
than one month to dry the gd. When the sol-gd slica monaliths were examined with
naked eyes, there is no observable difference between the materias gdatinized and dried
at different temperatures.

3.2. Developing techniques for improving the quality of sol-gel silica fibersfor
designing fiber optic sensors

Porous silicaoptica fibers prepared with the procedure described in Section 2.2
have been observed visudly aswel aswith SEM. Follow problems were found exist
with the fibers prepared with this procedure. Firgt, aslicagd ingde the Tygon tube
bresks to short pieces during the gelatinizing process. It isdifficult to make along
porous slicafiber due to this problem. Second, asilicagel fiber tends to bend during the
drying process. It is difficult to obtain along straight fiber. Third, it was observed under
the SEM (Fig. 3.2.1) that the sol-gdl derived porous Slicafiber has a very rough structure
onitssurface. Poreswith diameter in micrometer level were observed on the surface of
such afiber, while the pore sze within the fiber isin nanometer range. The rough
Structure on the surface of the sol-gd slicafiber scatters light out of the fiber. This
severely limits the capability of the sol-gd slicafiber for guiding light.

It was believed that the break of adlicage fiber ingde a Tygon tubeis caused by
the shrink of the sllicage during gdatinizing process.  The microgtructure on the inner
surface of the Tygon tube causes afriction between the Tygon tube wal and the newly
formed slicagd fiber. During the gelatinizing process, the sllicagd fiber shrinks. This
ghrink forms aforce to pull the gd fiber to the center of the tube. However, the friction
between the inner surface of the Tygon tube and the slica gd fiber inhibits the free
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movement of slicagd fiber indde the tube. Therefore, the gel fiber breaks to short

pieces. In order to solve this problem, arevised method was developed to make the silica
od fiber. After filling the slica sol solution into a Tygon tube, one end of the tube was
seded using aparafilm. The Tygon tube was then verticaly fixed on awal with the

seded end in the lower Sde. The tube was kept sraight againgt the wal by fixing itstwo
endswith tgpes. During the gdlatinizing process, the gravity of the materia ingde the

tube helps the sllicagd moving down while the gd is shrinking. With thisimproved
method, a sllicagd fiber with alength dmost equd to that of the Tygon tube can be

made.

L= S EHT= 15.0 KV WD= 7 mm MAG= X 170. . PHOTO= 5
200 pm 20 Movember 2001
Pure Sol-Gel Fiber

Fig. 3.21. A SEM image of aporous silicaopticd fiber prepared with the sol-gd
techniques described in Section 2.2 of thisreport. Rough and uneven structure are
observable on the surface of thisfiber under the SEM. 1T was believed that this rough
gructure on the surface of the fiber scatters light out of the fiber and attenuates the
cgpability of the fiber for guiding light.

The bending of adlicagd fiber during drying process was observed. It was
believed that the difference of solvent vaporization between the surface of the silicage
fiber in contact with air and the surface of the gel fiber in contact with the surface of a
fiber holder causes the fiber to bend. The vaporization of solvent near the surface of the
gd fiber in contact with ar is faster than the vaporization of solvent near the surface of
the gd fiber in contact with the holder.  The vaporization of solvent from the g fiber
causes the fiber to shrink. Therefore, during the drying process, the shrinking tension
build up near the surface of the gel fiber is different between the surface in contact with
ar and the surface in contact with the fiber holder. The gel fiber surface in contact with
ar ghrinks fagter than the fiber surface in contact with the holder. Thus, the fiber
becomes bent in order to balance the difference between the shrinking tensons. One
solution to this problem is drying the gel fiber insde the Tygon tube. In one of our
experiments, aslicagd fiber formed from gdatinizing a sol solution obtained from
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hydrolyzing TMOS was kept insgde a Tygon tube. A long straight fiber was obtained
after kept the gd fiber ingde the tube for more than four weeks. The second solution to
the bending problem is continuous ralling the gd fiber during an air-drying process. Ina
preliminary experiment, areciproca shaker (Modd 3506, Lab-Line Instruments, Inc.,
Melrose Pork, I1L) designed to shake flasks during solvent extraction was used to rolling
Slicagd fibers during the ar-drying process. With the help of this machine, straight sol-
gd glicafiberswith length at around 10 cm were made (Fig. 3.2.2). It is expected that
longer sol-gd slicafibers can be obtained if arolling machine better fits this purposeis
avaladle.

A wet chemica procedure was devel oped to remove the rough microstructure
from the fiber’ s surface. In this method, a dried sol-gel slica fiber with arough surface
was firgt soaked into a solution of 5% HF for severd minutes. The fiber was then
removed from the HF solution and rinsed with DI water. Through this process, the rough
sructure on the surface of the sol-gel slicafiber was removed and light scattering by a
treated sol-gd dlicafiber isreduced.

"WML S i

Fig. 3.2.2. Sol-gd dlica opticd fibers obtaned by drying dlica gd fibers in ar. The
origind gd fibers were placed on the top of a reciprocd shaker. During the drying
process, the fibers were rolled on the shaker to prevent the fiber to bend. A compound of
blue color was doped into the fibersin order to take the picture of the fibers.

Figure 3.2.3 shows a comparison of two sol-gd slicafibersfor guiding light. As
showing in this picture, alight beam from ablue LED (470nm pesk emission) was fed
into adlicaopticd fiber. Thelight beam was splited to two beamsin two optical fibers
by using aopticd fiber coupler. A sol-gdl slicafiber was connected to each of the two
branched opticd fibers of the coupler. The sol-gd slicafiber on the right side has been
treated with the HF solution and the sol-gd slicafiber on the left hasnot. A bluelight is
observable on the surface of the sol-gd slicafiber on theleft while dmog no light is
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observable on the surface of the sol-gd slicafiber on theright. Thisis because the sol-
ge slicafiber without the HF solution treatment scatters light while the sol-gd glica

fiber trested with the HF solution does not scatter light. This conclusion is aso supported
by observing the end of the sol-gd slicafibers. Thefiber had HF solution trestment has
abrighter blue light image than the fiber without HF treatment, because more light was
guided through the trested fiber. In addition to remove rough structure on the surface of
a sol-gd slicafiber, the HF solution trestment procedure could aso provide atechnique
for controlling the diameter of a sol-gd slicafiber. In further work, HF trestment
procedures will be optimized in order to meke high qudity sol-gd slicafiber with
expected diameter.

Fig. 3.2.3. Effidency of light guiding and light scattering by sol-gd slicafiberswith
(right) and without (left) treestment by a 5% HF solution. The sol-gd slicafiber without
the HF solution trestment scatters more light out of the fiber and guides avery smdl part
of light through the fiber. The sol-ge slicafiber treated with the HF solution guides
mogt of the light to the digta end. Almost no scattered light is observable on the surface
of thistreated fiber.

A generd guiddine for making porous slica fibers which can be used as
transducers of fiber optic sensors has been established based on thiswork. This guiddine
will be followed in our further work to prepare porous slicafibers.

TMOS and TEOS have been chosen as precursors.

The volume ratio of aprecursor to water islessthan 2.

HCl and NHz solutions have been chosen as catalyds.

A slicasol solution is gelatinized at room temperature in aclosed Tygon tube.

The Tygon tube is kept perpendicular and straight during the gdlatinizing process.

A slicagd fiber isdried in ar or in a controlled gas environment insde a sraight

Tygon tube. If theslicagd fiber isdried in open air, the fiber hasto be

continuoudy rolled in order to make a straight fiber.

6. A dried fiber istreated with a HF solution of gppropriate concentration to remove
the rough structure on the surface of anew sol-gd slicafiber and to control the
diameter of the fiber.

el SN

o
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3.3. Preparing nanometer particles of noble metals and immobilization of
nanometer particlesinto porousslica materials

Nanoparticles of noble metds were syntheszed via ion reduction in the
micdlereverse systems [12-15]. Reverse micdles are nanodroplets of water sustained in
an organic phase by a surfactant that can hold and dissolve inorganic sdts. The inorganic
sdts are then converted to an insoluble inorganic nanoparticle after chemica reaction and
removal of water. Metd cations in the agueous phase of the reverse micelles may be
reduced to metalic nanoparticles by adding a reducing agent such as hydrazine or sodium
borohydride. Micelles are nanometer droplet of organic solvent ditributed in water via a
aurfactant. A metd complex which is soluable in the organic solvent can be distributed
into the micdles. When a reducing agent is added to the micdle solution, the metd
complex is reduced in the micdles and the resulted metd aoms indde individud micdle
aggregate to form metd particles.

The molar ratio of H,O to surfactant (Wp) is a very important factor in reverse
micelle, snce it determines the qudity of reverse micdle and the Sze of the water pools.
And findly the particle Sze is determined by the Sze of the water pools inside the reverse
micdle

Wo = [H20]/[Surfactant] (3.3.1)

In a micelle system, the concentration of a surfactant in the solution is critical to
decide the formation of micdles the sSze, number and shape of the organic solvent
droplets in the micdle system. Criticd micdle concentration (CMC) for a specific
surfectant is the concentration at which the surfactant starts to form micelles in water.
With the increese of surfactant concentration in a micdle solution, the number of
micdles increased and the Sze of the micdles reduced.

The advantage of micdlereversed micdle techniques for nanometer particles
preparation is ther ability to afford grest control over the particle sze with a narow size
digribution as wel as shgpe by controlling the physca and chemica properties of the
micellereverse micelle systems.

Both micdle and reversed micdle techniqgues were employed in this work for
preparing nanometer particles of noble metds. The surfactants used for forming micedle
solution and reversed micelle solution include Igepad CO 520, Triton X-100 and SDS.
Igepal CO-520 is a nonionic surfactant, Triton X100 is a cationic surfactant and SDS is
an anionic surfactant. Another technique employed in this project for preparing
nanometer noble metad particles is usng a dabilizer, which is a mercapto-slane. In this
work, 3-mercaptopropyltrimethoxysilane was used. When a noble meta complex in a
micdle was reduced in the exigence of this resgent, the formed particles were
surrounded by the mercapto-dinae and dabilized in the micdle solution.  This mercgpto-
dlane is then hydrolyzed together with another slica precursor and the noble metd
patides were immobilized indde the obtained sSlica gel after the geatinization of the
obtained slica sol solution.

The relationship of the experimental conditions and the particles morphology will
be discussed in the section of microstructure of the prepared materids.
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3.4. Visual appearance of sol-gel derived materials

The sol-gdl derived materias prepared in this project have been visudly
examined. A pure sol-ge slicamaterid is trangparent and colorless within certain drying
time. When the materiad was stored in air for along time (severa months drying time),
the materid turns out to be pink colored. It was believed that when a porous slicagd
was formed from a solution, the pores insde the materid werefilled with liquid solvents,
such aswater and dcohols. The materia |ooks transparent because the refractive index
of the solvent and the dilicain the gdl isvery close. When anewly formed sllicage was
kept in air, the liquid solvents inside the pores gradually vaporized and some voids
formed ingde the materid. The refractive index of ar filled in the voids is much lower
than that of solid slica When alight beam travels from the solid sllicainto avoid, the
direction of the light beam changes and part of the light scattered out of the materid. Ina
Rayleigh scattering modd, a materid with scattering center in asze smdler than light's
wavdength scatters light of short wavelength more than light of longer wavelength.
Therefore, when adried sol-gd materid isilluminated with awhite light, it appearsina
pink color. This observation indicates that a porous silica fiber can be a good waveguide
for avigble or aneer infrared light, but is not a good waveguide for auV light.

A doped porou slicamateid is usudly transparent as long as the concentration of
the compound doped inside the porous silicais within certain range. Depending on the
optica properties of the doped compound, a hybrid porous silicamatria can show an
intensive color. Fig. 3.4.1to Fig. 3.4.9 are pictures of severa examples of doped porus
slicamaterids. These include porous slica doped with metal sdt, metal oxide and
nanometer partilces of noble metals. A metd ion doped porous silicamateria usualy
has a color of the metd ion in water because the metd ionsin the porous silicaexist as
hydrated ions (Fig. 3.4.1to Fig. 3.4.3). A meta oxide doped porous slicamateiral
usually display acolor of the doped oxide (Figs. 3.4.4 and 3.4.5). The color of porous
slicamaterid doped with nanometer particles of noble metal depends on the type of
meta and the method for preparing the nanometer particles (Fig. 3.4.6 to Fig. 3.4.9).

Fig. 3.4.1. A picture of Co**
ions doped sol-gel slicafibers.
The fibers were formed by
injecting a Co®* containing
slicasol solution into asmal
tygon tube. The slicasol
solution was gdlatinized and
dried ingde thetube. Thethree
sol-gd dlica monoaliths were
formed by gddinizaion of the
Co?* doped sllicasol solutioniin
smdl pipettetips.
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Fig. 3.4.2. A picture of Cu**
ions doped sol-gd dlica
fibers. The fiberswere
formed by injecting a Cu?*
containing slicasol solution
into asmdl tygon tube. The
dlicasol solution was
gelainized and dried indde
thetube. The sol-gd slica
monoaliths were formed by
gelatinization of the CLF*
doped silicasol solutionin
gmdl glassvids

Fig. 3.4.3. A picture of Eu*" ions
doped sol-gd slicafibers. The
fibers were formed by injecting a
Eu®* containing silicasol solution
into asmal tygon tube. The
Slicasol solution was gdlatinized
and dried inside the tube.

Fig. 3.4.4. A picture of vanadium
oxide doped sol-gd slicafibers
The procedure for making the
vanadium oxide doped porous
slicafibers was described in the
text of thisreport. Thefiberson
the left have been hest treated by
heating the fibersto 600 °Cina
furnece with arr flowing through
the furnace during the heeting
process. The fibersin theright
are not heat treated.
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Fig. 3.4.5. A picture of
molybdenum oxide
doped sol-gd dlica
fibers. The
molybdenum oxide
doped fibers have a blue
color, dthrough in this
picture the color is not
clear. The procedure for
meking the vanadium
oxide doped porous
dlicafiberswas
described in the text of
this report.

Fig. 3.4.6. A picture of
apaladium nanometer
particles doped sol-gd
dliccamaterid. This
materid is transparent
and shows a purplish

hrowwn enlor

Fig. 3.4.7. A picture of
nanometer metd particles
immobilized sol-gd slica
meaterias prepared with
methods described in the text.
Samplesin the front row are
materials prepared with
sabilizer 3-mercapto-
propyltrimethoxyslane (from
left toright: Ag, Au, Pd, P,
AgQ). Samplesin the back row
are materias prepared with
micdlelreversed micelle
methods using Igepd CO-500
(the firgt tow samples from left),
Triton X-100 (the third and
fourth from left) and SDS (the
fifth to seventh from left) as
surfactant.
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Fig. 3.4.8. A picture of slver colloid
solution in reversed micdles and
slver nanometer particles doped sol-
od dlicamaerids Theslver

colloid solution (indde the firgt vid
from left) is a brown colored solution.
The color of the Slver nanometer
particles doped sol-gd slica
materials are from yelow (#3, #4 and
the first small piece from right) to
brown (#2) to purple (the second
amadl piece from right). These slver
nanometer particles doped porous
slicamateriads are trangparent, except
the first smdl piece (yellow) from
riaht.

Fig. 3.4.9. A picture of agold
colloid solution in reversed micdles
and nanometer gold particles doped
so0l-gd slicameaterids. Thegold
colloid solution (indde the glass
vid on the left) isapink colored
solution. The color of the gold
nanometer particles doped sol-gd
dlicamateridsis from pink (the
one on the right) to blue (the onein
the middle). These gold nanometer
particles impregnated porous slica
materias are not transparent.

3.5. Microstructure and mor phology of sol-gel derived materials
3.5.1. Microstructure of sol-gel derived poroussilica material

The sol-gd derived porous silica materids have been investigaeted with SEM.
The obtained images of some sol-gel derived materids are showing in Figs. 3.5.1 to
35.4. Fig. 3.5.1 shows the side surface microstructure of a pure sol-gel slicafiber made
from the hydrolyss of tetramethylorthosilicate (TMOS). The “bumps and hollows’
surface structure of the sol-gdl slicafiber is believed to be originated from the surface
sructure of the Tygon tube used to form the fiber. The microstructure insde the fiber
was dso sudied with the SEM. Thefiber was cut with a blade, and the fresh surface was
observed with the SEM. The SEM image shown in Fig. 3.5.2 indicates that the resolution
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of the SEM is not high enough to observe the microgtructure insde the sol-gd fiber. Sol-
gel materids prepared with different precusors and different catalysts were also studied
with the SEM. The microstruture of these materidsis sSmilar to that of the pure sol-gd
slicafiber described above.

Fig. 35.1. A SEM
imege of the Sde
surface of apure sol-
od dlicatefiber.

Fig. 3.5.2. SEM of
fresh cutted pure sol-
gd dlicate fiber end
surface.

Figure 3.5.3 shows the image of microstructure of a silver nanometer particles
doped sol-gd slicamaterid. The size and morphology of the nanocomposites are
controlled by micelle and gel formation conditions. The SEM image clearly showsthe
porous gructure ingde the silicate materia. Compare the images of different slver
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nanocomposites, if usng TMOS as silicate source, dueto TMOS hydrolysisrateis
greater than that of tetraethylorthosilicate (TEOS), the aggregation of paticles aggregated
was observed. This phenomenawas not observed in the slver/TEOS sample. Figure
3.5.4A shows the SEM image for the composite of gold nanoparticles doped in SO»,
which was synthesized with micelle/sol-gd technique. From the image, spherica
particles around 100 nm were seen to be homogenoudy distributed in the sol-gd glicate
matrices or on the suface of the sllicate.

The SEM images of paladium and platinium naoparticles doped porous silica
materids sysntheszed with micelle/sol-gel technique are shown in Fig. 3.5.4. Patinium
nanocomposites prefer to form wire-like and lamelar structure, as shown in Fig. 3.5.4B.
By controlling the Pd precursor and organic solvent, we successfully got Pd
nanocomposites with different morphologies, such as spehericd or leaf-like structures,
shownin Fig. 3.5.4C and Fig. 3.5.4D.

Fig. 3.5.3. SEM iamges of slver particles doped sol-ge slicate materids, usng (A)
TMOS as slicasource; (B) TEOS as slica source.
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Fig. 3.5.4. SEM images of (A) Au nanoparticles doped sol-gel slicate materids; (B) Pt
nanoparticles doped sol-gd dlicate materids; (C) Pd nanoparticles doped sol-gd slicae
materials, (D) Pd nanoparticles doped sol-gd slicate maerids.

3.5.2. Microstructure of nanometer noble metal particlesimmobilized in porous
slica materials

The dructure of nanometer metd particles immobilized porous sllica materids
have been studied with transmission electron microscope (TEM). In order to observe the
Sructure of metd particlesimmobilized in asol-ge slicamaterid with aTEM, afreshly
meade slicasol solution was dropped onto a carbon film coated copper grid and dried a
ar. Thesol-gd slicamembrane formed on the copper grid was then observed with a
TEM (JEOL JEM-100CX I1) operated at 80K V.

The methods used to prepare the metal nanometer particles were evaluated
through comparing the TEM images of the prepared samples. It was found that the
methods have the best control of the Sze of the metd particles are the reverse micelle
methods. No matter the surfactant is non-ionic surfactant Triton X-100 (Fig. 3.5.5) or
Igepal CO-520 (Fig. 3.5.6) or negative charge surfactant SDS (Fig. 3.5.7), the particle
Szeis homogenoudy distributed and is controlled by the water pool diameter, which is
determined by the water and surfactant ratio wo. If surfactant Triton X-100 was used to
form reverse micdlles, due to the large amount of the surfactant needed, the samples are
very difficult to dry. The particlessizeisaround 25-50nm. If SDSwas used to form
reverse micelles, the samples are much easier to dry. But due to the fact that SDSis
negative charge surfactant, it should be very careful to control the amount of the acid,
which is used to catalyze the hydrolysis reaction, so that the reverse micelle won't be
destroyed by too much H*. By using this method, the gold nanoparticle size is around 10
nm. For samples prepared with Igepa CO-520 as the reversed micelle formation
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surfactant, the sllica gd samples are easier to dry compared to the samples prepared with
Triton X-100 as the surfactant, but harder to dry than samples prepared with SDS. The
particles sze is around 15-20 nm.

When a micelle technique was used to prepare noble metal nanometer particles,
the particle size is dso controlled and aso homogenoudy digtributed. For instance, the
particle sze of pdladium partidesis dl around 37.5nm (Fig. 3.5.8). By using this
method, due to fact that water is around the micelle spherica structure, it is much easier
to hydrolyze a silica precursor and form gels. Trangparent gels are formed and dried
quickly.

Using MPTS as a stabilizer is agood method to form trangparent gel and the gel
can dry quickly. The color of the Ag, Pd sol with MPTS isydlow, while that of the Au,
Pt sol with MPTS istrangparent. With this method, the obtained meta particles have a
much bigger sze compared with the particles obtained with micdle/reversed miclle
methods. The TEM images are shown in Fig. 3.5.9. For example, Au nanoparticleis
about 100nm.

Fig. 3.5.5. TEM images of nanometer metd particles prepared with Triton X-100 reverse
micdle method: (A) Pd particlesimmohilized in asol-gd slicate materid, (B) Ag
particlesimmobilized in asol-gd glicate materid.
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d A
h. . " .-A
Fig. 356. TEM images of nanometer metd particles prepared with Igepd CO-520

reverse micelle method: (A) Pd patides immobilized in a sol-gd dlicate materid; (B)
Ag paticesimmobilized in a sol-ge slicate maerid.

Fig. 3.5.7. A TEM image of
nanometer gold particles immobilized
inasol-gd dlicate materid.

Fig. 3.5.8. A TEM image
of ananometer paladium
particles doped silica
materia prepared with
Triton X-100 micelle
method.
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Fig. 3.5.9. TEM images
of nanometer metal
particles prepared with
the stabilizer (3-
mercaptopropyltrimetho
xysilane) method. (A)
Ag-SH/SOy; (B) Aw
SH/SOg; (C) Pd-SH/
S0Oy; and (D) Pt-SH/
SO,.

3.5.3. Microstructure of semiconductor metal oxide coatings on the surface of silica
optical fibers

The surface morphology of the SO, coating on the bent opticd fiber probe and
the thickness of the coating were andyzed with SEM. Figure 1a shows a SEM image of
the SnO, thin film coated on an opticd fiber surface. The SNO-, thinfilmin FHgure 1is
homogeneoudy dispersed and porous network version over the optica fiber surface. It
can be seen clearly that the crygtdline SnO, crystd clustersin the SEM image. The
thickness of the coating is around 1 nm (Fig. 3.5.10). Detailed SEM analysis was
conducted for the SnO», film (Fig.3.5.11) to determine the nature of the crystdline
aggregates that were observed. The particle diameter evaluated from Fig. 3.4.19¢c was
found to be 20-80 nm.

During investigating the optica properties of SnO, membranes exposed to
reducing gases a high temperatures, it was found that athick SnO2 membrane coated on
an optica fiber core can work at temperature as high as 800 °C for along time. However,
when the thin SnO, membrane coated on an optica fiber core exposed to an Hy
containing gas sample above 800 °C, the spectroscopic response of the membrane to Hy
gas disgppears after around 40 minutes exposure. In order to figure out what is
respong ble to the change, the ShO, membranes were examined with SEM after the high
temperature gas sensing applications. 1t was found that in the case of thin ShO,
membrane, part of the SnO, coating on the surface of the optica fiber core disappears
after exposed to reducing gas at 800 °C (Fig. 3.5.12). However, the thick SnO, coating
dill coversdmog dl the bent optica fiber core after the exposure to the reducing gas at a
temperature as high as 900 °C (Fig. 3.5.13). These SEM observations indicate that the

30



Project DE-FC26-04NT42230 final scientific/technical report by Dr. Shiquan Tao of ICET/ MSU

thin ShO, membrane on the optica fiber core was blown away or melted and shrank
together on the optical fiber core during the high temperature applications.

Fig. 3.5.10. A SEM
image of a porous SnO,
materid, which is coated
on the surface of a bent
optica fiber probe. This
image shows the thickness
of the coating, which is
lessthan 1 nm.

Fig.3.5.11. A high
resolution SEM image of
the sol-gdl derived SnO-»
coating on the surface of a
bent optica fiber probe.
Thisimage showsthe
particles sze of the SnO,
cysasaefrom 20 nmto
80 nm.

M
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Fig. 35.12. A SEM imageof a
SO, membrane (thin) coated
on abent optica fiber core after
high temperature gas sensng
applications. It was observed
that some of the SnO,
membrane coated on the fiber's
surface was logt fter the high
temperature gas sensing
applications.

Fig. 35.13. A SEM imageof a
SO, membrane (thick) coated
on the surface of a bent optical
fiber core. It was observed that
the SnO, membrane stayed on
the fiber’ s surface after the high
temperature gas sensing
applications.
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3.6. Optical absorption spectrum of sol-gel derived materials at ambient
temperatur e and high temperatures

3.6.1. Optical absorption spectrum of pure poroussilica materialsat ambient
temperature and high temperature

A pure porous slicaoptica fiber has been examined for itslight guiding capability in

UV/Visand NIR region. Inthistest, asmal piece of pure porous slicaoptical fiber was

connected with two gold jacketed silica optical fiber as described in the Experimentd

section. A conventiona slicaoptica fiber was used as areference fiber. The connection

of the porous silicaopticd fiber with gold-jacketed silica opticd fibers causesinsertion

loss because mismatching problem. Therefore, the obtained result is arough indication

of light guiding capability of the fiber compared with the conventiond slica opticd fiber.
The obtained transmission spectrum at room temperature is shown in Fig. 3.6.1.

This spectrum indicates thet this porous silica optica fiber can guide light in broad

waved ength region from 350 nm to 850 nm. In degp UV region, most of the light injected

into the porous silica optical fiber was scattered and the transmisson islow. Also

observed in the trangmittance spectrum is the band structure of high transmittance at

around 600 nm. Thisisthe result of fluorescence emission in the sol-gel materid excited

by UV light from the deuterium lamp. The fluorescence emisson of porous silicaopticd

fiber will be discussed in another section of this report.

100 -

80

T%
S

o)
v

Fig. 3.6.1. An optica transmission spectrum of aporous pure slica opticd fiber prepared
with asol-gd technique. This spectrum was obtained at room temperature. With the
increase of temperature, the transmittance of the fiber decreased in the recorded
wavdength region.

Wavelength (nm)

During hesting the fiber to a high temperature (450 °C), the capaility of the fiber
for guiding UV/Vislight decreased. It was believed that the vaporization of water
molecules from the poresindde the sol-gd dlicafiber during the hesting process
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generated more light scattering voids insde the porous silica fiber, and therefore, more
light were acattered out of the fiber a higher temperatures.

In the NIR region, the pure porous silica optica fiber shows strong absorption at
940 nm, 1240 nm, 1400 nm and 1900 nm (Fig. 3.6.2). These absorption spectraare
originated from vibration of S-OH, H-OH in the fiber. With theincrease of temperature,
water was vaporized out of the fiber and the transmittance at 850-1300nm and 1450-1900
nm regionsincreased. Thisfiber isavery good light guiding mediain 1450-1900 nm
region at high temperature.

Transmission spectrum of a pure sol-gel silica fiber at NIR region
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100C(N2,7ms)
—— 200C(N2,7ms)
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Wavelength (nm)

Fig. 3.6.2. NIR transmission spectra of apure sol-gd slicafiber recorded at different
temperatures. With the increase of temperature, the efficiency of the fiber for guiding

NIR light increased firgt, and then decreased. The low transmission pesks a around 940
nm, 1350 nm and 1900 nm were believed cuased by water molecules trapped insde the
fiber. The species responsible for the low transmission at around 1250 nm has not
identified yet. In the wavelength region lower than 1900, the increase of temperature
from 400 °C to 450 °C caused lesslight be transmitted through the fiber. However, at
around 1900 nm, light intensity continuoudly increased with the increase of temperature.
It was believed that the increase of temperature drives more water out of the fiber, and
the light absorption at around 1900 nm decreased at higher temperature.

3.6.2. Optical absorption spectrum of porous silica materials doped with metal ions
and metal oxide and nanometer noble metal particles
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The optical absorption properties of the porous silica materia's doped with metal
ions and meta oxide in UV/Vis and NIR wavelength region were investigated with the
active core fiber optic absorption spectrometric method. Two examples of the obtained
spectra are shownin Figs. 3.6.3 and 3.6.4.

As shown in these figures, in the UV/Vis region, colored metd ions (Co®*, Cu?*,
Fe3*, Ni**) doped poorus silica materia's absorbed light a room temperature and the
absorption sgnd increased with the increase of temperature. The fibers doped with
meta ions which show no color have smilar transmission spectrum in the UV/Vis
wavelength region as that of a pure porous silicaoptical fiber as shown Fig. 3.6.1.
Semiconductor meta oxide (SnO2, TiO2, ZrO,, W20s, M020s5, VO,) doped porous silica
materids shows intensive color as indicated in graphes 3.4.4 and 3.4.5. These materias
grongly absorbslight in UV/Visregion. Figs. 3.4.5 is examples of absorption spectrafor
poroussilicafiber doped with M0o,Os, TiO2, VO3, W20s and ZrO».

18000 CucClIZ doped sol-gel silica fiber tested in UVY/Yis region 1
16000 A + 0.9
—— AS0C (MN2/H20 100 ms)
——— 450C (N2, 100 ms) /\ 41 o8
14000 Wlarmp )
——35C (N2, 100ms)
CuCRdopedFiberAn2Lamp + 0.7
12000
= \ / E \ + 0.6
=
= 10000
£ t 0.5
§ 8000 .
oo A PN o
S000
) I/ NI
4000 ; 4+ 0.2z
N o 5
2000 :/:5,: x— 0.1
0 = T T T T 0
350 450 550 650 750 850

Wwavelength {nm)

Fig. 3.6.3. UV/Vistransmisson spectra of a CuCl, doped sol-gd slicafiber.

Experimenta conditions for obtaining individua spectrum: A). 35 °C, N gas; B). 450 °C,

N gas; C). 450 °C, moisturized N gas; D). Spectrum of light from the tungsten lamp
(directly injected into the UV/Vis spectrmeter); E). light intengity ratio of spectrum
A/Spectrum D, which shows the attenuation of light by the CuCh doped sol-gd dlica
againg wavelength.  Thisfiber absorbs blue light with peak absorption wavedength at

around 470 nm.

Ratio (CuCIZ2DopedFiber2lamp)
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TOO0OTransmiission spectra of a NICE2 doped sol-gelsilica fiberin
Uvivis region
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— FESC(MZ,50mMS)
AS0C(MZ, 50Mms)
soo0 4 —— 2zoomz, 50 mss AN
—— QCMNZ, S0ms)
Dzafw LampsThroughSilicaFiber
2000 /\/ \ry\g ///\\X
2000 ///
1000 J\/\_’x/// \

20 00 GO0
Yavelength (nm)

Light intensity (A. U)

Fig. 3.6.4. UV/Vistranamisson spectra of a NiCl, doped sol-gd slicafiber recorded at
different temperatures. With the increase of temperature, light intensity from 500 nm to
700 nm was strongly attenuated. The spectrum in black line isthe light intengity
digtribution without the NiClL, doped sol-gel silica. Two absorption peaks caused by
NiCl, doped in the sol-gd slicafiber were identified through comparing the black line
gpectrum and transmissin spectra of the NiCh doped sol-gd slicafiber.
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Fig. 3.6.5. UV/Visabsorption spectra of semiconductor metal oxide doped porous silica
materias obtained with afiber optic EW absorption spectrometric method. These
colored semiconductor metal oxides give strong absorption sgnd in UV/Vis region.

Ahsorhance
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Nanometer noble meta particles doped porous slica materids show different
colors depending on the edement and the method for preparing the nanometer metd
paticles These maerids usudly aisorb light in UV/Vis region. The absorption sgna
can be assgned to the plasmon absorption of the nanometer metd particles indde the
composite materials [16]. Fig. 3.6.6 is an example fiber optic EW absorption spectrum of
an Ag-SH-SO; nanocomposite material coated on the surface of an optical fiber. This
nanocompodte materid has a ydlow color and shows strong absorption at around 400
nm.

In NIR region, the light transmisson behavior of these porous slica optica fibers
is smilar to that of a pure porous slica optica fiber. The NIR transmisson spectra of
severa doped porous slicaoptica fibers are shown in Figs. 3.6.7 and 3.6.8

1.2+

1.0+

Intensity
|

0.&

0.4 . T ' ' ' ' . r . '
200 300 400 500 600 700 800

wavelength (nm)

Fig. 3.6.6 An opticd fiber EW absorption spectrum of a nanocomposite Ag-SH-
SO, materid coated on the surface of a dlica opticd fiber. This materid shows a yellow
color and strongly absorb light with peak absorption wavelength at around 450 nm. The
absorption spectrum with pesk wavelength & 477 nm can be assgned to the plasmon
absorption of the dlver nanoparticles indgde the composite coating on the surface of the
opticd fiber core,
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Transmittance of metal ions doped porous
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Fig. 3.6.7. Transmission spectra of meta ions doped porous silicaopticd fibers. The
transmission spectrum of such ametd ion doped porous slicaopticd fiber isSmilar to
that of apure porous silicaoptical fiber. This meansthat the metd ions doped inside the
porous silicafiber do not absorb light in the NIR region.

NIR transmission spectra of a VOx doped porous silica optical fiber during a heating
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Fig. 3.6.8. Transmission spectra of aVVO, doped porous silica optica fiber during a

heeting process. The change of transmission spectrum of such this VO, doped porous

dlicaopticd fiber issmilar to that of a pure porous slica opticd fiber in a hesting
process. This meansthat the metal oxide doped inside the porous silica fiber do not
absorb light in the NIR region.
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3.6.3. Optical absorption spectrum of poroussilica optical fibersdoped with metal

ions and metal oxide materials exposed to high temperatur e gases

Light guiding property of the heet treated porous silica optica fibers exposed to
nitrogen gas samples containing trace Hy, CO and moisture have been examined at
UV/Visand NIR regions by using fiber optic spectrometric methods by using the method
described in Section 2.6 of thisreport. During atest, a porous silica optical fiber
connected with the gold-jacked fibers housed ingde the gas flow cell was heated from
room temperature with a 1 hour ramp to 450 °C. Nitrogen gas was flowed through the
gas cdl during the heating process. The temperature of the gas cdll was then kept at 450
°C, and the composition of gas sample was changed in order to investigate the response
of the fiber to different gas component. The composition of tested gas samplesislisted
inTable 1.

Table 1. The compostion of gas samples used in the investigation of the optica
properties of sol-gd derived slicafibers

Sample Gas compasition

Sample 1 N> (moisture < 1ppm)

Sample 2 N> plus 0.1% H,

Sample 3 N> plus 0.5% CO

Sample 4 N> plus 0.1% H, and moisture (0.x%*, but
exact concentration has not measured)

Sample5 N> plus 0.5% CO and moisture (0.x%*, but
exact concentration has not measured)

Moisture was added to the gas sample through bubbling the dry gas through a bottle
filled with water. The concentration of water vapor in the obtained gas sample has
not measured, but was estimated to be in 0.x% level based on our previous
experience.

The efficiency of apure sol-gd slicafiber for guiding NIR light was not
sgnificantly affected when Hy, moisture and CO was added to the N, gas stream flowing
through the gas cdll (Figs. 3.6.9 and 3.6.10). It was expected that moisture added to the
gas sample could be absorbed by the porous silicafiber and cuases NIR absorption sgnal
at around 940 nm, 1450 nm and 1900 nm. However, it was found that the absorption of
moisture to the porous silicamaterid is not significant at the temperature of 450 °C.

Both H, and CO are opticdly inert at the tested NIR wavelength region and thus, the
exisience of these moleculesin the gas sample does not affect the light guiding capability
of thefiber.

The addition of moisture, H, and CO to the nitrogen gas flowing through the gas
flow cdl does not sgnificantly affect the efficiency of metd ions doped sol-gd dlica
fibers and metal oxide doped porous slicaoptical fibersfor guiding NIR light. Thetest
results for the CuCl, doped sol-gd slicafiber and VOx doped sol-gd slicafiber are
showing in Figs. 3.6.11 and 3.6.12. It was believed that CO isareactivegas. The CO
added to the high temperature gas sample could reduce Cu(ll) to Cu(l) and eventaully to
cupper meta. The vanadium oxide in the fiber could aso be reduced by CO gasin the
high temperature environment. However, test results indicate that these reduction has not
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happened. After the test, the fibers were visudly examined. It was found that the CuCh
doped fiber ill shows agreen color, and the VO, doped fiber shows ayelow color
whilethe origind VO, doped fiber shows a brownish yellow color after hest trestment.
A NiCl, doped sol-gdl slicafiber was aso tested for the exposure to CO added gas
sample. It wasfound that the color of the fiber changed from green to blue after exposed
to the CO containing gas sample at a high temperature.

soo0o00 4 Effect of adding H2 to gas sample on the efficiency of a
pure sol-gel silica fiber for guiding HNIR light
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Fig. 3.6.9. NIR transmission spectra of a pure sol-gd silicafiber recorded at 450 °C. The
addition of Hy gas to the moisture containing N2 gas sample did not sgnificantly effected
the fiber' s cgpabiility for guiding NIR light in the tested wavel ength region.
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Fig. 3.6.10. NIR transmission spectra of a pure sol-gdl silicafiber recorded at 450 °C.
The addition of moisture to adry N, gas sample did not significantly effected the fiber's
cgpability for guiding NIR light in the tested wavelength region.
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Effect of adding CO to gas sample on the efficiency of a CuClI2
doped sol-gel silica fiber for guiding NIR light
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Fig. 3.6.11. NIR transmission spectra of a CuCl, doped sol-gel silicafiber recorded a
450 °C. The exposure of the sol-gd slicafiber to 0.5% CO in adry N gas sample
effected the fiber's cgpability for guiding NIR light, but not sgnificant.
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Fig. 3.6.12. NIR transmission spectra of aVVO, doped sol-gel slicafiber recorded at 450
°C. The addition of 0.5% CO to adry N gas sample flowing through the gas cdl dightly
decreased the fiber’ s cgpability for guiding NIR light in the whole tested wavelength

region. The addition of moisture to N»/CO gas sample did not significantly effect the

fiber's cgpability for guiding NIR light.
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The addition of water vapor to the N, gas stream flowing through the gas cell
dightly increased the efficiency of the pure sol-gd slicafiber for guiding UV/Vislight.
The addition of Hp, CO to the N, gas stream did not significantly change the behaviour of
the fiber for guiding UV/Vislight.

A increase of light guiding efficiency of the CuCl, doped sol-gd slicafiber &
450 °C was obsarved in UV/Vis region when H, gas was added to the gas stream flowing
through the gas cell (Fig. 3.6.13). The reason for this change has not understood yet.
The effect of adding moisture, CO to the gas stream on the fiber’ s capability of light
guiding in UV/Visregion isnot Sgnificant. The change of light guiding cgpability of
other metd ions (Co**, Ni?*, Eu**) doped porous silica optical fibers exposed to nitrogen
gas samples containing moisture, 1% H, and 0.5% CO is smilar to the CuCl, doped
porous slicaoptica fiber. The addition of moisture and CO into the N, gas sample does
not sgnificantly affect the capability of the fibersfor guiding light in UV/Visregion.
However, the existence of 1%H in the N, gas sample causes an increase of Igith guiding
capability of thesefibersin the UV/Visregion.

A strong optical absorption signal was observed when a Fe** doped porous silica
optical fiber was exposed to a N, gas sample contaning trace H, at 450 °C (Fig. 3.6.14).
The behavior of this porous slicaopticd fiber is much defferent from other metd ions
doped porous silica optica fiber.
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Fig. 3.6.13. An optica transmission spectra of a CuCl, doped porous silicaoptica fiber
exposed to N, gas samples containing moisture and Ho.
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0 s Wis absorption spectrum of a ferric oxide doped porous silica optical fiber
exposed to a nitrogen gas sample containing trace H2 and CH4
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Fig. 3.6.14. UV/Visoptica absorption spectra of aferric oxide doped porous silica
opticdl fiber exposed to a nitrogen gas sample containing trace H, or CH4. The
temperature of the gas sampleis 450 °C. The absorption pesk wavelength for H,
containing gas and CH, containing gas is different, which indicates that this fiber can be
used for selective sensng a gas sample in the existence of another gas component in the
gas sample.

3.6.4. Optical absorption spectrum of noble metal nanoparticles doped porous

slica optical fibersat ambient temperature

The opticd properties of slver and paladium particlesimmobilized sol-gd slica
meaterials on the exposure to hydrogen gas have aso been investigated during this report
period. It was found that the Slver particlesimmobilized sol-gd slicamaterias do not
respond to hydrogen gas. However, the paladium particles immobilized sol-gel slica
materias responded to hydrogen gas. A palladium particlesimmobilized porous sllica
materia prepared with a Triton X-100 reversed micelle method was made in the form of
afiber. Thisfiber showsaydlow color when alight beam from a tungsten lamp was
guided through the fiber. The fiber’ s transmittance spectrain the visble and NIR region
were recorded as the fiber was exposed to gas samples of nitrogen and 1% hydrogenin
nitrogen at room temperature. 1t was found that in the UV /visible region, the change of
gas sample from pure nitrogen to 1% hydrogen in nitrogen does not change the spectrum
of the fiber. However, a change of gas sample from pure N to 1% Hy in N2 reduced the
fiber's capability for guiding NIR light (Fig. 3.6.15). A pdladium particlesimmobilized
sol-gd dlicamaterid prepared by using the MPTS stabilizer method was coated on the
surface of abent optica fiber core. This coated bent probe was aso tested for sensing
hydrogen gas at room temperature. 1t was found that when the gas sample was switched
from N2 to 1% H. in N, the light intengity guided through the coated bent optica fiber
probe was a so reduced in the NIR region.

550
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Fix. 3.6.15. Optica response of ananometer paladium particles doped porous silica fiber
to N2 gas sample containing 1% H,. The exposure of the Pd partcles doped fiber to trace
H2 in the N2 gas causes the atenuation of light intengty guided through the optical fiber.
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3.6.5. Optical absorption spectrum of semiconductor metal oxide coatings on the

surface of silica optical fibersat high temperatures

At a high temperature, when the gas sample flowing through the flow cdl is
changed from pure nitrogen to a reducing gas component containing gas sample, it was
found that the ShO, membranes coated on optical fiber cores has spectroscopic response
to thischange. Fig. 3.6.16 shows the absorption spectrum of a SnO, membrane (thick)
coated on a bent optica fiber probe exposed to a 10% H, containing nitrogen gas sample.
The absorption spectrum was obtained with light intensity guided through the bent optica
fiber probe exposed to pure nitrogen gas as areference. Obvioudy, the absorption sgnal
is caused by H, in the gas sample. The optica spectroscopic response of this SnO,
membrane to the H, containing gas sample at other temperatures has so been
investigated. It was found that the membrane start to response to H, from <400 °C. In
the tested temperature range, the probe responded to H, up to 900 °C. Thereis ashift of
peak absorption wavelength when the temperature increased from 400 °C to 900 °C. At
lower temperature, the peak absorption wavelength isin the UV region. With the
increase of temperature, the peak absorption waveength gradually moved to visble
region.

The spectroscopic response of the two SnO» membranesto CH,4 (5% in N2) and
CO (10% in N2) in UV/Visregion was dso investigated. 1t was found that both of the
membranes do not response to these two gasesin UV/Visregion at the tested temperature
region (Fig. 3.6.16). These prdiminary results illustrate the possibility of developing a
H, sdective fiber optic sensor for monitoring H, a high temperature gas. This sensor
could be very useful for monitoring of hydrogen in cod gasification and synges
reforming processes.

The spectroscopic response of the SnO, membranes coated on the optical fiber
coresto Hp, CH4 and CO at high temperaturesin NIR region has aso been investigated.



Project DE-FC26-04NT42230 final scientific/technical report by Dr. Shiquan Tao of ICET/ MSU

It was found that dl the three reducing gases cause a negative absorption sgnd in the
NIR region (Fig. 3.6.17). The peak absorption wavelength for CO and H, isat around
1900 nm. However, the peak absorption wavelength caused by CH, isat around 1600
nm. Therefore, the NIR absorption signal at 1900 nm can be used to detect the total
amount of Hy, and CO, and the NIR absorption signal at 1600 nm can be used to sense
CHa.
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Fig. 3.6.16. Spectroscopic responses of a SnO, membrane coated on a bent optical fiber
core exposed to gas samples containing different reducing gases at 600 °C. The spectra
indicate that this membrane responses to Hy in the UV/Visregion, but isinsengtive to
CH, and CO in this wavelength region.
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Fig. 3.6.17. NIR absorption spectra of a SnO, membrane (thick) coated on a bent optical
fiber core exposed to gas samples containing different reducing gas (H,, CH4, CO) at 600
[0}

C.
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3.7. Fluorescence emission property of sol-gel derived materialsat room
temperatur e and high temperatures
3.7.1. Fluorescence emission spectrum of pure poroussilica materialsat ambient
temperature and high temperatures

Porous slicamaterids have been reported emits fluorescence when excited with
UV light sources [17-19]. The fluorescence spectrum of a porous silica materia varies
depending on the microstructure of the materid, the inner surface composition of the
poresingde the porous slica. In this project, the fluorescence property of porous silica
materids has been investigated with UV LEDs as excitation light source. At ambient
temperature, most of the heat-treated pure porous silicamaterias emit blue or green
colored fluorescence. However, fluorescence emission has not observed for most of the
porous silicawhich has not treated a high temperature. 1t was believed that the heat-
treatment process changed the surface oxygen content of the porous materia, which
generate fluorophore centersin the materias.

The fluorescence property of a porous silicaoptica fiber at 450 °C was
investigated by using the 370 nm UV LED as an excitation source. The recorded
fluorescence spectrum shown in Fig. 3.7.1 was believed the result of severd fluorescence
spectra added together. The peak wavelengths of the three fluorescence spectra are 500
nm, 545 nm, 557 nm, 575 nm, 589 nm, 614nm and 644 nm, respectively. These
fluorescence spectra from porous silicamaterias have aso been separately observed by
other research groups[17-19].

2500 \ A fluorescence spectrum of a pure porous silica fiber excited with a 375
nm LED

=N
A
N \

430 480 530 580 B30 G20 730
Wawvelength (nm)

Fig. 3.7.1. Anopticd transmittance spectrum of apure sol-gd slicaopticd fiber
obtained at 450 °C. Light from the 370 nm LED was fed into one end of the optica fiber
and light emerged from the opposite end of the fiber was detected with the opticd fiber
compatible UV/Vis spectrometer. A second spectrum with peak intensity at around 580
nm is observed in additiond to the origind LED light (pesk intendity a around 370 nm).
This second spectrum is the fluorescence signal emitted from the porous silica optical
fiber. Thisfluorescence spectrum isthe result of severa spectra (500 nm, 545 nm, 557
nm, 575 nm, 589 nm, 614nm and 644 nm, respectively) added together.

Light intensity {(4.U)
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3.7.2. Fluorescence emission spectrum of poroussilica optical fibers doped with
metal ions and metal oxide materials exposed to high temperature gases
Theimpurity doped into a porous sllicamaterial as meta ions, meta oxides or

nanometer meta particles could affect the fluorescence emission property of porous silica

materids. In our experiments, it was found that the doping of trangtiona metd ionsinto
aporous silicamateria could quench some of the fluorescence spectrum observablein
pure porous slicaoptica fiber. Fig. 3.7.2 isan example. This spectrum was obtained by

exciting the fluorescence of a cadmium ions doped porous silica optica fiber with a 375

nm LED. Compared with the fluorescence spectrum of pure porous silicafiber, the

gpectrum of this metal ions doped fiber issmpler. Some of the fluorescence spectrum
observed in the pure porous silica fiber disgppeared in thisfiber.
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Fig. 3.7.2. Anoptica transmittance spectrum of a cadmium ions doped sol-gd slica
optical fiber obtained at 450 °C. Light from the 370 nm LED was fed into one end of the
optica fiber and light emerged from the opposite end of the fiber was detected with the
optica fiber compatible UV/Vis spectrometer. Compared with the fluorescence spectrum
of pure porous slicafiber, the spectrum of this metd ions doped fiber issmpler. Some
of the fluorescence spectrum observed in the pure porous silica fiber disappeared in this
fiber.

If adoped metd ion itsdlf emits fluorescence, then, the fluorescence property of
the doped sllicamaterid is dominated by the doped metd ions. One example of such
materid isthe rare-earth metal ions doped porous silicamaterids. The rare-earth meta
ions are well known fluorophores both in solution and in solid phases when excited with
aUV light source.

In thiswork, Er** and Eu** ions doped porous silica fibers were prepared by
using TEOS as a dlica precursor with the sol-gel process described in the experimenta
section as an example. The formed doped porous silica optica fibers were tested for
recording their fluorescence spectrum by using a375 nm LED as an excitation source.
The obtained FL spectraare shown in Fig. 3.7.3. The Eu** doped silicafiber emits
fluorescence with peak emisson wavelength a 615 nm, which can be assgned asthe f-f
dectronic transition 5D 7F% [20].  In this spectrum, the FL signal from poorus silica
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fiber itsdlf is still observable as a broad spectrum. The Er** doped porous silica fiber

gives very strong FL signal with pesk emission waveengths a 507 nm, 580 nm, 606 nm

691 nm and 746 nm, respectively.

The fluorescence property of such aslicamaterid isvery useful for senang

temperature of corrosive gas samples a high temperature. First, the materia can work at
high temperature. Second, the mateid is resstant to corrosve gases. Third, the
fluorescence intengity or life-timeis affected by temperature. A temperature sensing

technique with this Eu** doped porosu silicafiber as a transducer will be described in
next section of thisreport.
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Fig. 3.7.3. Fluorescence emission spectraof Er** and Eu** doped porous silica optical
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fibers excited with a 375 nm LED. These rare-earth metd ions doped ingde the porous
glicaoptica fibers give intengve fluorescence sgnal. These rich fluorescence sgnals

are useful for sengng temperatures a corrodve gas environment.
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3.8. Fiber optic temperatur e sensing techniques with sol-gel derived refractive
materials astransducer sfor applicationsin IGCC process control

Cod gadfication and syngas reforming/cleaning in IGCC processes involves a
series of high temperaturelhigh pressure gas reections [21,22].  In dtu, red time
information of the reaction sysem, such as gas compostion, temperature, pressure, is
critical for controlling the reactions to processes at optimized reaction conditions in order
to achieve highest efficiency and lowest environmenta pollution.

Because temperature affects the physcd/chemica properties of dmost every
materia, many techniques have been proposed/developed to sense/monitor temperature
for different gpplications. For example, the lineer expanson of dlica optica fibers has
been usad in designing Bragg grating based opticd fiber temperature sensors and Fabry-
Pérot interference based temperature sensors [23-25]. The dectric resstance of metas
and semiconductors is temperature dependent, and temperature sensors have been
designed based on measuring the resstance or conductivity of metd and semiconductor
materids. Thermocouples are another class of temperature sensors based on the
mesasurement of eectrical properties. A thermocouple is based on the measurement of a
voltage drop across dissmilar metas, which is temperature dependent.  Temperature
aso affects the resonant frequency of piezodectric crystd, and temperature sensors based
on this phenomenon have aso been reported [26].

Optica techniques are very useful for high temperature measurement/monitoring.
Plank’'s modd of blackbody emisson forms the base of temperature measurement
through monitoring infrared emisson from a taget sample.  This technique has been
widdy used for monitoring high temperature furnaces used in indudtrid processes, such
as gass-making, sed-making. Optical emissions or absorption by free radicds, atoms or
ions in high temperature gas or plasma have been used to remote monitor temperature of
high temperaiure gases related to combustion system, discharge and rocket tal plume
[27-29].

Fuorescence spectrometry is another opticdl technology used to sense
temperature [30-33]. An excited fluorophore molecule can drop back to its ground State
through radiation emisson (fluorescence) or through collison with another molecule.
The fluorescence emisson and collison processes are in equilibrium for a system at
certan temperaure.  The change of temperature will change the frequency of collison,
and therefore shifts the equilibrium of the two processes. This shift results n a change of
fluorescence intendty and the fluorescence lifetime.  Temperature sensors based on the
monitoring of fluorescence intendty and the detection of fluorescence lifetime have been
developed. These techniques can be used for high temperature sensng if gppropriate
fluorophore is used.

It isvery difficult to use conventiona temperature sensing techniques described
above in cod gadification, syngas reforming/cleaning process due to the nature of the
reaction environment. A coa gasification system is usualy operated at atemperature as
high as 1000 °C. The gas component, such as H>O, O,, CO, NHs, H.,S, are very reactive
at high temperature. Many widely used temperature-sensing devices, such as
thermocouple, can not be used because the gas components are corrosive to the meta
dloy at this high temperature environment. The optica techniques, such as blackbody
emission, optica absorption/emisson spectrometry of radicas, aloms, ions and
molecules, are applicable for high temperature sensing. However, the dusty nature of the
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gadfication system makes the gpplication of traditiona optica techniquesin this system
extremdy difficult. The partidesin the gadifier will not only interfere with light
transmission, but aso corrode optica windows, which are needed in traditiona optical
methods for sending light into such asystem or callecting optical sgnd from such a
system.

In this work, two temperature-sensing techniques by using sol-gel derived
refractive materias as transducers have been investigated. These materials are corrosive-
resstant, can work in the corrosive gas environment of cod gadification and syngas
cleaning processes. Preliminary test resultsillustrated the potentia of application of
these sensing techniques for monitoring high temperaturesin IGCC processes.

3.8.1. Thermochromic properties of sol-gel derived refractive semiconductor metal
oxide materials and temper ature sensing at high temperatures

Thisfirst technique is based on the thermochromic property of sol-gel derived
refractive meta oxides (TiO2, ZrO,, V203, M0Os, WO3). These meta oxides were
immobilized into slica materid with the sol-gel techniques described in the experimental
section. The formed composite materials were coated on the surface of gold-jacketed
dlicaoptica fibersto form testing optical fiber probes. The temperature responses of
these thermochromic nanocompaosite membranes coated on the bent optical fiber probes
were investigated by using fiber optic EW absorption spectrometry. In such atest, a
coated bent optical fiber probe was inserted into a ceramic tube, which was set insde a
temperature controllable split furnace as shown in Fig. 2.7. The two ends of the optical
fiber probe were connected to an optical fiber compatible light source and an optical fiber
compatible UV/Vis spectrometer, respectively. One end of the ceramic tube was open
during the test, and therefore, the tube was air-filled. The temperature of the furnace was
controlled to increase step-by-step from room temperature to 1000 °C. The EW
absorption spectrum of the probe was recorded at each temperature step during the
heeting process with light intensity guided through the bent optical fiber probe a room
temperature as areference. The recorded responses are described below:
A: Theresponse of TiO,-SIO, membraneto temperature

The recorded EW absorption spectra of the TiO - SO, membrane during a hesting
process are shown in Fig. 3.8.1. The TiO,-S O, coating gives an EW absorption
gpectrum with pesk wavelength at around 390 nm. The peak absorption wavelength of
the absorption spectrum is red- shifted during the heating process. It was found that
when the absorbance signd at 396 nm was monitored, the relationship of the EW
absorbance signd with temperature from 22 °C to 340 °C can can be described by an
equation: Abs = 3*10%°T%12 (Fig. 3.8.2). If monitored at 433 nm, as shown in Fig. 3.8.3,
the absorbance signd linearly increases with temperature from 244 °C to 368°C. The best
application range of this probe for monitor temperature is from 22 °C to 340 °C.
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Fig. 3.8.1. EW absorption spectraof a TiO2-SO2 nanocomposite membrane coated on a
bent optica fiber probe exposed to different temperatures.
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Fig. 3.8.2. Theredationship of EW absorbance sgnd (detected at 396 nm) of aTiO2-SO»
nanocomposite membrane coated on a bent opticd fiber probe with temperature from 22
°Cto 340 °C.
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Fig. 3.8.3. The rationship of EW absorbance signd (detected at 428 nm) of a TiO»-SO,
nanocomposite membrane coated on a bent opticd fiber probe with temperature from 210
°C to 400 °C.

B: Theresponse of ZrO,-SiO2, membraneto temperature

The recorded EW absorption spectra of ZrO,-S0, nano composite membrane
coated on the surface of abent opticd fiber probe during a heating process are shownin
Fig. 3.8.4. The ZrO,-S0O, composite membrane shows a broad absorption spectrumin
UV region with pesk absorption wavelength at around 306 nm. With the increase of
temperature, the EW absorbance signd in UV region increased. The absorbance signdl
detected at 306 nm has alinear relationship with temperature from 400 °C to 900 °C (Fig.
3.8.5).

Wavelength (nm)

Fig. 3.8.4. EW absorption spectraof a ZrO,-S0O, nanocomposite membrane coated on a
bent optica fiber probe exposed to different temperatures.
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Fig. 3.8.5. Thereationship of EW absorbance signa (detected at 306 nm) of aZrO,-S0O-
nanocomposite membrane coated on a bent optica fiber probe with temperature from
room temperature to 1000 °C.

C: Theresponse of V,03-S O, membraneto temperature

The recorded EW absorption spectra of V,03-SO, membrane coated on the
surface of a bent optical fiber probe during a hesting process are shown in Fig. 3.8.6.
The V,03-S0, composite membrane shows an absorption spectrum in visible region
with peak absorption wavelength at around 550 nm. With the increase of temperature,
the absorbance signd inincreased. The absorbance signal detected at 550 nm has alinear
relationship with temperature in the range from 179 °C to 623 °C (Fig. 3.8.7).
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Fig. 3.8.6. EW absorption spectra of aV,03-SO, nanocomposite membrane coated on a
bent optical fiber probe exposed to different temperatures.
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Fig. 3.8.7. The relationship of EW absorbance signal (detected at 550 nm) of aV>03-SO,

nanocomposite membrane coated on a bent optica fiber probe with temperature from
room temperature to 600 °C.

D: Theresponse of W»05-S O, membraneto temperature

During the hegting process, the W>0s- SO, composite membrane showed an
absorption spectrum in UV region with peak absorption wavelength at around 398 nm.
With the increase of temperature, the absorbance signd in increased. The absorbance
sgnd a 398 nm has alinear rlationship with temperature in the range from 200 °C to
1000 °C, (Fig. 3.8.8).
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Fig. 3.8.8. The rdationship of EW absorbance sgnd (detected at 398 nm) of a W,0s-
SO, nanocomposite membrane coated on a bent optical fiber probe with temperature
from room temperature to 1000 °C.
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E: Theresponse of M0,0s5-SIO, membraneto temperature

During the heating process, the M0,0s-S0O, composite membrane showed an
absorption spectrum in UV region with peak absorption wavelength at around 315 nm.
With the increase of temperature, the absorbance signdl in increased. The absorbance
sgnd a 315 nm has alinear rddationship with temperature in the range from 50 °C to 350
°C, (Fig. 3.8.9).
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Fig. 3.8.9. The relationship of EW absorbance signal (detected at 315 nm) of a M0,0s-
SO, nanocomposite membrane coated on a bent optica fiber probe with temperature
from room temperature to 500 °C.

3.8.2. Conclusion of composite refractive thermochromic material for temperature

sensing

The thermochromic property of TiO2-SO», ZrO2-S0», V203-S0O2, M0;05-S02

and W,0s-S 0O, nanocomposite materids has been investigated for sensing temperaturein
high temperature region. The nanocomposite TiO2-SO, can be used to monitor
temperature from room temperature to 340 oC. The ZrO»- SO, nanocomposite
membrane can be used to monitor temperature from 400 °C to 900 °C. The
nanocomposite V203-S0, can be used to monitor temperature from 200 °C to 600 °C.
The W,0s5- SO, nanocomposite membrane can be used to monitor temperature from 200
°C to 1000 °C. The M0,0s-S0, nanocomposite membrane can be used to monitor
temperature from 50 °C to 350 °C. The applicable temperature region of these refractive
thermochromic materias is coincident with the operation temperature region of coa
gadfication, syngas reforming/cleaning operation. The high temperature gpplicable
sensing technique is dso expected to be useful in monitoring solid oxide fud cel, which
is usualy operated in the temperature region from 700 °C to 1000 °C.

3.8.3. Fluorescence propertiesof rare-earth metal ions doped porous silica optical
fibersand temperature sensing at high temper atur es
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Fluorescence spectrometry  is  another opticd technology used to sense
temperature [30-33]. An excited fluorophore molecule can drop back to its ground State
through radiation emisson (fluorescence) or through collison with another molecule
The fluorescence emisson and collison processes are in equilibrium for a sysem at
certan temperaure.  The change of temperature will change the frequency of collison,
and therefore shifts the equilibrium of the two processes. This shift results in a change of
fluorescence intendty and the fluorescence lifetime.  Temperature sensors based on the
monitoring of fluorescence intendty and the detection of fluorescence lifetime have been
developed. These techniques can be used for high temperature sensng if appropriate
fluorophore is used.

In one work of this project, an Eu** doped silica fiber was prepared by using the
sol-gel process described in the experimental section of thisreport. The fluorescence
intengty of the Eu3+ ions doped in the porous slica optica fiber was used as an indicator
of temperature. The Eu** doped silica fiber was connected with two gold-jacketed silica
optical fiber with a ceramic fiber holder developed in this project. The fiber holder with
the dlicafibers was deployed into a ceramic tube, which isinserted into a split tube
furnace as described above. Light from a 375 nm LED was focused into the free end of
one of the gold-jacketed slicaopticd fiber by usng aquartz lens. Thelight sgnd
emerged from the free end of the second gold-jacketed silica optica fiber was monitored
with an opticd fiber compatible UV/Vis spectrometer. During testing the response of the
Eu®* doped silicafiber to temperature, the split furnace was heated from room
temperature to 500 °C step-by-step, and the optica intensity injected into the
Spectrometer was monitored.

The obtained fluorescence spectra of the Eu** doped slica fiber during the heating
process are shown in Fig. 3.8.10. With temperature increasing, the fluorescence intengity
ggnd decressed.  The relationship of fluorescence intensty a 615 nm with temperature
in the tested region from 80 °C to 500 °C is shown in Fig.3.8.11.
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Fig. 3.8.10. FL spectra of an Eu** doped porous silica optical fiber exposed to a N, gas
sample of different temperatures. A 375 nm LED was used as an excitatiion source in
obtaining these spectra.
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Fig. 3811 The reaionship of the fluorescence intensity emitted from an Eu** doped
dlicafiber with temperature.

It can be found out that in the temperature range from 140 °C to 300 °C, the
relationship of fluorescence intengity and temperature follows the equation (3.8.1):

|=409.35¢'0-0064T
(3.8.1)
A liner cdibration curve for this temperature range can be obtaned by usng the
attenuation of the fluorescence sgnd in dB as a sendng sgnd [11]. dB is defined as
equation (3.8.2)

dB = 10*|g| 1400d| (382)

From equation (38.1) and (382), we can get the linear reationship of dB and
temperature in the temperature range from 140 °C to 300 °C as,

dB=0.0278T-3.890 (3.8.3

With the increase of temperature, the fluorescence sgna decreased. The
relationship of fluorescence intendty a 615 nm with temperature in the tested region
from 100 °C to 500 °Cisshownin Fig. 3.8.11.

In summary, a temperature sensor gpplicable for monitoring temperature from
100 oC to 500 oC can be developed by using a Eu3+ doped porous silica optica fiber as
a temperaure indicator. A smple LED was used as an excitation light source and a
photodiode with a band pass filter can be used as a detector to monitor the fluorescence
intensty sgnd. Compared to fluorescence lifetime based temperature detection
techniques, this sensor is much smpler in structure and low-cost.
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3.9. Optical fiber ammonia sensors using sol-gel derived porous silica materialsfor
sensing trace ammonia at ambient temperature and high temperature gas
samples

In IGCC processes, nitrogen-containing compoundsin cod are converted to
ammoniain the gagfication. The concentration of anmoniain cod-derived syngas can
be as high as 3000 ppm [34]. Ammoniaisan air pollutant. In addition, itisalso a
reactive gas component, can cause damage to the power generation infrastructure which
using the cod-derived syngas as afue [34]. Therefore, anmonia hasto be iminated
before sending the syngas to a power generation unit, and thus, a technique for
monitoring the concentration of ammoniain the syngas during syngas purification
process is needed.

Present state- of-the-art techniques for detecting ammoniain gas samplesinclude
ion mobility spectroscopy [35], gas chromatography [36,37], ultraviolet (UV) absorption
spectrometry [38,39], near infrared (NIR) absorption spectrometry [40,41] and
chemiluminescence techniques [42,43].  The chemiluminescence techniques are Smple
in instrument structure and low cost in operation. However, thisis an indirect method. It
needs an NHs-to-NO conversion technique to convert NHs to NO [42]. The produced
NO is then detected with an ozone chemiluminescence (CL) technique [43]. This
technique is sengitive, can be used to detect ammoniain agas sampleto ppb leve.
However, severd factors, such asthe matrix of the gas present with ammonia, the length
of thetime of the converter in use, the temperature of the converter, etc. affect the NH; to
NO converson process. Periodic cdibration is required with zero gas and NHs-
cdibration gases gpplied at the point of sample extraction to correct the conversion
effidency. In addition, the magor components of cod-derived syngas, such as CO,, H,0,
CO, do affect the CL detection.’® It isdifficult to use this technique for detecting
ammoniain cod-derived syngas, because the gas sample from this source istoo “dirty”.

Gas chromatographic separation coupled with mass spectrometric detection is
sengtive for detecting trace gas component in complex gas samples[36,37]. However,
this method requires sophisticated instruments. In addition, this technique also has
limitation in analyzing “dirty” samples due to the limitation of GC separation capacity
and possible adsorption of compounds on the surface of GC column, transmitting tube
and vacuum system of mass spectrometer. [on mobility spectroscopy can be used to
detect/monitor trace ammoniain complex gas samples [35]. However, problems smilar
to that in GC-MS dso exig in this technique.

UV and NIR absorption spectrometric techniques have been reported for
monitoring anmoniain gas stream [38-41]. But both the spectrometric techniques have
problemsin practica applications. Ammonia molecules in gas phase absorb light with
wavelength around 200 nm. This absorption phenomenon can be used to detect anmonia
in gas phase. However, in cod-derived syngas there are alot of other compounds, such
as carbon dioxide, carbon monoxide, moisture, volatile and semi-volatile organic
molecules, which aso have strong absorption at around 200 nm.  These compoundsin
stack gas strongly interfere with ammonia detection by UV absorption method.
Ammoniain gas phase can dso be detected with near IR (around 1.5 nm) absorption
technique. Thistechnique dso suffers the interference from co-existent speciesin coa-
derived syngas. In addition, expensive, sophisticated instruments are required for both of
the absorption techniques.
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We have reported two optica fiber sensors for continuous monitoring ammoniain
gas streams [44,45]. Organic reagents (pH indicators) and sllver nanoparticles
immobilized in porous Slicawere used in the reported sensors. In thiswork, tow
ammonia sensng techniques were developed. The first technique uses a CuCl, doped
porous silica opticd fiber as atransducer for sensing trace anmonia at high temperatures.
The second sensor uses a silver nanometer particles immohilized porous silicaoptica
fiber as atransducer for senang trace ammoniafor goplication in ambient temperature.

3.9.1. An optical fiber ammonia sensor using a CuCl, doped porous silica optical
fiber asatransducer for monitoring trace ammonia in high temperature gas
samples

A: Sensing mechanism
Ammonia can react with cupper ions (CL/*) to form a blue colored complex,

[ Cu(NH3)4] Cl, which absorbs light with pesk absorption wavelength at t around 560 nm.

This reaction has been used for along timein traditiona andytica chemigtry for

detecting trace Cu2+ ions in aqueous solutions. 1n agueous solution, the reaction

CU** + 4NH3 == Cu(NHz)s* (3.9.1)
yields an equilibrium congant (K)

K = [Cu(NHs)4>*]/[CU#*][NH3]* (3.9.2)
equal to 3.9x10% [46].

The resulting complex has a pesk absorption around 560 nm and this
complexation reaction has been used in traditiond UV/Vis absorption spectrometry for
the determination of copper ionsin water through the addition of excess anmoniainto
the sample solution [47].

In the sensor of thiswork, this reaction was employed for detecting trace
ammoniain agas sample. The complex formation reaction was carried out in a porous
slicaoptica fiber ingtead in an agueous solution. CuCl, was doped into the porous silica
opticd fiber with the sol-gd techniques described in the experimenta section of this
report. Ammoniamoleculesin agas sample diffuse into the porous slica opticd fiber
and react with the doped CL?* ions to form the [Cu(NHs)4] Cl, inside the porous silica
optica fiber. Through monitoring the optical absorption sgnd of the porous silica
optical fiber, the concentration of the complex formed insde the fiber can be detected.
The concentration of ammoniain a gas sample isin dynamic equilibrium with the
concentration the ammonia-cupper complex indde the fiber. Therefore, the concentration
of ammonia concentration in a gas sample can be detected through detecting the
absorption signd of the Cu?*doped porous silica opticd fiber.

B: Sensor structure

The optica fiber ammonia sensor of this work consists of a short piece of the
CuCl,>-doped porous silica opticd fiber, which is connected with two gold-jacketed silica
optical fibers, alight source and an optical fiber spectrometer. The sol-gel slicaoptica
fiber was connected with the golden-jacketed opticd fibers by using alaboratory made
ceramic holder with method described in the experimental section of thisreport. In
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assembling the fiber optic sensor, two 400/440/510 mm (core/cladding/jacket diameter)
gold jacketed silica opticd fibers (Fiberguide Industries, Stirling, NJ) were first prepared
by etching the gold jacket from the fiber ends via agua-regia (3:1 HCI:HNOs). Next, one
side of each gold jacked fiber was inserted into a 1 cm piece of 700 mm 1D/850 mm OD
fusad slica capillary (Polymicro Technologies, Phoenix, AZ). A short piece (3.5 cm) of
the treated CuCl,-doped sol-ge slicafiber was then placed inside both pieces of fused
capillary, forming a continuous fiber path. The resulting fiber assembly was placed in the
groove of the laboratory made optica fiber holder and stabilized using the holding plates
and screws (Fig. 3.9.1). This setup dlowed light to travel from alight source through the
sensor and to a detecting e ement without the use of any glue, which could break down
under the high temperatures of use for this sensor.

Fig. 3.9.1. A picture of afiber optic sensor head of thiswork fixed in a ceramic sensor
holder. The CuCl, doped sol-gel slicaopticd fiber is connected with two gold-jacketed
slicaoptica fibers. The connected fibers were fixed on the sensor head holder with
plates and screws.

C: Testing the sensor

In testing the sensor, the split tube furnace was initidly heated to the appropriate
testing temperature at an average rate of 100 °C/hour with compressed air flowing
through the flow cell. Once the desired temperature was reached, air gas samples of
various concentrations of NHs were introduced into the chamber, and UV/Vis absorption
spectrum of the CuCl-doped optical fiber was monitored with the fiber optic
spectrometer. Temperature fluctuations of +20 °C were observed when the furnace was
held at a specific temperature and these changes resulted in adight increase or decrease
in the optical response of the sensor. Therefore, each measurement was taken at the pesk
of the optical Sgna to ensure consistency and reproducibility of test results. The sensor
was alowed to equilibrate with the surrounding gas ervironment for 20 min before each
measurement was taken.
D: UV/Visabsorption spectrum of a CuCl, doped porous silica optical fiber exposed

to an air sample containing trace NHs

The absorption spectrum of the Cu[NH;z]4>* complex formed in a porous sol-gd
silicaoptica fiber was investigated with experimental s=t-up as described in the
Experimentd section. In this experiment, the optica fiber compatible deuterium/tungsten
combo lamp was used as a light source and the optica fiber compatible UV/Vis
spectrometer was used for recording the absorption spectra. The split tube furnace was
used to control the temperature of the reaction environment. An ar gas sample
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containing trace ammonia (37.5 ppm) was flown through the quartz flow cdl and the
absorption spectrum of the CuCl-doped porous sol-gel slica optica fiber was recorded
with pure air as areference sample. The recorded absorption spectra were shown in Fig.
3.9.2. The spectrawere recorded after 20 minutes exposure of the CuClh-doped sol-gd
slicaoptica fiber to the sample gas. Asindicated in these spectra, the pesk absorption
waveength of the formed complex in the sol-gd silicaopticd fiber isaround 540 nm.
The observed difference in the peak absorption waveength of the complex in asol-gd
dlicaopticd fiber with the reported peak absorption waveength [47] of the complex in
an agueous solution is caused by the error of instrument wavelength cdibration. The
UV/Vis absorption spectrum of the complex in an aqueous solution recorded with our
optical fiber compatible spectrometer is shown in Fig. 6. The peak absorption
wavelength of this complex is actudly the same ether the complex exigs in an agueous
solution or in asol-ge slicaopticd fiber.
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Fig. 3.9.2. UV/Vis absorption spectra of Cu(NHs)s2* complex in water and porous sol-gd
dlicaopticd fiber of different temperatures.

b

E: Thermal equilibration of Cu(NHz3)4Cl» formation and rever sibility of thefiber
optic sensor for ammonia sensing at high temperature

Although the formation of the copper-ammonia complex is reversble, the dynamic
equilibrium is very dow a room temperature and too long for sensor applications.
However, metd coordinating compounds are usudly ungable a high temperature if an
extraligand does not co-exist with the complex. Therefore, Cu(NHs)4>* can be
decomposed to release ammonia molecules at eevated temperatures (300 °C) [48]. This
decomposition processis rapid. Therefore, if the copper ion doped sensor is heated to a
temperature above 300 °C, the NHj in the complex will be released and the absorption
sgnd will return to the basdine.
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It is commonly accepted that metal coordinating compounds are ungtable at high
temperatures and thermogravimetric data indicate that most meta coordinating
compounds will be decomposed if heated to atemperature higher than 300 °C [48].
However, in thermogravimetric sudies, the coordinating compound is usudly hesated
with ar or pure nitrogen in the gas phase of equilibrium with the complex. Therefore, the
concentration of the ligand in the gas phase is dmost zero. Under such conditions, the
equilibrium of the complex formation moves to the direction of decompaosition. The
metd coordinating compound can actudly be sableif thereisligand exiging in gas
phase in equilibrium with the complex. S. Tao and T. Kumamaru studied the stability of
8- hydroxyquinoline complexes of some trangtiond metas, and found that the 8-
hydroxyquinolinates of B(I11), Cr(l11), Nb(lI1), V(I11), Zr(IV) are stable a atemperature
as high as 900 °C [49-51]. These coordinating compounds can be vaporized together
with the ligand using a high temperature furnace without decompaosition.

The dgnificant of the equilibrium of metd complex with itsligand in ahigh
temperature gas to the present work of ammonia sensor development isthat anmoniaina
high temperature gas stream can react with copper ions doped in aporous slicafiber to
form acomplex. The reaction isreversible depending upon the concentration of
ammoniain the gasphase. Therefore, areversible sensor can be constructed to
continuoudy monitor ammoniain a high temperature gas stream.

Figure 3.9.3 shows the time response of the absorbance signa of a CuCl-doped
sol-gel slicafiber sensor detected at 545 nm with 7.5 ppm ammonia added into the gas
dream at the starting point of the recording. The absorbance signd increased with time
and reached a maximum after 20 minutes. At 90 min, the anmonia gas was turned off
resulting in the decompostion of the complex and the absorbance signd returning to the
basdline, clearly indicating the reversble nature of the complex a elevated temperatures.
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Fig. 3.9.3. Time response of CuCl, doped porous silica optica fiber ammonia sensor
exposed to an air gas sample containing 7.5 ppm NHs.
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F: Quantitatively monitoring ammonia concentration in a high temperature air
stream with CuCl,-doped sol-gel silica fiber sensor

Quantitative detection of ammoniain a high temperature air stream with a CuCl-
doped sol-ge slicafiber sensor of thiswork is based on the following. Firg, the
concentration of the copper-ammonia complex insgde the fiber can be determined usng
fiber optic UV/Vis detection (Beer’ s law). Second, the concentration of the copper-
ammonia complex in the sol-gd dlicafiber isin equilibrium with the concentration of
ammoniain the gas phase, as described above in Equation 3.9.1.

Figure 3.9.4 shows the absorption spectra of the sol-ge fiber sensor with different
concentrations of anmoniain an air sream at atemperature of ~450 °C. The absorbance
a 545 nm has alinear rdationship with the logarithm of ammonia concentration in the
gas phase as seenin Fig. 3.9.5. This cdibration curve is believed to deviate from the
norma Beer’s law because the copper ionsin the sol-ge slicafiber are distributed on the
inner surface of the poresinsde the slicafiber. The reaction of anmoniawith copper
ions ingde the fiber therefore follows a Langmuir sngle layer absorption isotherm, which
indicates that the concertration of the copper-ammonia complex insde the porous
materia has alogarithmic relaionship with that of gaseous ammoniain contact with the
porous materia.?® The detection limit of the sensor was determined to be 0.3 ppm based
on the three times the standard deviation of the basdline.
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Fig. 3.9.4. Response of the Cu?* doped porous silica optical fiber to gas sample
containing NHs of different concentration.

G: Effect of gastemperatureon calibration

The formation of Cu[NH;z]42* in the porous silica optical fiber is aso affected by
temperature. The complex formation is an exothermic reaction. With the increase of
reaction temperature, the equilibrium shifts toward the decomposition of the complex.
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Therefore, it is expected that the sengtivity of the fiber optic sensor of thiswork for
sensing ammonia depends on the temperature of the gas sample. Cdibration curves of
the sensor at different gas temperatures were determined and the test results are shown in
Fig. 3.9.5. A decrease in sengtivity was observed with an increase in temperature.
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Fix. 3.9.5. Effect of temperature on the calibration of the Cu?* doped porous silica optical
fiber for senaing trace NH; in gas samples.

H: Effect of other gases on the sensor for sensing ammonia

The effect of several gases, such as moisture, CO,, H,S, SO,, NO», on the sensor
for detecting ammonia has also been investigated. 1n the tested range, it was found that
the existence of moisture up to 4% and CO, up to 10% in the gas sample does not
interfere with the sensor for senang ammonia. However, the existence of H,S, SO»,
NO2, was found interfering with the fiber optic sensor for senang anmonia. The
exigence of SO, and H.Sin ppm level aso causes optica absorption signd at around
550 nm. The existence of NO, causes negative interference. It was believed that the
interference is originated from the oxidation of anmoniaby NO; inthe gassample. The
oxidation in fact reduced ammonia concentration in the gas sample.
I: Conclusion

A copper chloride doped in a porous sol-gel slicafiber can react with gaseous
ammonia (upon diffuson into the fiber) to form a coordinating complex and the
concentration of that complex can be determined using a fiber optic spectrometric
technique. In addition, the copper-ammonia complex formetion is reversble a devated
temperatures and as a result, the sensor can be used for continuoudy monitoring
ammoniain high temperature gas streams. Sub-ppm levels of anmoniawere
quantitatively determined using a 3.5 cm CuCh-doped sol-gd slicafiber as atransducer
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of the sensor. Future work will focus on developing techniques to eiminate interferences
from matrix gases of cod-derived syngas or exhaust gas from combustion sources.

3.9.2. An optical fiber ammonia sensor using a coating of silver nanometer
particlesimmobilized porous silica asa transducer for monitoring trace
ammonia at ambient temperature

A: Sensing mechanism
Slver nanometer paticles are ammonia-philic.  These particles can absorb

ammonia molecules from a gas sample  The dlver paticdles swell after absorbing

anmmonia molecules  When the slver patides was immobilized in a porous slica
materid, this swdling dgnificantly affecting the optical properties of the composte
meaterid.

The opticd fiber ammonia sensor described in this work uses a coating of
nanometer dlver particles immobilized porous slica materid on a bent optica fiber
probe as a transducer. The absorption of ammonia molecules onto slver particles
immobilized ingde the porous slica coaing sgnificantly atenuates the cgpability of the
bent opticd fiber probe for guiding light. Ammonia concentration in the gas sample is
detected through monitoring the cgpability of the coated probe for guiding light. This is a
reversble senang technique because the absorption of ammonia molecules by Slver
nanometer particles is areversible process.

B: Transducer formation by coating Ag-doped slica nanocomposite on a bent

optical fiber probe

A bent optical fiber probe was prepared with a procedure described in a previous
report [44, 52]. In brief, about 1 cm of the center part of a 300 pm FT-300-UMT-0.39-
NA Tecs Hard Clad Multimode fiber (Thorlabs Inc. Newton, NJ) was burned away the
outsde polymer jacket and cladding. The bare fiber core was further bent in the flame.
The bent optical fiber tip was cleaned by insarting the tip into a piranha solution (mixture
solution of H,SO4 and HO», volume ratio 7:3) for 1 hour [42,52]. The cleaned fiber tip
was rinsed with DI water before coating. For coating the Ag-SH-SO» on the surface of
the bent optical fiber tip, the tip was dipped into the prepared Ag-SH-SO, solution for
one day followed by 2 weeks air-drying.

C: Tegting the coated bent optical fiber probefor sensing ammonia
In order to test the response of the coated bent optica fiber probe to trace

ammonia in a gas sample, the two ends of the fiber probe were connected to an optica

fiber compatible tungsten lamp (Modd DT 1000CE, Andyticd ingrument Systems, Inc.

Flemington, NJ) and an optica fiber compatible UV/Vis spoectrometer (SD 2000, Ocean

Optics Inc. Dunedin, FL), respectively.  The coated bent tip of the probe was housed

indde a gas flow cdl. The response of the bent fiber probe coated with slver

nanoparticles doped porous dlica to trace ammonia in a gas sample was tested by
monitoring the light intendty transmitted through the bent opticd fiber probe while a gas
sample flowing through the flow cell.

D: Response of the bent fiber probe coated with silver nanoparticles doped porous

slicato trace ammoniain a gas sample

During the tedt, pure nitrogen gas was used as sample matrix. The recorded
transmittance spectrum of the coated bent optica fiber probe exposed to pure nitrogen
and a gas sample of 1% NH; in nitrogen is shown in Fig.3.9.6. When the gas sample
flowing through the flow cdl was changed from pure nitrogen to the 1% NHz in nitrogen,
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the trangmitted light intensty quickly decreased in the recorded visble waveength

region.

This change is reversble.  When the gas sample flowing through the flow cdl

was switched back to N2, the guided light intensity increased back again (Figure 3.9.7).
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Fig. 3.9.6. The change of light intengty guided through the Ag-SH-SO, coated fiber
probe (A) stabilized in N2 gas, B) when flowing gas is just switched to 1% NHz mixed
with N, a flow rate 2 L/minute, (C) in 1%NH; balanced with N, for 10 min at flow rate 2

L/minute.
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Fig. 39.7. The time response of Ag-SH-SO, coated bent optical fiber probe to the
change of sample gas composition monitored at 640 nm.
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The response of the Ag-doped porous dlica coating to ammonia containing gas
sample was compared with that of a pure porous slica coating prepared with exactly the
same sol-gel process. It was found that a pure porous slica coating prepared with a sol-
gel process dso responded to ammonia. When a bent optica fiber probe having such a
porous glica coating was exposed to ammonia containing gas sample, the intendty of
light guided through the probe is decreased. However, the atenuation of light intengty
caused by pure porous slica coated is much less than that caused by Ag-SH-SO, coated
bent optical probe (Figs. 3.9.8 and 3.9.9). Another difference between the two coatings is
that the response of the Ag-doped porous slica coating to ammonia is reversble, while
the response of the pure porous silica coating to anmoniagasisirreversible,
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Fig. 39.8. The change of light intengty guided through a porous dlica coated bent
optical fiber probe exposed to gas samples. (A) pure N gas (solid), (B) 1 ppm NHsz in N,
gas (dash dot dot), (C) 5 ppm NHs in N2 gas (dash), (D) 10 ppm NHs in N2 gas (dot).
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Fig. 3.9.9. The change of light intengty guided through an Ag-SH-SO, coated bent
optical fiber probe exposed to gas @mples. (A) pure N> gas, (B) 1 ppm NHsz in N, gas,
(C) 5 ppm NHz in N2 gas, (D) 10 ppm NHs in N, gas.

67



Project DE-FC26-04NT42230 final scientific/technical report by Dr. Shiquan Tao of ICET/ MSU

As we know, dlver nanoparticles have srong interaction with —NH, functiond
group [53]. The affinity between slver nanoparticles and the ammonia gas will cause
ammonia to be bonded with slver nanoparticles first rather than being absorbed onto the
dlica suface. Therefore, the interaction of dlica in the Ag-doped porous slica coating
with ammonia actudly does not affect the reaction of Ag nanopaticdes with ammonia,
and does not interfere with the applications of the particles for anmonia sensng.

In broad concentration range, sensng signad in dB (= 10*log(In:/lsampie) hes a
logarithm reationship with the concentration of ammonia in a gas sample. In low
concentretion range, a linear cdibration can be obtained as shown in Fig. 3.9.10. The
detection limit (3 s) of the prepared probe for sensng ammonia is etimated to be 61
ppb.

T dB=1.819+0.0956C

R*=0.cusa

10 5 20

concentration (ppm)

Fig. 39.10. A cdibration curve of the Ag-SH-SO, coated bent optica fiber probe for
sendng ammonia in low concentration range. The sensang sSgnd is defined as dB =
10*log(In/lsample).  Where, . and lkample @€ the light intensity guided through the probe
when the probe was exposed to a pure N, gas sample and NHz containing N, gas sample,
respectively.

E: Conclusion

An optica fiber probe for sensing trace ammonia in gas samples was successfully
developed by codting a thin layer of Ag-SH-SO, on a bent optical fiber probe. The
coating on the bent optica fiber probe was characterized by UV-Vis spectrum and SEM.
Determined by the SEM, the coaing is uniform over the entire surface of the tip and is
aound 33 nm thick. The response of the coated bent optica fiber probe to trace
ammonia in a gas sample was detected by detecting the light intengty that transmitted
through the fiber probe. The response of the fiber probe to NH;3 is sendtive and
reversble. The characterigtic of the coated bent fiber probe for ammonia sensng, such as
sengtivity, revershility, reduced sze, and low cost in both fébrication and operation
make it goplicable for monitoring trace ammonia in industry process line as wdl as in
environment protection.

68



Project DE-FC26-04NT42230 final scientific/technical report by Dr. Shiquan Tao of ICET/ MSU

3.10. An optical fiber hydrogen sulfide sensor using a cadmium oxide doped porous
slica optical fiber asa transducer
A: Need of new H>S sensor technology for monitoring |GCC processes

In IGCC process, sulfur-containing compounds in raw materiad coa are converted
to anmoniain the gasfication. The concentration of hydrogen sulfide in cod-derived
syngas can be as high as severd thousand ppm depending on the qudity of raw materid
coal [54,55]. Hydrogen sulfide is awell-know poisoning compound to many noble metal
based catdysts, which are widdly used in fud gas processing and in fud cdll for power
generation. For example, platinum is presently used as a catalyst in proton exchange
membrane (PEM) fud cdl for converting hydrogen molecules to proton. The catalyzing
function of platinum can be deactivated by trace hydrogen sulfide in the fud gas at
concentration aslow as 0.0x ppm level.  Therefore, hydrogen sulfide must be iminated
before sending a cod-derived syngas to a power generation unit, and thus, a technique for
monitoring trace hydrogen sulfide during cod- derived syngas purification processis
needed.

Present state-of-the-art techniques for detecting hydrogen sulfide in gas samples
include ion mobility spectroscopy [35], gas chromatography [36,37], ultraviolet (UV)
absorption spectrometry [56,57], near infrared (NIR) absorption spectrometry [40,41] and
chemiluminescence techniques [58,59]. Gas chromatography and ion mobility
spectrometry are very senditive for hydrogen sulfide detection, and can be used to detect
hydrogen sulfide in a gas sample down to ppb level. However, these are basically
laboratory methods. It isdifficult to use them for direct determination of hydrogen
sulfide in high temperature gas streams from cod gasification processes, because these
gas streams contain volatile, semi-volatile compounds, tars and dust.

Hydrogen sulfide absorbs UV light in degp UV region (<200 nm) [56]. Although
direct UV absorption spectrometry has been reported for detecting hydrogen sulfide, it is
difficult to use this method for monitoring H,S in complex gas samples. A UV asssted
IR absorption spectrometric method has been proposed for detecting H,S[57]. Thisisan
indirect method, in which H,Sisfirst converted to SO, through irrediation of the gas
samplewith aUV light. The generated SO, is detected with an IR absorption
spectrometric method. Obvioudy, there are many factors, including UV light intensty,
meatrix gas compogtion, affecting the quantitative result of this method.

Flame chemiluminescence spectrometry is a senstive method for detecting sulfur
compounds [58,59]. In this method, a gas sampleisintroduced into a hydrogen/air flame.
The reaction of sulfur compounds with oxygen in the flame environment generates
excited sulfur dioxide, which emit near infrared light in the process of relaxing back to its
ground gtate level. This method is very sengitive and has been used as a detecting
technique for gas chromatographic separation techniques. This method could be
developed for continuous monitoring sulfur compound, such as H,S, CH3SH, in cod-
derived synges.

In recent development, sensor techniques using semiconductor materias as
transducers have been intersvely investigated for monitoring H,Sin ar gasfrom
fermentation process aswell asin natural gas [60-62]. These sensors are based on
detecting the resistance change of a semiconductor membrane exposed to aH,S
containing gas sample. The working temperature of these sensors has been reported from
room-temperature to as high as 300 °C [61]. The semiconductor membrane based sensors
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can detect H,S down to ppb level. The problems with semiconductor membrane based
sensors include lack of sdectivity and temperature- sengtivity of the senang sgnd. For
example, the sensing signa of most semiconductor membrane based sensorsis senditive
to moisture leve, which is an important matrix component in dmogt al the gas samples.
Most semiconductor based sensors are also senditive to other reducing gases, such as
CHg, NHs. Therefore, the gpplication of traditional semiconductor membrane based
sensors in cod- derived syngas monitoring is problematic.

B: Mechanism of the proposed sensor technique

The H,S sensor of thiswork is based on the formation of CdSin aporoussilica
optica fiber through the reaction of H2S molecules diffused into the porous silica optica
fiber with Cd?* doped inside the fiber. The formed CdSin side the fiber absorbs UV light
with peak absorption at 375 nm. The concentration of H,Sin agas sampleisin dynamic
equilibrium with the concentration of H2S in the gas sample. Therefore, the
concentration of trace H,S in agas sample can be detected through detecting the optical
absorption signdl of the Cd?* doped porous silica optical fiber.

C: Fabrication of a cadmium oxide doped porous silica optical fiber

A Cd** doped porous silica optical fiber was prepared with the sol-gd techniques
described in the Experimenta section of this report.

D: Fiber optic spectrometric investigation of the optical properties of the doped
porous silica optical fiber exposed to gas samples at high temperatures

The gtructure of the optical fiber H,S sensor is smilar to that of the ammonia gas
sensor described in Section 3.9, which uses a Cu?* doped porous silica optical fiber asa
transducer.

E: Theoptical propertiesof cadmium oxide doped porous silica optical fiber

The optica properties of the cadmium oxide doped porous slicafiber at high
temperatures were investigated. In studying the optical absorption property of the
cadmium oxide doped fiber, a pure porous slica optica fiber without any doping
prepared with the sol-gel process described above was used as areference fiber. The
optical properties of the pure sol-gel slicaoptica fibers prepared with the sol-gel process
used in thiswork have been investigated in our previous work [4,5]. The pure porous
slicaopticd fibers were found not absorb light in the UV/Visregion. However, these
fibers scatter UV light, especidly in the degp UV region. The optical absorption
spectrum of the cadmium oxide doped porous silica optica fiber was obtained by
comparing the light intengity guided through the doped fiber with the light intensity
guided through a pure porous silica optical fiber. Therefore, the obtained absorption
gpectrum shown in Fig. 3.10.1 isan indicator of light guiding capability of the doped
dlicaoptical fiber compared to that of the pure sol-gd slicaopticd fiber. This
absorption spectrum was obtained at atemperature of 450 °C and pure nitrogen gas
flowed through the quartz flow cell during the test. The recorded spectrum indicates that
the cadmium oxide doped fiber dightly absorbs near infrared light with pesk absorption
wavelength at around 725 nm.  In the short wavelength region, the doped porous silica
fiber can guide more light than the pure sol-gel silica opticd fiber.

The fluorescence property of the cadmium oxide doped porous silica optica fiber
at 450 °C wasinvestigated by using the 370 nm UV LED as an excitation source. The
recorded fluorescence spectrum shown in Fig. 3.10.2 was believed the result of three
fluorescence spectra added together. The pesk waveengths of the three fluorescence
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gpectra are 510 nm, 580 nm and 640 nm, respectively. These fluorescence spectrafrom
porous silica materids have also been separately observed by other research groups [17-
19]. Therefore, it was believed that these fluorescence spectra are originated from porous
dlicamaterid. Inour previous experiments, pure porous slica fibers excited with a 370
nm LED were found emit fluorescence with pesk waveength a around 510 nm and 580
nm. However, we have not observed the fluorescence spectrum with pesk wavelength at
640 nm in our previous work with pure porous slica opticd fiber. It is possble that this
fluorescence Sgnd istoo low to be detected in our previous work
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Fig. 3.10.1. An UV/Vis absorption spectrum of the cadmium oxide doped porous silica
optical fiber exposed to nitrogen gas at 450 °C. A short piece (2 cm) of a pure porous
slicaoptica fiber was used as a reference fiber for recording this absorption spectrum.
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Fig. 3.10.2. An optical transmittance spectrum of a cadmium oxide doped sol-gd slica
optical fiber obtained at 450 °C. Light from the 370 nm LED was fed into one end of the
optica fiber and light emerged from the opposite end of the fiber was detected with the
optical fiber compatible UV/Vis spectrometer. A second spectrum with pesk intendity a
around 540 nm is observed in additiond to the originad LED light (pesak intengty at
around 370 nm). This second spectrum is the fluorescence signa emitted from the porous
dlicaopticd fiber. This fluorescence soectrum is the result of three spectra (peak
waveength at 510 nm, 580 nm and 640 nm, respectively) added together.
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F: Optical response of the cadmium oxide doped silica optical fiber on exposureto
trace H,Sin a nitrogen gas sample

When a cadmium oxide doped porous slica fiber was exposed to a H,S
containing gas sample, H,S moleculesin the gas sample can diffuse into the porous fiber
and react with cadmium oxide doped insde the fiber to form CdS. The reaction of H,S
with meta oxide immobilized ingde porous slica materials can occur a room
temperature aswdl as a high temperatures [63-65]. The formed CdS inside the porous
slicaopticd fiber can dsorb light and emit fluorescence if excited with an gppropriate
light source. The UV/Visoptica absorption spectrometric response of the cadmium
oxide doped porous silica optical fiber on exposure to trace H,S in a nitrogen gas sample
at 450 °C wasinvestigated. 1t was found that this fiber gives abroad UV/Vis absorption
gpectrum (Fig. 3.10.3) when the gas sample flowing through the quartz cell was switched
from pure nitrogen to a 100 ppmv H,S containing nitrogen gas sample. The observed
absorption spectrum is believed consists from more than one spectrum.  The pesk
absorption wavelength of the main spectrum is around 370 nm, which is believed
originates from CdS formed ingde the porous silica optical fiber. A second absorption
peek at around 510 nmis believed originates from the decrease of fluorescence intensity
of the porous sllicafiber excited by UV light guided through the fiber. The quench of the
porous slicafiber fluorescence by exposure to H,S gas will be discussed below.
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Fig. 3.10.3. An UV/Vis absorption spectrum of the cadmium oxide doped porous silica
opticd fibers exposed to a nitrogen gas sample containing 100 ppmv H,S. The
temperature of the gas sample was kept a 450 °C during the test.

As discussed above, when excited with a 370 UV LED the cadmium oxide doped
porous Slica opticd fiber emits fluorescence with pesk emission wavelength at 510 nm,
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580 nm and 640 nm. When the fiber was exposed to a H,S containing gas sample, CdS
will be formed ingde the nanoprous silica optical fiber. CdSis acompound which emits
fluorescence with high quantum efficiency when excited with aUV light source [65,66].
Therefore, it is expected that a sgnificant change of fluorescence property will occur

after the doped fiber was exposed to an H,S containing gas sample. The fluorescence
spectra of the doped porous silica optica fiber a 450 °C exposed to a pure nitrogen gas
sample and a 50 ppm H,S containing nitrogen gas sample were recorded with the 370 nm
LED asan excitation light source. The recorded spectra shown in Fig. 3.10.4 indicate
that when the fiber was exposed to a gas sample containing trace H,S, the fluorescence
with peak wavelength at around 510 nm was completely quenched, and the fluorescence
gpectrawith pesk wavelength at 580 nm and 640 nm were partidly quenched. However,
in this high temperature test, the fluorescence signd from the formed CdS inside the fiber
was not observed. After the fiber was cooled to room temperature, strong fluorescence
sgnd with peak emisson wavelength at 500 nm was observed (Fig. 3.10.5). Thisis
believed the fluorescence spectrum of CdS formed inside the porous silica opticd fiber.
Obvioudy, the fluorescence signd of CdS formed inside the porous Sllica optica fiber
was quenched at the high temperature (450 °C) environment.
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Fig. 3.10.4. The fluorescence spectra of the cadmium oxide doped porous silicaoptical
fiber exposed to a pure nitrogen gas sample and a trace (50 ppmv) HyS containing
nitrogen gas sample at 450 °C. With the exposure of the fiber to a50 ppmv H,S
containing nitrogen gas sample, the first fluorescence spectrum with pesk wavelength at
510 nm was completely quenched. The second and third fluorescence spectra with pesk
wavelength at 580 nm and 640 nm were partidly quenched.
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Fig. 3.10.5. A fluorescence spectrum of CdS formed inside the sol-gd slica optica fiber
obtained by exciting the fiber at room temperature with the 370 nm LED. The pesk
waveength of this CdS fluorescence spectrum is 500 nm.

G: Optical absorption signal of the cadmium oxide doped porous silica optical fiber
for continuous monitoring trace H,Sin a high temperatur e gas sample

The results obtained from above experiments indicate that the exposure of the
cadmium oxide doped porous slica opticd fiber to trace H,S in agas sample causes a
sgnificant optical absorption sgna with peek absorption wavelength at 370 nm. The
exposure of the fiber to trace H,S in a gas sample aso causes the quench of the porous
dlicafiber fluorescence. The quench of porous silica fluorescence by gas components has
been observed in previous researches and sensor techniques have been proposed based on
this phenomenon [65,67,68]. However, This Stern-Volmer quenching based sensing
technique lacks sdectivity for gas sensing [65,68]. Therefore, the fluorescence quench
phenomenon was not selected in thiswork for designing H,S gas sensor. The formed
CdSis highly fluorescent at room temperature. This fluorescence signa can be used for
sensing trace Hp'S a room temperature, but can cannot be used for continuousdly
monitoring trace H,S in high temperature gas samples. From these observations the
optical absorption signa of the cadmium oxide doped porous silica optica fiber was
chosen asasensing signd for continuoudy monitoring trace H»S in a high temperature
gas sample.

The optical absorption response of the cadmium oxide doped porous silica optica
fiber to CH4, CO and H, in agas sample was investigated. These gases are the matrix
components of gasificationderived fuel gas. 1t was found that the cadmium oxide doped
porous silicaoptical fiber did not give observable UV/Vis optical absorption sgna when
exposed to a nitrogen gas sample containing CH, (up to 0.5%), CO (up to 1%), Hz (up to
1%). The fluorescence emission property of this fiber was aso not affected by CH4, CO
and H; in the nitrogen gas sample in tested concentration range. Gas samples with higher
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matrix gas concentrations have not been tested in present work due to safety
congderation. From the results obtained from present experiments, it is believed that the
optical absorption sgnd of this cadmium oxide doped porous silica optica fiber can be
used for sdlectively senang trace H, S in gasification derived fud ges.

H: Calibrating the cadmium oxide doped porous silica optical fiber for sensing trace

H>Swith fiber optic UV/Vis absor ption spectrometry
The optica absorption signd of the cadmium oxide doped porous silica optica
fiber exposed to a nitrogen gas sample at 450 °C was continuously monitored while trace
H,S was introduced into the gas sample step-by- step with the dynamic gas cdibrator.
With the increase of H,S concentration in the gas sample, the absorbance signd increased
(Fig. 3.10.6). The relationship of the obtained absorbance signa at 370 nm with the
concentration of H,Sin the gas sample follows a linear equation:

Abs. = 0.0019 Ch.s (ppmv) + 0.0001 (3.10.1)

The detection limit of this sensor depends on the sability of the light source and
the photodetector. With the optical fiber compatible spectrometer as a detector and the
DT-100 combo lamp as alight source, an absorbance signa as low as 0.0005 can be
detected. The detection limit of this sensor based on this absorbance valueis calculated
to be 0.26 ppmv.
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Fig. 3.10.6. UV/Vis optica absorption spectra of the cadmium oxide doped porous silica
optical fiber exposed to nitrogen gas samples containing trace H,S of different
concentrations.
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The time response of the cadmium oxide doped porous silica optica fiber to trace
H,Sin anitrogen gas sample was recorded. The concentration of H,S in the gas sample
was increased step- by-step and the absorbance signal of the fiber a 370 nm was
recorded. The response time of this fiber sensor is more than 30 min for agas sample
containing HxSin low concentration (ppm level) and shorter than 20 min for the gas
sample containing HS in higher concentration (100 ppm) (Fig. 3.10.7).

This senging technique for H>S detection is not reversible because the reaction of
CdO with H,Sto form CdSin the porous slicaopticd fiber isirreversble. However, this
sensor can be re-generated by exposing the used fiber to air a a high temperature. Thisis
amethod used to regenerate meta oxide immobilized porous silica H,S sorbents used for
cleaning gasification derived fuel gas. During this exposure process, CdS ingde the
porous fiber will be oxidized by oxygen in air and cadmium oxide will be formed ingde
the fiber for use again.
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Fig. 3.10.7. Time response of the cadmium oxide doped porous silica optical fiber sensor
for monitoring the change of H,S concentration in a nitrogen gas sample.

I: Conclusion

A cadmium oxide doped porous silica optical fiber has been prepared with a sol-
gel technique. The optica properties of the cadmium oxide doped porous silica optica
fiber exposed to gas samples containing CH4, CO, H, and trace H,S were investigated. It
was found that the cadmium oxide doped porous silicaoptica fiber gives an optical
absorption sgnd when exposed to a gas sample containing trace H,S. The exposure of
this doped fiber to CH4, CO and H, does not cause observable optical absorption sgnd.
The optical absorption property of thisfiber can be used to continuoudy monitor trace
H.S down to sub-ppm leve in anitrogen gas sample containing reducing gases.
Therefore, it is expected that this sensor can be used as a detector to monitor the
breakthrough of a H,S absorbing column in the process of cleaning gasfication derived

fud ges
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3.11. A sdlective optical fiber hydrogen gas sensor using a poroustin oxide coating
on the surface of a silica optical fiber asa transducer

3.11.1. Semiconductor metal oxide membranes as transducersfor reducing gas

sensing

Semiconductor meta oxides, such as tin oxide, zinc oxide, titanium oxide,
zirconium oxide, indium oxide, etc. have long been invedigaied as sensng materids for
monitoring of reducing gas, such as H, CO, CH4 and other hydrocarbons, NHs, HpS [69-
75]. These materids are usudly made in the form of film, which is coaed on a subdtrate,
such as a dlicon wafer or a glass.  Electrodes made of noble metad (gold, platinum) are
fabricated in contact with both sdes of such a film in order to measure its resistance
which is usudly in mega Ohm region. Traditiondly, the films are insengtive to reducing
gas a room temperature. However, if heated to a temperature above 200 °C, the
resstance of the film changes when exposed to a reducing gas component. The working
temperature range for this kind of sensors is usudly from 200 °C to 400 °C. At recent
developments, metals and metd oxide have been added to the semiconductor membranes
in order to improve the senstivity, seectivity and response temperature of these solid gas
Sensors [76-78].

3.11.2. Principle of fiber optic gas sensor using porous semiconductor metal oxide
materialsastransducers

In order to understand the responsve mechanism of the semiconductor metd
oxide materids to reducing geses, sophidicated andytical techniques, including eectron
microscopy, X-Ray diffraction, FTIR, surface diffuse reflectance spectrometry, UV/Vis
absorption spectrometry, NIR spectrometry, have been employed to invedigate the
microgtructure, the nature of chemical bond, the nature of oxygen deficiency, etc [79-81].
Almog dl of these andyticd techniques were utilized to characterize the materiads or
investigate the micro dructurd changes. These investigations were carried out a room
temperature before/after the exposure of a materia to specific gases, or before/after
certain heat treatment procedure. It is difficult to integrate such a sophisticated andytica
indrument to investigate a metal oxide film a a sendng environment, which is usudly in
acorrogve, high temperature environment.

The fiber optic spectroscopic techniques developed in our research program
provide us the posshility of invesigatiing the optical spectroscopic properties of a
goecific  semiconductor metal  oxide film a high temperature and <specific gas
environment. The absorption of a reducing gas on the particle surface of a semiconductor
metd oxide materid can change the oxygen deffecience dtatus, which can be observed
through an opticd absorption spectrometric method or a fluorescence spectrometric
method. If the semiconductor metal oxide materid is coated on the surface of an opticd
fiber, then the change of the opticd property can be observed with a fiber optic EW
gpectrometric method. If the metdl oxide is doped insde a porous dlica opticd fiber, the
active core fiber optic spectrometric methods can be used to monitor the absorption
process.

3.11.3. An optical fiber H,S sensor using nanocrystalline SnO, coating on an optical
fiber coreasatransducer
A: Preparing a SnO- coated bent optical fiber probe using sol-gel techniques
A bent opticd fiber probe using agold-jacketed silica optical fiber was prepared
with a previoudy reported procedure [44,52]. A tin oxide thin film was coated on the top

77



Project DE-FC26-04NT42230 final scientific/technical report by Dr. Shiquan Tao of ICET/ MSU

of the bent optica fiber probe using a sol-gd method. For synthesizing pure SnO-, thin
films, a pre-cleaned bent optical fiber probe was dipped in the solution of tin-
isopropoxide in isopropanal and toluene. After the dip-coating process, the probe was
exposed to air for severa hours. During this process, tin-isopropoxide on the surface of
the bent optical fiber core was hydrolyzed and atin oxide gel was formed on the surface
of the fiber. The ge-coated fiber probe was then inserted into the split tube furnace and
dried at 150 °C for 1 h while air was flowed through the tube flow cell. The substrates
were dip-coated again using the respective solutions under smilar conditions and then
dried again a 150 °C for 1 hin air. Findly, the coated probe was calcined a 600 °C in ar
for 1 h, and then cooled to room temperature insde the furnace. The SEM image of the
coated bent optical fiber probes are shownin Figs. 3.11.1, 3.11.2 and 3.11.3.

15.0kV X10,000 1gm WD 11.7mm
Fig. 3111 A SEM |mageof aporousSnOz materid, which is coated on the surface of a
bent optica fiber probe. Thisimage shows the porous festure of the materid, which is
important for gas sensing.
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MSU-EMC SEl 150KV \<1 0000 1pm WD 11.4mm
Fig. 3.11.2. A SEM image of a porous SnO, materid, which is coated on the surface of a
bent optica fiber probe. Thisimage shows the thickness of the coating, which isless
than 1 nm.

MSU-EMC SE| 15.0kV X400 10um WD 11.7mm

Fig. 3.11.3. A SEM image of a porous SnO, materia coated optica fiber core.
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B: Testing the SnO, coated bent optical fiber probefor sensing reducing gases with
fiber optic EW absor ption spectrometry

The optica properties of the SnO- thin film was investigated with an opticd fiber
EW absorption spectrometric method. The instrument set-up for thisinvestigaion is
shown in Fg. 2.7. Light from the deuterium/tungsten combo light source was connected
to one end of the coated bent optica fiber probe. The second end of the bent optical fiber
probe was connected to the optical fiber compatible UV/Vis spectrometer. The coated
bent optica fiber probe was deployed indde the quartz gas flow cdll which isinsarted
into the split tube furnace. During the te<, the tube furnace was heated to certain
temperature and kept at the temperature. A gas sample was flowed through the quartz
flow cell and the optical absorption spectrum of the coated optical fiber probe was
recorded with the optica fiber compatible spectrometer.
C: Optical absorption spectrum of SnO, coating exposed to reducing gas at 600 °C

The optica absorption spectrum of the SnO, coating on the surface of a bent
optical fiber probe exposed to a 1vol% H,-N» gas sample was investigated by using
optical fiber evanescent wave absorption spectrometry. In this experiment, the
temperature of the furnace was kept at 600 °C. Pure N, gas was first flowed through the
quartz flow cdl and light intensity guided through the ShO, coated bent optical fiber
probe was recorded as reference intensity. A 1vol% Hp-N2 gas sample was then flowed
through the quartz flow cell and the absorption spectrum of the coated optical fiber was
recorded. Figure 3.11.4 shows the recorded evanescent wave absorption spectrum in
UV/Visregion and NIR region. Inthe UV/Visregion, an absorption spectrum with pesk
absorption wavelength at around 320 nm was recorded. In the NIR region, an absorption
spectrum with peak absorption wavelength a around 1.7 mm was recorded (Fig. 3.11.5).
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Fig. 3.11.4. Typicd UV-Vis absorption spectra of a SnO2 thin film optica fiber sensor
response to a Hz2-N2 flow at 600 °C.
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Fig. 3.11.5. NIR absorption spectra of a SnO, membrane (thick) coated on a bent optical
fiber core exposad to gas samples containing different reducing gas (Hz, CH4, CO) at 600
[0}

C

The observed optica absorbance signal was then associated with a decrease in the
surface-adsorbed oxygen-ion concentration on the tin oxide surface during its interaction
with Hp. It iswel-known that oxygen-ions exist on the surface of semiconductor metal
oxide particles[79-81]. The porous surface of the SnO, thin film has a high surface area.
It has strong tendency to react with H, molecules from the gas phase. When hydrogen gas
diffused into the porous SnO, coating, hydrogen molecules were decompaosed on the tin
oxide surface to nascent hydrogen atoms, which loose el ectrons to the conduction band of
semiconductor oxide. The generated protons get associated with the surface-adsorbed
oxygen ions and hop from one oxygen ion to another. Two adjacent OH groups condense
and diminate H,O. In the process, net one electron isinjected into the conduction band
of SnO; film and reduces the film's resstance. The chemicd reactionsinvolved during
the hydrogen sensing are summarized below:

Hai)? Heady +H(aas),

Hads +H(ad ? 2H(ads)++26',
2H(ads) ++20(ads)- ? 20H (),
ZOH(adS)? H20(3d3)+0(3d5),
O@iyt€ ? Oty
H2Oai9? H20(g+ Oy,
Thenet reaction is:
Ha(g)tOaay™ ? H20(g+€

The evanescent wave optical absorption spectra of the SnO, coated optical fiber
probe exposed to nitrogen gas samples containing 5% CH,, 5% CO were aso recorded
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using the procedure as described above. Figure 3.11.6 shows the recorded absorption
gpectrain UV/Visand NIR regions. In UV/Visregion, no obvious asorption sgnd was
observed when the coated fiber probe was exposed to nitrogen gas samples containing
5% CH, or 5% CO. Inthe NIR region, the probe absorbs light with peak absorption
wavelength at 1900 nm when exposed to a 5% CH, containing N> sample, and aso
absorbs light with pesk absorption wavelength at 1900 nm when the probe was exposed
to a1% CO containing N2 gas sample (Fig. 3.11.5).

In traditiona semiconductor metal oxide membrane sensors, dmost dl the
reducing gases cause the change of resistance of the membrane. These sensors can only
detect the existence of reducing gases, but can not discriminate between the gases, and
therefore, the sensors lack of selectivity for sensing individud reducing ges. From the
recorded evanescent wave absorption spectrain thiswork, it is clear that the optical
absorption spectrum can be used as finger-print to discriminate H,, CH4 and CO, and
selective senaing of these gases can be achieved.
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Fig. 3.11.6. Spectroscopic response of a SnO, membrane coated on a bent optical fiber
core exposed to gas samples containing different reducing gases at 600 °C. The spectra

indicate that this membrane responses to Hy in the UV/Visregion, but isinsendtiveto
CH,4 and CO in this wavelength region.

D: Optical absorption spectra of SnO, coating exposed to reducing gas at different
temper atures

The optical properties of the SnO, coating on the optica fiber probe exposed to
reducing ges a different temperatures were investigated following the method described
above. When a 1vol% H»>-N, mixture was used as a sample gas, the SnO, coating Starts
to show absorption signd from ca 300 °C. The intensty of the absorption signd
increased with the increase of temperature in the tested range up to 800 °C. It is expected
that with the increase of temperature more hydrogen molecules diffused into the pores of
the SnO, coating will be decomposed and more nascent hydrogen atoms are available to
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react with surface absorbed oxygen ions. Thus, with the increase of temperature, the
absorption sgnd increased. It was dso observed that with the increase of temperature,
the pesk absorption wavelength of the absorption spectrum has been red-shifted. The
peak wavdength <hift was conddered to be the result of energy leve ghifting
accompanying the increase of temperature.

When the SnO- coating on the optical fiber probe was exposed to nitrogen gas
samples containing 5% CHy, optica absorption sgnd in the UV/Visregion only
appeared when the temperature of the gas sample was increased to higher than 800 °C
(Fig. 3.11.7). The observed absorption spectrum has a peak absorption wavelength very
close to that caused by the exposure of the coated probe to a hydrogencontaining
nitrogen gas sample. It was believed that the observed absorption signd is caused by
hydrogen atoms which are generated from the decomposition of CH, a the high
temperatures.  When the SnO-, coating on the opticd fiber probe was exposed to nitrogen
gas samples containing 5% CO, optica absorption sgnd in the UV/Vis region was not
observed even the temperature of the gas sample was increased up to 800 °C.

0.40 —

Absorbance

T T i T T
300 A0 S00 S00 F0o0

Wavelangth{nm)

Fix. 3.11.7. UV-Vis absorption spectra of a SnO2 thin film optical fiber sensor resporse
to a 1vol% Hz-N2 flow under different temperature.

E: Calibration of the SnO; coating on the optical fiber probefor quantitatively
sensing Hz in an inert gas sample

The evanescent wave absorption signd of the SnO-, coating on the surface of the
optical fiber probe in UV/Visregion has been evaluated for quantitatively sensng
hydrogen concentration in anitrogen gas sample. In thistest, the 10 vol% hydrogen
containing nitrogen gas sample was diluted with pure nitrogen by using the dynamic
cdibrator and the obtained gas samples was flowed through the quartz cdll ingde the split
tube furnace. The temperature of the furnace was kept at 600 °C. The obtained
absorption spectra of the probe exposed to nitrogen gas samples containing hydrogen of
different concentrations are shown in Fig. 3.11.8. With theincrease of hydrogen
concentration in the gas sample, the absorption signa increased. The relaionship of the
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absorbance signd with the concentration of hydrogen in the nitrogen sample can be
described by follow equation:

Abs. =0.082Ln(Ch2) + 0.145 (3111)
This cdibration curve follows a Langmuir adsorption isotherm, which indicates

the absorption signd is originated from the reaction of oxygen ions on the surface of the
pores with hydrogen absorbed onto the walls of the porous structure in the coating.
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Fig. 3.11.8. UV-Vis absorption spectraof a SnO2 thin film optica fiber sensor response
to H2-N2 flows with different H2 concentration at 600 °C.

F: Timeresponse of the SnO, coated optical fiber probeto the change of hydrogen
concentration in a gas sample

The time response of the SnO- coating on the bent optica fiber probe for sensing
H2 in anitrogen gas sample was tested. In thistest, the source gas sample was switched
from pure N2 to 1vol% Hy-N> mixture and the evanescent wave optica absorption sgnd
of the SnO, coated bent optica fiber probe deployed insde the quartz gas flow cell was
continuoudy monitored. The recorded result is presented in Fig. 3.11.9. Asshownin
Fig. 3.11.9, under the experimenta conditions used in this study, the absorption sgna
reaches the steady-date Sgnd intengty within 1 min. The volume of the quartz flow cdl
used nthiswork is0.24 L. Theflow rate of the gas sampleis 1 L/min. The change of
hydrogen concentration in the flow cdll from zero (pure nitrogen) to 1% needs atime of
around 1 minute under the experimental conditions used in thiswork. Therefore, it is
believed that the response time of the SnO,, coating for gas sensing should be within
seconds.

The response time of this SnO», coating for sensing H, isfaster compared with
response time of some reported semiconductor metal oxide membrane based sensors [82)].
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It was bdlieved that the capabiility of using avery thin SnO-, coating in thiswork is
respongble of thisfast response of this sensing technique. 1n optica fiber evanescent
wave absorption spectrometry, the penetrate depth of evanescent wave is comparable to
the wavelength of the light guided through the fiber. Therefore, it ispossbleto using a
coding with thickness in sub-micrometer as a sengng membrane.

When the sample gas was switched from 1 vol% Hy- N to pure nitrogen, the
optical absorption signa decreased with time. Figure 3.11.10 shows the recorded
changes of the absorbance Sgnd. It takes about 20 minutes for the absorption Sgnal
decreased to the basdline after the gas sample was switched to pure nitrogen. If the gas
sample was switched to compressed air, the absorption signal decreased quickly (about 5
minutes) to the basdine. These results dso suggest that the change of surface-adsorbed
oxygen-ion concentration is responsible for the probe to sense H, gas.
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Fig. 3.11.9. Time response of the absorbance of a SnO2 thin film optica fiber sensor to a
1 vol % Hz-N2 flow at awavelength of 320 nm under 600 °C.
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Fig. 3.11.10. UV-Vis absorption spectra of a SnOz2 thin film optica fiber sensor recovery
response from 1 % vol Hz-N2 flow to a(a) Nz flow and (b) air flow a 600 °C.
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G: Advantages of semiconductor metal oxide fiber optic spectrometric methods for
reducing gas sensing
The advantages of the fiber optic sensing technique developed in thiswork
indude:
1. High sengtivity (ppm level detection).
2. Applicable for high temperature gas sensing (up to 900 °C).
3. Sdective sensing (can sdectively senang H, in the existence of other reducing
gases).
4. If acatays isincorporated into the porous materid, it is possible to develop
sdlective multi-gas components sensor.
5. Fast response (within seconds level).
6. Applicable for corrosve gas monitoring.
7. Immune to dectromagnetic noise and avoided potentid dectric discharge ignited
exploson.
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4. Conclusion

The objective of this proposed project is developing OFCS for ont-ling, red time
monitoring the concentration of gasesin IGCC processesin order to control chemical
reactions in IGCC. The proposed objectives of this project include:

1. Develop techniques for making sensing agent doped sol-gd materias.
2. Invedtigate the microstructure and optica properties of sol-gd derived materids.
3. Study thereaction of NHz with trangtional meta ions doped in a PSOF &t high
temperature, and design afiber optic sensor for monitoring NHs in IGCC process.
4. Dedgn and test an opticd fiber H,S sensor using zinc ions doped sol-gd materid
as atransducer
During this reporting period, sol-gel techniques have been developed for preparing
porous slica and semiconductor metd oxide materids. In addition, nanometer particles
of noble metas have been prepared with micedle/reversed micelle techniques.
Nanocrystalline semiconductor metal oxide materids have aso been prepared with sol-
gd techniques. Metd ions, meta oxides and nanocrystalline semiconductor meta
oxides have been immobilized into porous Slica matrids via doping aslicasol solution
with metal sdt solution or co-hydrolyzing ameta akyloxide to obtain a mixed sol
solution. Nanometer metd particles have been immobilized into porous silica through
the combination of a sol-gd technique with micdle/reversed micelle techniques. One of
our patented techniques has been employed for fabrication of porous silicafibers for
designing fiber optic sensors.

The prepared materids have been investigated with eectron microscopes. SEM
has been employed to observe the microstructure and morphology of sol-gd derived
porous slicamaterids, sol-gel derived semiconductor meta oxides, the coating of porous
slicamaterias and semiconductor meta oxide on the surface of an opticd fiber, and
dlicaoptica fibers. TEM has been employed to observe the microstructure and
morphology of nanometer metal particles and measure the distribution of particle sze.

The opticd properties of the prepared porous materials have been investigated
with fiber optic spectrometric methods. Active core fiber optic spectrometry has been
employed to investigate the optica properties of sol-gel derived porous silicaoptica
fibers. Fiber optic EW absorption spectrometry has been employed to investigate the
optica properties of the porous materiads as coatings on the surface of slica optical
fibers. The optica absorption and fluorescence emission properties of these materidsin
the wavelength region from 200 nm to 2.1 nm have been investigated with the fiber optic
spectrometric techniques. The optical properties of these materids have been investigated
both at ambient temperature and high temperatures. These materias have been exposed
to gas samples of different compostions a different temperatures, and the response of
these materias to different gas compostion at high temperature has been investigated.

Fiber optic sensor techniques have been developed based on the comprehension
of the microgtructure and optica properties of these materials exposed to gas samples of
varied composition at different temperatures. Fiber optic temperature sensor techniques
using s0l-gd derived refractive thermochromic materias as transducers can be used for
monitoring up to 100 oC in corrosve gas environment. Gas sensors developed in this
project include afiber optic anmonia sensor using slver nanometer particles
immobilized porous slicamaterid for monitoring trace anmonia a ambient temperature
down to 61 ppb, a CuCl2 doped porous silicaoptica fiber sensor for monitoring trace
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ammonia a high temperature down to 0.3 ppm, a CdO doped porous silica optica fiber
sensor for monitoring trace hydrogen sulfide at high temperature down to sub-ppm leve,
and a SnO2 coating based fiber optic sensor for selectively monitoring hydrogen gas a
high temperature down to ppm. All these sensors are reversible, can be used for
continuous monitoring industrid processes. The sensors for high temperature gas sensing
are corrosive resistant, gpplicable in high temperature corrosive gas environment
encountered in IGCC processes.

From the accomplishment of this project, it is clear that the proposed god of this
project has been achieved during this reporting period. In addition to the origind god,
sending techniques for temperature monitoring in corrosve gas environment and a
selective hydrogen gas sensing technique has dso been developed in this project.
Moreover, based on the foundation knowledge built up in this project, sensor
technologies for monitoring other gas components exist in cod-derived syngas can be
developed. For example, the sensor technique based on sol-gd derived nanocrystaline
semiconductor metal oxide material can be developed for sensing other reducing gases to
monitor syngas cleaning processes.  Further, the fiber optic spectrometric techniques
developed in this project are dso useful in investigating the catdyzed high temperature
chemicd reections used syngas reforming and cleaning.
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