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1. EXCUSIVE SUMMARY

This project focuses on the novel use of interfacial hydrated layers in ionic conducting ceramic materials
for tritiated water (HTO) adsorption and recovery. Low-temperature water adsorption properties of
nanoscale structured ceramics combined with hydrogen isotope exchange in their hydrated layers could
provide a low-cost and transformative avenue to address trittum management challenges.

In this project, two categories of materials were explored including i) simple oxides (Ti02), ii) perovskite
phases based on zirconates (BaZrosY0203.5 (BZY20), BaCeo7Zr0.1Y0.1Ybo.1035 (BCZYYD)).
Nanostructured ceramic membranes were fabricated from the crystalline materials utilizing three principal
methods: 1) conventional sintering, ii) two step sintering, iii) spark plasma sintering (SPS), and iv) cold
sintering.

Nanostructured TiO, membrane was fabricated through traditional sintering method to investigate the
absorption, mobility, and isotope exchange effect. The increased conductivity of nanostructured TiO:
membrane in the wet atmosphere and its polarization behavior confirm the existence of the proton
conductivity in the nanoscale TiO> membrane at low temperatures (< 250 °C). The difference of proton
conductivity in H2O and D;O reveals the hopping mechanism of the proton conduction. In addition, the
thermo-gravimetric analysis reveals strong water uptake below 250 °C explains the high proton
conductivity at low temperatures. A high proton conductivity was achieved in the nanostructured TiO:
membrane in wet atmosphere. Further study about the relations among the grain size, porosity,
hydration/dehydration behavior, and proton conductivity reveal the difference of proton conductivity was
probably caused by the “free water” in the membranes. The smallest grain size shows the strongest water
uptake and de-absorption ability, which related to the highest proton conductivity. Control of interfacial
proton conductivity was demonstrated by changing the grain size and porosity of the nanostructured
membrane. Furthermore, in-situ Raman was used to perform the isotope exchange experiment to identify
the OH and OD vibrating bonds at room temperature. There is no bonding change from OH to OD at
room temperature, indicating there is no isotope exchange. The protons are transported as hydroxide ions,
hydroxonium ions, or higher hydrated protons, the protons use the water molecule as a vehicle.

A cold sintering pretreatment of BZY20 helped to produce dense ceramics at a moderate temperature of
1500°C (200°C lower than the traditional sintering temperature). The as-fabricated BZY?20 pellets showed
a phase-pure perovskite structure, high relative density, and desired microstructure. A further comparative
study with the control BZY20 pellets indicated introducing the proper amount of BaCOj3 on the precursor
particle surface and the high green density for the green pellets with homogenous microstructure achieved
by cold sintering pretreatment were responsible for lowering the final sintering temperature. Furthermore,
the as-fabricated BZY20 pellets showed comparably high proton conductivity to conventionally
processed state-of-the-art BZY20 pellets. Effects of sintering process and water amount on the
morphology of BZY?20 were investigated. It was concluded that more uniform grain sizes, as well as lower
density, were obtained by decreasing sintering temperature. Regarding the water amount, higher water
concentration results in larger grain size and higher relative density. The optimized cold sintering
conditions, including tailored porosity could provide options for nano-structure membranes of use in this
project. Pellets of the BCZY Yb materials were also fabricated directly using the simple and cost-effective
solid state reactive sintering (SSRS) method from raw precursors of respective oxides and carbonates.
EIS results demonstrated the isotope effect which is more significant at low temperature.
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The fundamental materials properties were also obtained and further used in the modeling effort and
documents completion of process level characterization. These studies include adsorption capacity of
nanostructured TiO2, BZY20 and BCZYYb (with and without catalysts) as function of grain size and
porosity, the evaluation of different techniques such as Electrical Conductivity Relaxation (ECR) and in-
situ Raman studies to obtain surface exchange coefficient k and diffusion coefficient D as a function of
temperature. This data was provided to SRNL partners for use in modeling effort and process level
economic analysis. At lower temperature (<300 °C), k and D can be determined by Raman and
conductivity measurements (through Nernst-Einstein equation). At higher temperature (>300 °C),
Electrical Conductivity Relaxation (ECR) fitting was used to extract k and D.

Effect of catalyst on the proton conduction was also investigated. NiO, Fe>O3 and CuO were mixed with
nano scale TiO2 powder, respectively, followed by densification with SPS method at 700 °C. Improved
conductivity was observed for the sample with catalyst at low temperatures. At room temperature, the
proton conductivity increased by a factor of 5.5, 1.7 and 2.9 with NiO, Fe>O3 and CuO as catalyst,
respectively. Using an optimum amount 5 mol% Cu as catalyst, a BZY20 pellet with an average grain
size around 120 nm and relative density of 97% was obtained. Additions of Cu in favor of densification
with limited coarsening as compared to Ni. A comparison of cold sintering with two-step sintering
indicates the former is better at obtaining a dense pellet with smaller grain size, A significant
hydrogen isotope effect was found in porous nanostructured TiO2 at 100 © C as evidenced by in-situ
Raman studies.

Modeling effort and process level economic analysis was conducted by SRNL partners. We rely on
extrapolation of data from H/D systems, and associated separation factors to understand the process of
tritium absorption and recovery in an isotope exchange bed. This milestone focuses on process-based
economic analysis which considered membrane materials, process equipment, and energy cost as a
function of process conditions. Ultimately, this preliminary evaluation estimates a system based on an
adsorption/regeneration cycle utilizing a 1.26 m3 bed would have annual operating costs about $33K to
selectively remove tritium from 175 tonnes of low-tritiated water. In this configuration, the cost of
detritation is approximately $0.19/L.

2. PROJECT OBJECTS

The overall project objectives were to systematically fabricate and characterize the nanostructured proton
conducting oxides followed by bench-scale membrane separations testing and process-level economic
analysis. Two primary objects are A) fundamental understanding of water adsorption and isotope
exchange as a function of interfacial structure and chemistry, B) data collection and preliminary process
design including cost/benefit analysis and a technology maturation plan for ceramic membrane treatment
of high-volume aqueous streams with low tritium concentration.

Task A focused on materials selection, processing, and structural characterization. Characterization of
hydrogen isotope adsorption, mobility, and isotope exchange. This will be correlated with the physical
microstructures of the ceramics produced by the various preparation and consolidation methods outlined
in Task 1 to establish the influence of average grain size, density of grain boundaries and porosity on the
isotopic exchange characteristics. The kinetics of isotope exchange H/D will be explored by time
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dependent EIS measurements and compared with results from vibrational spectroscopy. Materials
selection was performed including identifying the best candidate materials for further adsorption
membrane experiments.

Task B focused on computational predictions and economic analysis. The separation properties such as
permeation fluxes for HO and D>O and separation factors of DO and HDO from H>O for the oxide
materials will be measured by using packed bed/membrane testing by online mass spectroscopy to
monitor the in-situ compositions of the influent and effluent. The influence of operation temperature,
pressure difference on the concentrations of each species will be determined. The effect of the grain size,
surface area, and porosity will also be studied.

Overall, the work is geared towards understanding fundamental adsorption/exchange mechanisms and
structural/chemical properties of the nanostructured membranes can be used to influence waste form
design as well as separations processes of interest to DOE.

3. BACKGROUND

Tritium (T), is a radioactive isotope of hydrogen with a half-life (ti2) of ~12.3 years, is chemically
identical to hydrogen, and can undergo isotope exchange to form tritiated water (HTO). Tritium can
undergo isotope exchange reactions with protium ('H) and D containing molecules (e.g., H,O, Ha, CHa,
etc.) during nuclear processing and become incorporated into the molecular structure of these chemicals
found in in plant products and waste streams. Although T is not a strong beta emitter, it is a radiation
hazards when inhaled, ingested via food or water, or absorbed through the skin. Due to the potential
health hazard from the ingestion or adsorption of T, emissions to the environment are regulated by the
U.S. Nuclear Regulatory Commission and the U.S. Environmental Protection Agency), and, in the UK,
by the Environment Agency. The T present in used nuclear fuel may be handled in reprocessing scenarios
by either: 1) a pre-treatment step before fuel dissolution which concentrates tritium in a low-volume gas
stream, or ii) direct dissolution of used fuel resulting in a high-volume aqueous stream with low tritium
concentrations (/ x 107 or 10’s ppm)[1]. The technology pioneered in this proposal addresses the latter
strategy of tritium management in high volume aqueous waste streams where the current baseline
technology is the Combined Electrolysis Catalytic Exchange (CECE) process used by Atomic Energy of
Canada Limited at the Chalk River Plant in Canada[2]. More recent approaches to address this challenge
have focused on zeolite-based absorbents operating as pervaporation membranes and graphene-based
membranes for tritiated water separation[3].

Recently, there has been increased attention on ionic conducting ceramics as enabling technologies
in the nuclear industry including, their use as proton conducting ceramics for tritium sequestration[4],
electrolysis[5], and separations[6]. Proton ceramic electrolysis cells have been investigated as a method
of processing HTO in the International Thermonuclear Experimental Reactor fusion reactor system. Prior
work has demonstrated significant advantages of ceramics due to the enhanced radiation stability and the
ability to perform electrolysis at elevated temperatures in the vapor phase, which avoids the potential
exposure and associated risk of liquid HTO. Most of the known ceramic proton conductors such as
(Ba,Sr)Ce0O3 and BaZrosY 02029 rely on proton transport within the crystalline lattice[7]. However, a
number of recent studies have reported proton conductivity at low-temperature in zirconia[8], ceria[9],

5



and titania[ 10] based systems. This proton conductivity has been attributed to absorbed water at the grain
boundary interfaces in these systems. This effect vanishes at temperatures greater than 500°C, where
dehydration of the interfaces occurs, and the conductivity reverts to that of the bulk material. There is a
demonstrated grain-size effect with the enhanced disorder and elevated surface energy at nanoscale grains
making dissociated water adsorption more favorable. The interfacial hydrated layer may consist of
hydroxyl species bound to the ceramic surface and surface hydroxyl layers with varying degree of bonding
strength. Recent work on isotope exchange reactions in zirconia systems monitored by thermogravimetric
analysis and spectroscopic gas phase analysis as a function of time and temperature revealed that the
strongly bound surface hydroxyl groups (OH) exhibited full H/D exchange (OD) at 400°C within 120
minutes, and at temperatures near 50°C, weakly bound free water molecules at the interface completed
H/D isotope exchange within 10 minutes[8].

3.1 SIMPLE OXIDES

A specific class of materials typically referred to as proton conducting ceramics (PCCs) exhibits
proton conductivity at much higher levels than the conventional oxygen ion conducting oxides (e.g.,
yttria-stabilized zirconia, YSZ) at intermediate-temperature (IT) temperatures (400-800°C). Except
for the bulk IT proton conduction, the interfacial proton conductivity has been observed at low-
temperature (LT) regime (<400°C) for some simple oxide systems such as zirconia, ceria, and titania
which usually do not exhibit bulk proton conduction. The origin of the proton conductivity in these
systems has been attributed to absorbed water at the grain boundaries, which reverts to that of the
bulk material because the dehydration of the interfaces occurs at temperatures higher than 500°C.
For example, Wang et al.[11] modified the grain boundary of samarium doped ceria (SDC) with
sintering aids such as sodium carbonate resulting in nano-composite with enhanced proton
conductivity in the temperature range from 200-600°C.

3.2 DOPED PEROVSKITE ZIRCONATES

In addition, there has been recent interest in PCCs as enabling technologies in the nuclear industry
including, their use as LT proton conducting ceramics for tritium sequestration, electrolysis, and
separations. In recent years some promising advances have been made on LT-PCCs based on doped
perovskite oxides. Pergolesi ef a/[12] demonstrated that conventional perovskite oxide BaZrosY0.20s-
5 (BZY20) retained elevated levels of proton conductivity at temperatures as low as 350°C when
processed as epitaxial thin films. This is an extension of commonly accepted physical behavior
observed in the IT range where the bulk conductivity contributes more than the grain boundaries to
ionic conduction because of the removal of grain boundary in the epitaxial films. However, as
pointed out by Malavasi et al[13] nanoscale materials exhibit significant nanoionic effects due to
short diffusion lengths and a high density of interfaces resulting in effective properties of the material
dominated by the grain interfaces[14]. In the IT range, the increased grain boundary area encountered
in nanomaterials typically behaves as a “blocking” layer for ionic transport. However, recent work
has provided evidence for tailoring the behavior of proton transport at the grain interface by
introducing catalytic nanoparticles, especially in the LT regime. Clark ez a/.[15] have observed that
Ni nanoparticles and nanofilms in BaCeo.7Zro.1Y0.1Ybo.103.5 (BCZYYDb) grain boundary could
enhance the LT proton conductivity.



4. APPROACHES AND RESULTS
4.1 METHODS
4.1.1 POWDER SYNTHESIS

Solid state reaction synthesis is the most widely used method for the preparation of polycrystalline solid
powders from a mixture of solid-state precursor materials. Solids do not react together at room
temperature over normal time scales and it is necessary to heat them to high temperatures. The factors on
which the feasibility and rate of a solid-state reaction depend include, reaction conditions (e.g.,
temperature, time, and atmosphere), structural properties of the reactants, surface area of the solids, their
reactivity and the thermodynamic free energy change associated with the reaction. The reactants selected
to prepare a solid crystalline compound were metal oxides or carbonates. As the increase in surface area
can enhance the solid-state reaction rate, fine-grained materials should be used if possible. To improve
composition accuracy, the reactants were usually dried thoroughly prior to weighing. The heating program
was selected based on the form and reactivity of the reactants.

Wet chemistry synthesis allows the attainment of multicomponent metal oxides with controlled size and
shape, high chemicophysical reactivity and very high purity control. Such control on the produced
materials, requires the development of synthesis starting from precursors in the form of metal salts
solutions. The processes are based on the hydrolysis or on the reduction, in water or in organic solvents,
or metal precursors, caused by pH changes or by the addition of reducing agents. The optimization of the
produced systems is performed throughout an accurate tuning of all synthesis parameters. Solution
processing method is based on citric-EDTA acid complexing sol-gel method, which be a modified Pechini
method.

Solid state reactive sintering (SSRS) is developed for one-step sintering to synthesis high quality, fully
dense and relative low sintering temperature pellets with the help of sintering aids (e.g., NiO, CuO and
Zn0O). Similar with solid state reaction, SSRS method also start with simple metal oxides or carbonates.
By well mixing with ball milling in proper dispersant, dry fine powders could be achieved with string on
a hot plate. Subsequently, green pellets were pressed with die and table press. Finally, the dense sintered
pellets were obtained with a specific heating program which different by samples in a simple and cost-
effective way.

Modified Pechini Method based on the Pechini Method which was widely used in nanocrystal synthesis.
By controlling the ratio of ethylene diamine tetraacetic acid (EDTA), citric acid and ammonium hydroxide,
nitrates or acetates for each element could be dissolved and homogenously formed polymer-oxide
composite, in stoichiometry ratio of the final material. Following with calcination, combustion and firing
in proper temperature, nanoscale powders can be obtained.

4.1.2 NANOSTRUCTURED MEMBRANE FABRICATION

It is widely known that microstructure of the ceramics has significant impact on the performances. Certain
crystalline powder solids could gain full density and translucency by solid-state sintering was an important
milestone for modern technical ceramics. But these final-stage sintering processed are always
accompanied by rapid grain growth.[16][17] These has greatly hampered efforts to produce ceramic



membranes with nanometer-scale structure. A number of new methods have been developed to facilitate
the cost-effective preparation of nanostructured membranes for practical applications.

(a) Conventional sintering

The conventional sintering process usually consists of heating a performed powder (raw or blended
materials) at high temperatures, although slightly lower than the melting point, during minutes to hours.
The sintering of the materials is driven by the decrease of specific free surface area. What’s more, the
excess surface energy is a necessary but not a sufficient condition for sintering. Diffusion promoted by
thermal energy and local driving forces are also necessary conditions.[ 18]

(b) Two step sintering

Two step sintering uses two different sintering temperatures. The first sintering temperature should
guarantee a relative density higher than 75% of theoretical sample density. The sample were then cooled
down and held at the second sintering temperature until densification is completed. As a promising
alternative method to prepare fine microstructure dense ceramics, the two-step sintering method has been
proved to be less costly and more efficient[19], which has been used to solve the issue of the narrow
processing window of the sintering temperature in lead-based or lead-free ceramics, including
BaTiO3[20]:[21], Bio.sNaosTi03.[22]:[23] In addition, the two-step sintering can also reduce both the pores
of the ceramics and the volatilization of the substances with a low melting point, which is helpful in
preparing the (K, Na)NbOs-based ceramics.[24][25] Wang et.al successfully prepared densified BZY
samples by a two-step reactive aid sintering (TRAS) method with 1 wt.% B203-Li>O sintering acid.[26]
Chen et.al prepared fully dense cubic Y203 with a grain size of 60 nm via a simple two-step sintering
method, at temperature of about 1000 °C without applied pressure. However, the grain size changes in
tetragonal zirconia and hexagonal alumina were not statistically significant.

(c) Solid-state reactive sintering

The recently developed solid-state reactive sintering (SSRS) method significantly simplifies the
fabrication process for proton conducting ceramics by combining phase formation, densification and grain
growth into a single high-temperature sintering step. In the SSRS method, the use of a small amount of a
properly chosen sintering additive enables the direct solid-state reaction, densification and grain growth
of inexpensive precursor oxide/carbonate powders to produce the desired phase-pure ceramic component
in a single high-temperature step. In addition to lowering the sintering temperature by 200-400 °C
compared to conventional sol-gel processes. The SSRS mechanism is clarified through a systematic study
of the effect of metal oxide sintering additives on the densification of proton conducting ceramics

BaZro3Y0.203-5 (BZY20).[27]
(d) Spark plasma sintering

Spark plasma sintering (SPS) is a new technique which takes only a few minutes to complete a sintering
process compared to conventional sintering. High DC pulse is passed the sample between graphite
electrodes and axial pressure is simultaneously applied from the beginning of the sintering cycle. The
sample is heated by the Joule-heating and the sparking among the particles of sintered materials leads to
the faster heat and transfer instantaneously. This high sintering rate is possible in SPS sintering since high

heating rate can be easily attained which may exceeding 300 °/min, hence a temperature of 1200 °C can
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be obtained in only 4 minutes. Also sintering time is reduced in SPS due to small holding time at sintering
temperature, usually 5 to 10 minutes. In SPS, since no coarsening and grain growth were allowed to occur,
high relative densities were reached in very short time and nano sized powders can be sintered without
considerable grain growth. Hence, nano-structured ceramics or nanocomposites can be easily prepared by
SPS having higher density and fewer defects. These nano-structured composites exhibit excellent
mechanical properties like high strength, high hardness etc. Ricote demonstrated a single phased and high
BaZr09Y0.103-5 pellet has been obtained by spark plasma sintering, with a 5 min dwell at 1700 °C.[28]

(e) Cold sintering

Most sintering processes occur at high temperatures>1000 °C. Cold sintering process (CSP) is an
extremely low-temperature sintering process (room temperature to ~200 °C) that uses aqueous-based
solutions as transient solvents to aid densification.[29] In conventional high-temperature sintering
processes, individual ceramic powder particles densify into a dense object. The driving force for this
process is the reduction of the high surface free energy of the powder by material diffusion which only
occur at high temperatures. Whereas cold sintering relies on interfacial solution effects in water for the
densification of the materials — a process that occurs at low temperatures and over much shorter time
when pressure is applied. Guo et al demonstrated the applicability of CSP to improve the green density
of 8Y-YSZ ceramics.[30] Berbano obtained 80% dense Lii sAlosGe1.5(POa)s electrolytes at 120 °C in 20
minutes.[31] Preparation of dense proton conductor has not been reported so far. Maria et al.[32] proposed
an initial model for cold sintering that comprises two stages : an initial stage is predominated by
mechanical forces and particle rearrangement, and a second stage is predominated by
pressure/temperature-assisted dissolution and precipitation events that driven by local and global
gradients within the pellet die.

4.1.3 MATERIALS CHARACTERIZATION

Phase composition and microstructure

X-ray diffraction (Rigaku TTR-III) analysis was used to examine the phase purity of the powders with
Cu Ka radiation source. The XRD patterns were obtained in the range of 20°-80° with a 0.02° step size
and a scan speed of 0.5 °/min at 40 kV and 200 mA. The microstructure and morphology of the BZY20,
BCZY YD and TiOs pellets were revealed by using scanning electron microscopy (SEM). The catalyst
nanoparticle distribution was estimated by the element distribution as observed by EDS.

Electrochemical Impedance Spectroscopy (EILS)

The measurement of ionic conductivity due to the motion of hydrogen/deuterium ions through these
materials gives fundamental information regarding the ion transport properties and allows for the exciting
possibility of isotope separation using these oxides a separation membrane. The electrochemical
properties of ceramic pellets were measured using the symmetrical cells. Silver paste was printed on both
sides of the pellet to form a symmetrical cell, Ag/pellet/Ag, in which Ag layer worked as electrodes. EIS
measurements were performed under air. Impedance spectra were acquired using a Solartron 1260
electrochemical workstation with an AC amplitude of 10 mV in the frequency range from 5SM Hz to 0.1
Hz. AC impedance plots were fitted using Zview software according to the equivalent circuit with a
standard deviation below 5%. Impedance can be expressed as Z = Z’ +j*Z”°, in which Z’ is the real part
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and the Z’’ is the imaginary part, and j is the square root of -1. The plot of Z*” versus Z’ is called a Nyquist
plot. The EIS is one of the most promising methods for unfolding complex electrochemical systems and
has proven to be a powerful tool in investigating different polarization processes in solid oxide fuel cells
and other electrochemical systems such as gas separation membranes.

Thermogravimetric analysis (TGA)

Samples were cut out from the pellets for TGA experiment which was performed using STA 449 F3
Jupiter (ZETZSCH). The detailed pretreatment condition and temperature program will be given in the
results section.

Raman measurement

The measurement of the Raman spectra was done by Raman instrument from Horiba with TS1500 hot
stage (shown in Figure 4.1). The Raman shift ranges from 2000 cm™ to 4000 ¢cm™ under 3%H-0 or D,O
humidified air.

QMicroscope

Window

TS1500

Cooling-heating
stage

Silver stage

Figure 4.1. The schematic of the Raman experiment system.

4.2 RESULTS AND KEY FINDINGS
4.2.1 SIMPLE OXIDES: COLD SINTERING OF TIO»

Here we constructed a home-made cold sintering device to perform our experiment. We used normal
harden carbon steel die set, the heating tape with a temperature controller as the heating source, and
hydraulic press as force source to create appropriate temperature and pressure conditions for cold sintering
process, which shown in Figure 4.2. A schematic evolution of a powder compact process during cold
sintering is shown in Figure 4.3. Normally, we have two methods to introduce water into the powder, one
is by storing the powders or pellets in a constant relative humidity for 10-360 min. TiO2 powders (anatase
phase, 25nm, 99.9% purity) were purchased from commercial source (Inframat Advanced Materials), the
raw powders were mixed with 30wt% deionized water using pestle and mortal for 1-2 min. The mixture
was uniaxially pressed under 350MPa first at room temperature (25°C) for 10min, and then the
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temperature increases to 120°C. The temperature was kept for an hour to obtain an TiO, membrane. The
acquired membranes were baked at 200°C overnight to remove possible water.

Then we used the Archimedes method to test the relative density of the pellets. By weighing the dry
weight mi, immersed weight m (sample is immersed in water) and soaked weight ms (sample is taken
out of the boiling water and wiped with paper), we calculated the Archimedes density.

q= = 100%

m, —m,

The relative density of cold sintered TiO> pellet is about 73.8 %, which is much higher than the pellet
made by uniaxially pressure at 350MPa.This TiO» pellet sample was further characterized by SEM and
the images for the surface and cross are shown in Figure 4.4. The grains after cold sintering have an
elongated shape. However, the grain size of the TiO> after cold sintering is similar to that TiO» before
cold sintering, which implicates that this method can avoid the grain growth for forming a nanostructured
membrane with nano-size grain boundary and nano-pores. The proton transport behavior will be further

measured by conductivity and isotope exchange test in the next stage of the project.
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Figure 4.3 Schematic evolution of a powder compact process during cold sintering[3, 4]
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Figure 4.4 SEM of cross section and surface TiO» pellets after cold sintering

4.2.2 SIMPLE OXIDES: TRADITIONAL SINTERING OF TI1O>

The traditional sintering method was employed to fabricate nanoscale TiO, membranes. Nano TiO»
powders were pressed in a stainless die at 150 MPa and then sintered at 700 °C for an hour. The
temperature was chosen to avoid the phase transition from the anatase phase to the rutile phase which
occurs at is 750 to 800 °C. The Anatase phase of TiO> was targeted due to it’s demonstrated high catalytic
activity. The short dwell time was selected to avoid the grain growth of the nano-powder resultsing in a
nano-structured membrane.

The crystal structure for the TiO> membrane was evaluated by X-ray diffraction with Cu-Ka radiation
and is summarized in Figure 4.5. The raw TiO2 nanoparticles used in this project was the anatase phase,
and there was no phase change observed after heat trreatment except for some minor changes in the peak
density after traditionl sintering at 700 °C for an hour.

— TiO, after sintering
Raw TiO,

Intensity

Figure 4.5. XRD patterns of fresh TiO> powder and TiO: pellets obtained by traditional sintering at 700
°C for 1h

The particle size and morphology of the nanostructured TiO> membrane was examined by SEM, as shown
in Figure 4.6. The raw particle size of the TiO, powder acquired from the company was approximately
25 nm; there is a slight increase to 30 ~ 40 nm after sintering. This work demonstrates the parameters
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used in traditional sintering could inhibit the grain growth of the nanostructured titanium dioxide
membrane.

$4800 15.0kV 7.9mm x150k SE(U) 300nm

Figure 4.6. SEM image of the cross-section of TiO> pellets after traditional sintering a) low magnification
and b) high magnification

TGA was used to analyze the water absorption and de-absorption process in the nanostructured membrane.
Firstly, we increased the temperature to 600 °C and dwelled for one hour in a protective atmosphere
(argon). In this process, we tried to remove all the gas molecules and absorbed water from the sample.
Secondly, we decreased the temperature to room temperature in wet (D,0O) nitrogen to accomplish the
water absorption process. The sample was then re-heated to 250 °C to observe the water loss from the
material. 250 °C was selected due to the point where the activation energy exhibits a change in slope as
discussed above. Figure 4.7 displays the results of TGA. Water absorption occurs with decreasing
temperature, with nearly 0.8 wt.% (compared to the sample) water absorbed in this process. Nearly 80%
of the absorbed water was lost during the subsequent heating step to 250 °C. The high proton conductivity
discussed below could be explained by the strong uptake of water at low temperatures.
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Figure 4.7 Hydration behavior of the nanoscale TiO, membrane obtained from thermo-gravimetric
analysis

The H/D isotope exchange effect and proton conductivity were determined by EIS. The representative
EIS spectra for the TiO> membranes in the wet H>O and D»O are shown in Figure 4.8. The protonic nature
of the conduction in a humid atmosphere is evidenced by the presence of an evident isotopic effect when
gas saturated with D,O is used. The nanoscale TiO, membrane has lower resistance in wet H>O than that
in D20, indicating the hopping mechanism of proton transport at low temperatures.
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Figure 4.8. The representative EIS of the porous TiO2 membrane in wet (H20 and D,0) air

Figure 4.9 shows the conductivity of the TiO> membrane in wet (H2O or D2O) and dry air. At high
temperatures, proton conductivity decreases with the decreasing the temperature both in the wet and dry
air. While at low temperatures in wet air, the conductivity increases with the decreasing temperatures,
which reflects the intra-grain conductivity caused by the absorption of water in the nanoscale membrane.
The point at which the activation energy changes slope in wet air is 200 to 250 °C. The proton conductivity
in wet (H20) is slightly larger than that in the wet (D20O) with a factor of approximately 2, which is close
to the theoretical value of 1.4, signifying hopping-based conduction of protons with the conductivity
determined by the mass of the ionic species. However, in dry air, there was no activation energy change
with decreasing temperature observed, also at low temperatures, the bulk resistance is too large to
determine the accurate conductivity from EIS methods.
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Figure 4.9. a) Total conductivity of porous TiO: in dry and humidified air (H2O and D>O) and b) the ratio
(o (H20)/ 6(D20)

In summary, the increased conductivity of nanostructured TiO> membrane in a wet atmosphere and its
polarization behavior confirm the existence of proton conductivity in the nanoscale TiO> membrane at
low temperatures (< 250 °C). The difference of proton conductivity in H>O and D,O reveals the hopping
mechanism of the proton conduction. In addition, the thermogravimetric analysis reveals strong water
uptake below 250 °C which help explains the high proton conductivity at low temperatures.
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4.2.3 INSIGHTS INTO THE PROTON TRANSPORT MECHANISM IN TIO; SIMPLE OXIDES BY IN-SITU RAMAN
SPECTROSCOPY

Porous TiO, membranes were fabricated by a traditional sintering method. Nanoscale TiO> powders were
pressed in a stainless die at 150 MPa and then sintered at 700 °C for an hour in ambient air to form porous
nanocrystalline pellets. Dense membranes were prepared by spark plasma sintering (SPS) method.
Powders were filled into a graphite die and sintered by SPS (Dr. Sinter 1020, Sumitomo Coal Mining
Co.). This process was accomplished by applying a constant 5 KN axial force and an increasing current
(100 A/min) simultaneously to the die in dynamic vacuum (~10 Pa).
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Figure 4.10. Total conductivity of porous TiO> membrane under Ar-H>O, Ar-D;O and dense TiO2
membrane fabricated by SPS method under Ar-H>O.

Figure 4.10 shows the electrical conductivity of the as-prepared TiO, membrane exposed to different
environments and temperatures. The conductivity generally increases with increasing temperature above
150 °C where proton transport occurs predominantly in the chemisorbed water layer. With decreasing
temperature, the activation energy gradually decreases, and the conductivity shows a thermally
deactivated nature below 150 °C. Total conductivity increases with the decreasing temperature where
proton transport in the hydrogen-bonded layer. All observations agree with previous reports of proton
conduction in porous ceramics.[10] A clear isotopic effect occurs when gas of Ar-D,O was used. The
conductivity in Ar-H>O is clearly higher than that in Ar-D,0O, with approximately (c(H20)/5(D-0)) ratio
around 2, closing to the theoretically value 1.4, suggesting hopping-based proton conduction on oxides’
surface and grain boundary interfaces.

In-situ Raman was executed to confirm the OH and OD vibrations on the oxides’ surface. The first
chemisorbed layer above oxides’ surface consists of terminated and multi-coordinated hydroxyls,
followed by additional molecules subsequently adsorbed on the hydrogen-bonded water molecules.[34]
Representative Raman spectroscopy results of OH and OD vibrations measured from 25 to 300 °C are
shown in Figure 4.11. The OH vibration appears at ~ 3400 cm™! with a shoulder at 3200 cm™! and the OD
vibrations appears at ~ 2550 cm!. Also, with increasing temperature, (1) the intensity of OH and OD
vibrations decreased due to the reduced water absorption; (2 the main peaks shifted to higher
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wavenumbers, and (3) the width of the peaks were largely reduced, in agreement with previously reported
spectra of OH and OD stretch band profiles.[35]
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Figure 4.11. The representative OH (a) and OD (b) Raman vibration from 25 to 300 °C under Ar-H,O and
Ar-D>0, respectively.
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Figure 4.12. Temporal evolution of Raman spectra of TiO> membrane after switching the atmosphere from
Ar-H>O to Ar-D;0 at (a) room temperature and (b) 100 °C.

The exchange reactions of H>O and D>O were also studied by in-situ Raman spectroscopy toward gaining
insight into the proton transport mechanism. Spectra time evolution is shown in Figure 6 where
representative spectra in the range of 2400-3700 cm™ are presented. These spectra were obtained after
switching the atmosphere from Ar-H>O to Ar-D>O at room temperature and at 100 °C. The O-H vibration
immediately starts attenuating after the addition of D>O to the atmosphere as illustrated by changes to the
Voy broad band at ~ 3400 cm! and the v, broad band at ~ 2550 cm™! due to the isotope exchange
reactions of hydroxyl groups on the oxides’ surface, suggesting the Grotthuss mechanism. The O-H
vibration almost disappears after 30 minutes at 100 °C, indicating a fast isotope exchange rate at 100 °C

than room temperature.

During the OH/OD exchange, the relevant variable is the fraction of remaining OH, which is experimental
determined in terms of ratio I/l mitial. As shown in Figure 4.13 (a), the decrease in the v,y integrated
intensity follows a straight line in the semi-logarithmic plot. It is therefore possible to define a first order
rate constant, ky,p as described in Amado and Da Silvia’s report.[36,37] Temperature dependent

measurements indicated the exchange rates were appreciably faster at elevated temperatures. In a plot of
16



Ln(k) vs. 1/T, linear correlations were obtained for the isotope exchange reactions from Ar-H>O to Ar-
D»0, suggesting Arrhenius-type dependence of the rate constant. The resulting activation energy, E,, of
9 kJ mol! was determined for the H/D exchange on nanoscale oxides’ surface and grain boundary
interfaces.

Table 4.1 displays a summary of H/D isotope exchange coefficient (k) and activation energy (E,) in
different material systems. The activation energy E, for H/D exchange found in this work, which is lower
than the reported activation energy, 26 kJ/mol for H/D exchange in B-cyclodextrin dodecahydrate,
indicates H/D exchange reactions occur more easily on the absorbed water of oxides’ surface than
hydroxyl group in B-cyclodextrin dodecahydrate. The activation energy is comparable with noble metal
system for the D»/H> exchange reactions. Interestingly, the surface exchange coefficient (k) in nanoscale
simple oxides is 100 times higher than that in the traditional oxidic proton conductor
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Figure 4.13. (a) Natural logarithm of the integrated relative Raman v,y intensity in porous nanostructured
TiO2 membrane, as a function of time of exposure to an atmosphere of Ar-D>0O together with the isotope
exchange rate in B-cyclodextrin dodecahydrate[37]; and (b) Ln(k) vs. 1/T for H/D isotope exchange
reactions on oxides’ surface.

Table 4.1. A summary of H/D isotope exchange coefficient (k) at room temperature and activation energy
(E,) in different systems.

Exchange Materials Surface Activation Method Reference
exchange rate energy (E,)
(k)
D>0O/H20 TiO; 2.35¢e*s7! 9 kJ/mol In-situ Raman  This work
D>O/H,O SrCeoosYboosO3 1.4 ¢eCs7! -- Elastic recoil [38]
detection
(ERD)
D,O/H,O B-cyclodextrin ~ 2.17 e* ! 26 kJ/mol In-situ Raman  [37]

dodecahydrate
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Dy>/H> B phase -- 3.5,25kJ/mol Residual gas [39,40]
Palladium analyzer
(RGA)

(SrCeo.95Ybo.0s03).[38] It is noted that this material was prepared by solid state reaction method with large
grain size resulting in negligible water absorption on the surface and grain boundary interfaces. This
indicates proton mobility at the surface and grain boundary interfaces in nanoscale simple oxides system
is much higher than the “bulk effect” of traditional proton ceramic conductors at room temperature, which
is consistent with the reported phenomenon in nanoscale cerium oxide system.[41] From TGA data, we
know that the nanoscale TiO> membrane can absorb 0.03 mol water per mol TiO,. If it is assumed that (i)
the entire water content is absorbed on the surface and grain boundary interfaces and (ii) the monolayer
water layer thickness is 0.282 nm,[42,43] according to the BET data, the surface and grain boundary
interfaces can accommodate ~ 10?? protons cm™. Therefore, the estimated surface concentration of
protons is comparable to the calculated bulk content of protons derived from typical dopant concentration
(i.e. 15 mol% yttrium-doped BaZrOs has a proton concentration of ~10?! protons cm™), of typical high
temperature proton ceramic conductors found in literature.[41]

Clearly, water absorption on the surface and grain boundary interfaces in simple oxide systems has
higher proton mobility and similar proton concentration as compared to the traditional high temperature
proton ceramic conductors. Notably, the conductivity (o, S/cm) follows equation 3, of which n is carrier
density (# of carriers/cm?), q is the electric charge (C) and p is the mobility (cm?/Vs), suggesting 3 orders
higher of interfacial conductivity as compared to the low conductivity transport in high temperature proton
ceramic conductors through the bulk and then across the grain boundaries at low temperatures.[41]

o =nqu €)

Figure 4.14 shows the water structure on nanoscale oxides’ interface[44] and hydroxyl defects[45] in
the perovskite structure under humidified atmosphere. These results indicate that when the grain size of
proton ceramic conductor is decreased, this will provide more active sites on the surface or grain boundary
interfaces for water absorption, resulting in improved proton transport properties by combining the known
“bulk effect” (hydroxyl defects) and newly discovered “interface effect” (absorbed water) in Zone 2
(50 °C < T <150 °C). This combination of effect results in conductive interfaces which enhance ionic
transport instead of blocking transport which provides a new promising solution for the development of
a new generation of proton ceramic conductors at low temperatures.
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Figure 4.14. Illustration of the water structure on nanoscale simple oxides’ interface and hydroxyl defects
forming in perovskite structure under humidified atmosphere.

In summary, in-situ Raman spectroscopy was used to directly identify the proton transport mechanism
on the interface of nanostructured ceramic membranes. The observed isotope exchange reactions on the
interface indicates a Grotthuss or “hopping” type mechanism of proton transport which is selective
isotopes based on mass. Fast isotope exchange reactions with an activation energy of 9 kJ mol! for H/D
exchange on oxides’ surface were observed in simple oxides which was over 100 times higher than the
traditional oxidic proton conductors. In addition, the estimated surface concentration of protons in simple
oxides is comparable to the calculated bulk content of protons for typical perovskite based protonic
conductors indicating the potential for enhanced conduction. Based on these results new materials
systems are proposed which combine surface and bulk effects in an intermediate temperate range resulting
in a promising new solution for the development advanced ionic conductors through interfacial
engineering at the nanoscale.
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4.2.4 PEROVSKITE OXIDE MATERIALS: COLD SINTERING OF BZY 20

The perovskite material BaZrosY0.203.5 (BZY20) nano-powders synthesized by the modified
Pechini method was chosen as a model system for the cold sintering process. Experiments were
conducted by mixing ~0.8 g powders with a proper amount of water and dry-pressed under ~400
MPa for 10 minutes in circular carbon-aided steel die set with a diameter of 1/2 inch (12.7 mm).
The die set was heated to 180 °C and hold for 1 hour to obtain a BZY20 pellet. The pellet was
placed in the box furnace overnight at 120 °C to completely remove residual water. A final
sintering process was utilized to get a porous BZY20 pellet. Thus, water amount and final sintering
process are two key factors, which affect the microstructure of pellets.

Effect of sintering temperature

The influence of the sintering temperature and sintering time were investigated. 20 wt% water was
selected as the water amount, and pellets were sintered at 1350 °C and 1450 °C for 12 h or 24 h,
respectively.

g f0.184\ug_\
! 81.47%

™

13509C:24h Qg d

o <

J
03'17‘:um
y 1, BA39%

Figure 4.15. SEM images of BZY?20 pellet’s cross-sections which were sintered at (a) 1350 °C for
12 h, (b) 1450 °C for 12 h, (¢) 1350 °C for 24 h and (d) 1450 °C for 24 h. (Average grain size and
relative density calculated by images are inserted at bottom right corner for each image.)

Based on Figure 4.15, both higher sintering temperature and longer sintering time result in larger
grain size and higher relative density. Because relative densities were calculated based on images,
they are a little higher than those obtained from measurements of geometrical density. From these
results we could conclude that a lower sintering temperature is better for obtaining uniform grain
sizes with lower relative density.

The effect of water content
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Different water amounts were used to densify BZY20 nano-powders. 20 wt% and 30 wt% water
was selected to synthesize BZY20 pellets, respectively.
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Figure 4.16. SEM images of BZY?20 pellet’s cross-sections with different water amount. (a) 30 wt%
water after pressing, (b) 30 wt% water sintered at 1350 °C for 24 h, (c) 30 wt% water sintered at
1450 °C for 24 h, (d) 20 wt% water after pressing, (e) 20 wt% water sintered at 1350 °C for 24 h
and (f) 20 wt% water sintered at 1450 °C for 24 h. (Average grain size and relative density
calculated by images are inserted at bottom right corner for each image.)

As shown in Figure 4.16, samples prepared with different water amounts resulted in similar cross-
section views. However, after firing under proper conditions, noticeable difference was observed.
In brief, higher water concentration results in a larger grain size and higher relative density. The
effect of sintering process and water amount were discussed based on our sintering results. These
effects of tailored porosity may be benefecial for our further applications in this project.

Figure 4.17 summarizes the XRD patterns for the BZY20 green pellets after traditional dry
pressing and cold sintering before the final sintering at 1500°C. The XRD plot for the BZY?20
precursor indicates the prescence of minor BaCOs peak exists in the BZY20 precursor powder
synthesized using the modified Pechini method with an eventual calcination temperature of 900°C.
For calcining the BZY20 powder, the calcination temperature lower than 950°C or the inefficient
air exchange in the box furnace usually resulted in a residual amount of BaCO; phase inside the
BZY20 powder. In this work, the use of a low calcination temperature of 900°C helped achieve
BZY20 powder with a smaller particle for improving BZY?20’s sinterability. The BZY20 green
pellets, after the pretreatment of traditional pressing and cold sintering without water (TS-0 and
CS-0), maintained a cubic perovskite structure with a similar BaCOs3 peak intensity. However, the
addition of 20wt% of water for both traditional pressed and cold sintered BZY20 green pellets
(TS-20 and CS-20) increased the peak intensity of BaCOs3. Pretreatment with 20wt% H>O addition
resulted in the formation of a distinct BaCO3 phase. The previous studies indicated that a proper
amount of BaCO3 in BZY20 could improve the BZY20’s sinterability to achieve high relative
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density and large grains [46]. Therefore, we expect that the introduced BaCO3 in BZY?20 by the
pretreatment with 20wt% can increase the sintered BZY20 pellets’ relative density.
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Figure 4.17. XRD patterns of BZY20 precursor powders and green pellets after cold sintering
pretreatment and traditional pressing process with different water amounts.

The green histograms in Figure 4.18 provide the relative densities of the BZY20 green pellets. The
CS-20 BZY20 green pellet after cold sintering with 20wt% water at 180°C showed a relative
density of ~76%, which was higher than the theoretical packing density of the cubic close-packing
structure (~74%) based on equal spheres. The three other BZY20 green pellets of CS-0 (cold
sintering without water), TS-0 (traditional pressing without water), and TS-20 (traditional pressing
without 20wt% water) showed relative densities much lower than the one for CS-20 green pellet
(53-56% vs. 76%). Since the high relative density for the green pellets usually resulted in high
relative density for the sintered pellets, we expect to achieve high relative density for the BZY?20
pellets pretreated by cold sintering with 20wt% at 180°C.
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Figure 4.18. The summary of relative densities (calculated by the geometric measurement) for all

samples discussed.
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Figure 4.19 further provides the cross-section SEM images of the BZY20 green pellets cold
sintered at 180°C with and without water. The BZY?20 green pellets cold sintered with 20% water
(CS-20, Fig. 3b) showed a homogenous and highly compacted microstructure consistent with the
high green relative density (Fig. 2, CS-20). The BZY20 green pellets cold sinter without water
(CS-0, Fig. 3a) showed an inhomogeneous and loosely packed microstructure consistent with the
low green relative density (Fig. 2, CS-0). In summary, the CS-20 BZY20 green pellets cold
sintered with 20wt% water at 180°C showed the proper amount of BaCOs as a sintering aid, high
green relative density, and homogeneously compacted microstructure. Therefore, we expect to
achieve improved sinterability for BZY20 green pellets cold sintered with 20wt% water at 180°C
(CS-20 BZY20 green pellets).
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Figure 4.20. XRD patterns of BZY?20 pellets that fabricated with the cold sintering pre-treatment

and the traditional sintering method with different water amounts.

Figure 4.20 summarizes the XRD patterns for the BZY20 pellets sintered at 1500°C for 12 h. The
XRD patterns indicate that all the four sintered BZY20 pellets formed the pure cubic perovskite
structure with a space group of Pm3m with BaCOj; impurity completely disappeared. The relative
intensity, width, and position of the corresponding peaks for all four samples do not show a
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noticeable difference, which indicates crystal structures of the sintered BZY20 under different
conditions was the same within our XRD analysis error range. In other words, different
pretreatment conditions (Table 1) for the BZY20 green pellets did not affect the eventual crystal
structure of a fully sintered BZY20 pellet, which ensured good proton conduction properties.

The black histograms in Figure 4.18summarize the relative densities of the BZY20 pellets after
the subsequent sintering at 1500°C for 12 h. The CS-0, TS-0, and TS-20 BZY20 pellets after
sintering resulted in much lower relative densities of 67%, 75%, and 73%, respectively.
Considering the lower green relative densities and the less BaCOs3 sintering aid for CS-0 and TS-
0 BZY20 green pellets, the poor sintering results for these three samples are reasonable. After a
longer pressing process and higher temperature, even the density of CS-0 was higher than TS-0.
The inhomogeneous microstructure discussed above eventually leads to a much lower relative
density after the final 1500°C sintering (~67%) than TS-0. For TS-20, the addition of 20wt% H>O
might somehow help to improve the packing density after 10 min pressing comparing with TS-0.
Once the final 1500°C sintering was conducted, the extra water just went without leaving any
improvement as showing the similar relative density with TS-0 considering the experimental error
(red bar in Fig. 2). In other words, the additional 20wt% H>O in the room temperature pressing
does not affect the final relative density even though it may lead to a little bit of improvement for
the density of green pellet. When cold sintering was applied, the added water could strongly
interact with BZY20 powders rather than simple physical absorption. The CS-20 BZY?20 pellets
achieved a relative density as high as ~94% after the final sintering, consistent with its high green
relative density, homogeneous and compact microstructure, and a larger amount of BaCO;
sintering aid.

Figure 4.21 summarizes the fractured cross-sectional SEM images for all the four BZY20 pellets
after sintering at 1500°C for 12 h. The CS-20 BZY20 pellet does not show any obvious pores
suggesting the high relative density. All the other three BZY20 pellets (CS-0, TS-0, and TS-20)
show visible pores in the SEM micrographs in line with the low relative densities reported above.
The further comparison of these four pellets’ microstructures indicates that the sintered CS-20
pellets have grain sizes ~1um, almost twice those for the other three samples. Therefore, we can
conclude that the cold sintering pretreatment with 20wt% water at 180°C for 1 h can efficiently
assist the sintering process of the BZY20 pellets, which allowed the densification of the refractory
BZY?20. The densification temperature was lowered by about 200°C compared to the traditional
sintering method. The fully densified and large-grained microstructure should result in high proton
conductivity.
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Figure 4.21. The cross-sectional SEM images of CS-0 a), CS-20 (b), TS-0 (c) and TS-20 (d).

Figure 4.22 presents an exemplar EIS spectrum measured at 300°C under wet air condition for the
symmetrical cell comprised of the sintered CS-20 BZY?20 electrolyte and silver electrodes. The
red square points show the Nyquist plot of EIS measurement results after area normalization. As
is shown, the Nyquist plot consists of an intercept at the Z-Real axis at high frequency, two
depressed small semicircles at intermediate-frequency range, and a straight line with ~45 degrees
relative to the Z-real axis at low-frequency range. The equivalent circuit model (inset in Fig. 6)
was used to fit the EIS data points by Z-View software. For detail, the consisting of the elements
of electrolyte bulk, electrolyte grain boundary, electrolyte-electrode interfacial charge transfer
(protons), and electrode diffusion, The EIS Nyquist plots’ analysis is the same as most protonic
ceramic electrolyte symmetrical cells, allowing the achieving of electrolyte -electrical
conductivities quickly. The characteristic frequencies (fmax) and capacitance (C) are listed in Fig.
6, which fall in the similar value literature reported [47].
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Figure 4.22. The fitting of the EIS plot of the CS-20 sample was tested at 300°C under wet air.
Inset is the equivalent circuit used for fitting.
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Figure 4.23 displays the total conductivities of the CS-20 BZY20 under different atmospheres (dry
air, wet air, dry 5% H», and wet 5% Hb») in the temperature range from 300°C to 700°C. It is
consistent with most other reports that our BZY?20 electrolyte pellets showed increased total
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electrical conductivities with increased temperature. The atmospheres showed a significant effect
on the electrical conductivities at a specific fixed temperature. The total conductivities under wet
atmospheres (wet air and wet 5% H>) are much higher than those under dry atmospheres (dry air
and dry H»). The electrical transport activation energies showed the smallest value under dry 5%
H> (i.e., 0.38 eV) and the largest value under dry air (i.e., 0.77 eV). While under wet atmospheres,
the oxygen partial pressure did not affect the transport activation energies markedly. The activation
energies under wet air and wet 5% H> are almost equal within the error range (0.51 eV vs. 0.48
eV). Besides, as the same as most proton conductivity under wet reducing atmosphere, the
activation energies showed relatively smaller values in the higher temperature range (500°C-750°C)
than at lower temperatures (300°C-500°C). Furthermore, the CS-20 BZY20 pellets’ total
conductivities under wet atmospheres are among the representative BZY20 pellets’ highest region
[48-53].
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Figure 4.23. The temperature dependence of total conductivity under different atmospheres for
CS-20, with comparing with representative BZY?20 under wet atmospheres.

The study for the BZY?20 pellets sintered at moderate temperature (i.e., 1500°C) indicated that the
pretreatment of green pellets by cold sintering at 180°C with 20wt% water could result in fully
densified phase pure BZY20 pellets. The cold sintering pretreatment could increase the barium
carbonate amount inside the green pellet and the cold-sintered green pellet’s relative density as
described above. Therefore, we can ascribe the improved sinter ability of the BZY20 pellets to
these effects.

The total conductivities for the CS-20 BZY20 pellets under wet air and wet 5% H> both are much
higher than the respective dry atmospheres (dry air and dry 5% Hz). The significantly higher
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electrical conductivities caused by water introduction come from the dominant proton conductivity
in wet atmospheres, which is the same as other proton conducting oxides. The electrical transport
activation energies of ~0.5 eV is consistent with proton conduction in perovskite-type oxides (e.g.,
BZY20). The lower increasing rate (lower activation energy) at the high-temperature range (500-
750°C) for the BZY20 under wet 5% H: results from the decrease in proton concentration and a
minor increase in proton mobility, which is consistent with most of the other proton conducting
oxides too [54—-56]. When the atmospheres turn into dry atmospheres (dry air and dry 5% Hb), the
electrical conductivities are much lower than those achieved under wet atmospheres. The high
electrical transport activation energy of 0.77 eV under dry air is attributed to the lack of hydrogen
or water in a dry air atmosphere. Thus, it is not surprised that the contribution of proton
conductivity to the total conductivity is negligible. The lowest conductivity was observed with the
test under dry 5% Hz. The lower concentration of protons in the BZY20 pellets due to the lack of
water and the low oxygen partial pressure were hypothesized to result in a lower total conductivity.
When we consider the activation energy, under dry 5% H> BZY20 shows the lowest value, even
lower than the value observed under wet 5% H»>. The potential mixed ionic conduction
(concomitant H* and O* transport) under a wet reducing atmosphere may cause the observed
increased activation energy. Further studies aimed at understanding the conduction properties of
the phase-pure and fully densified BZY20 are ongoing.

4.2.5 INITIAL STUDY ON CATALYST ADDITION STRATEGIES

In this section, we mainly focus on the catalyst’s addition and the characterization of their influence
on the morphology and performance of perovskite materials (ABOs, or BaZrO3 based). Two
method were applied to add catalyst into the precursor powders.

i) Precursors with catalysts by modified Pechini method

The modified Pechini method is based on citric-EDTA acid complexing sol-gel method, which
could obtain the atomic-level dispersion of precursors for the synthesis of the powders with smaller
particles and higher purity. An additional 5 mol.% Ni, Cu or Pd nitrates were added into the BZY?20
preparation recipe, followed by calcination at 900°C for 10h to prepare the BZY20 powders with
NiO, CuO or PdO.

ii) Precursors with catalysts by ball milling method

In this process, BaCOs3, ZrO,, and Y>0s3 in stoichiometric ratio were added into polyvinyl bottle
with yttria-stabilized zirconia (YSZ) beans in isopropanol for 48h ball milling. Catalysts were
added via an additional 5 mol.% NiO, CuO or PdO added into the suspension, following with air
drying in oven at 90°C for 24h.

Figure 4.24 shows the SEM images of BZY20 pellets obtained by conventional sintering process.
Nano scale catalyst distributed uniformly in the porous structure. After reducing under 5 vol.% H»
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(balanced with Ar) at 650 °C for 24 h, nanoscale catalysts were successfully loaded onto grain
surface and in the grain boundaries for each sample added with Ni, Cu and Pd precursors.

Figure 4.24. SEM images for cross-section of reduced BZY?20 samples fabricated by conventional
sintering process with (a) Ni, (b) Cu and (c) Pd catalyst, respectively.

Figure 4.25 presents the comparison of proton conductivity between BZY20 pellets with different
catalysts. The conductivity changes gradually resulting in a continuous decrease of the thermal
dependence. Pd catalyst shows high activity in high temperature range and has good dependent
with temperature, while the conductivity of Cu sample is almost independent of temperature. When
the intercept at highest frequency was used to calculate the proton conductivity, the bare and Pd
sample have highest proton conductivity, whereas Ni sample has lowest proton conductivity.
Because bare and Pd sample has highest porosity, this result implied porosity plays an important
role in determining the proton conductivity which has been recognized in simple oxides (e.g., TiOz,
YSZ). In humidified atmosphere, water starts to absorb chemically on the oxide surfaces, which
dissociation then results in hydroxyl groups,[57] which enhanced proton conductivity. Ni sample
has lowest conductivity, which can be related to the big Ni particles due to cold pressing process.
Further research will be conducted to optimize the fabrication method of homogenous catalyst
particles.
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Figure 4.25. Comparison of proton conductivity for bare BZY20 and BZY20 with different
catalysts.
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4.2.6 PROCESS LEVEL CHARACTERIZATION PARAMETERS: SURFACE EXCHANGE AND DIFFUSION
COEFFICIENTS

This sectiion provides information regarding the fundamental materials properties to be used in
the modeling effort and documents completion of process level characterization. These studies
include adsorption capacity of nanostructured TiO2, BZY20 and BCZYYb (with and without
catalysts) as function of grain size and porosity, the evaluation of different techniques such as
Electrical Conductivity Relaxation (ECR) and in-situ Raman studies to obtain surface exchange
coefficient k and diffusion coefficient D as a function of temperature. This data has been provided
data to SRNL partners for use in modeling effort and process level economic analysis.

The materials system and techniques used to measure surface exchange coefficient k and diffusion
coefficient D are listed in Table 4.2. The capacity was determined by TGA. At lower temperature
(<300 °C), k and D can be determined by Raman and conductivity measurements (through Nernst-
Einstein equation). At higher temperature (>300 °C), Electrical Conductivity Relaxation (ECR)
fitting was used to extract k and D.

Table 4.2. Materials system and key parameters for modeling.

Materials ~Sintering Catalysts Capacity  Surface exchange Diffusion
coefficient (k) coefficient (D)
<300 °C >300°C <300°C > 300
°C
TiO2 Traditional Fe 0.7% Raman TGA Nernst-  Doping
Einstein
BZY?20 Traditional Cu, Ni, > 0.07% Raman/TGA ECR Nernst- ECR
Cold Pd [1] Einstein
sintering
BCZYYb Traditional, Cu, Ni, NA Raman/TGA ECR Nernst- ECR
Cold Pd Einstein
sintering

Surface exchange coefficient k and Diffusion coefficient D

Low temperature (< 300 °C)
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In-situ Raman spectroscopy was applied to probe the surface exchange reaction between H>O and
D>0 in the low temperature (< 300 °C) regime. Figure 4.26 shows the dependence of Raman
spectra intensity with time after switching the atmosphere from Ar/H20 to Ar/D»O at 25 °C. There
is vibrating bond changing from OH to OD at 25 °C, indicating a Grotthuss mechanism of the
proton transport in nanostructured TiO> membrane. The decrease in the integrated intensity of OH
vibration follows a straight line in the semi-logarithmic plot, and it is possible to define a first-
order rate constant, kip of 8.19 x 10 5”1, The H/D exchange rate constant is a slightly lower than
the value observed in polymeric structures (o.-Methylene[58]).
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Figure 4.26. Time-dependent Raman spectra after switching the atmosphere from H>O-air to D>O-
air at 25 °C and logarithm of the integrated relative Raman OH vibration intensity in
nanostructured TiO2 membrane as a function of time of exposure to H>O and DO, respectively.

Electrochemical impedance spectra (EIS) were applied to measure the proton conductivity under
air/H>O and air/D;0, as shown in Figure 4.27. Like the porous TiO, membranes reported before,
the conductivity increased as the temperature decreased from 250 °C to room temperature in all
three samples. Also, the conductivity was found to be strongly dependent on the grain size. The
membrane with the smallest grain size showed the highest conductivity, which resulted from
increased absorbed water in the interface. The diffusion coefficient can be calculated by applying
the Nernst-Einstein equation with results displayed in Table 2.

KT

= o'i—
CiZiZez

Compared to the data reported in the literature[59], the effective diffusion coefficients of
Bay sSro.sFeo.sZnp20s.4 are ranging from 1.4 to 29 x1077 cm? s7! (350 to 600 °C), which is very
close to that of TiO» sintered at 650 °C.
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Figure 4.27. Total conductivity of nanostructured TiO2> membrane by SPS method in air/H>O and
air/D,0

High temperature (>300 °C)

In the high temperature range ECR was used to obtain £ and D. Because TiO> is nonconductive,
we will use Nd-doped TiO: for subsequent ECR experiment.

Table 4.3. Total conductivity (o) and diffusion coefficient (D) of nanostructured TiO> by SPS
method under air/H>O and air/D,0O

650 650 650 °C | 650 °C | 700 700 700 °C | 700 °C | 750 750°C | 750 °C | 750 °C
°C °C °C °C °C

TK)|o (H|o (D)|D H)|D (D)|c H)|oD) |D H|D D)|c H|oc (D) D (H)|D (D)
(S/cm) | (S/ecm) | (cm?/s) | (em?/s) | (S/cm) | (S/em) | (cm?/s) | (em?/s) | (S/em) | (S/em) | (cm?/s) | (cm?/s)

823 | 9.21E- | 3.26E- | 4.08E- | 7.40E- | 8.22E- | 7.40E- | 3.65E- | 3.28E- | 7.35E- | 7.56E- | 3.26E- | 3.35E-
07 10 10 07 07 07 10 10 07 07 10 10

773 | 456E- | 1.11E- | 1.90E- | 3.37E- | 4.14E- | 3.37E- | 1.72E- | 141E- | 2.71E- | 2.54E- | 1.13E- | 1.06E-
07 10 10 07 07 07 10 10 07 07 10 10

723 | 2.53E- | 2.89E- | 9.86E- | 1.36E- | 1.83E- | 1.36E- | 7.15E- | 5.30E- | 7.42E- | 6.13E- | 2.89E- | 2.39E-
07 11 11 07 07 07 11 11 08 08 11 11

673 | 9.99E- | 9.19E- | 3.62E- | 5.92E- | 7.70E- | 5.92E- | 2.79E- | 2.15E- | 2.53E- | 2.12E- | 9.19E- | 7.70E-
08 12 11 08 08 08 11 11 08 08 12 12

623 | 5.89E- | 3.51E- | 1.98E- | 2.12E- | 2.85E- | 2.12E- | 9.56E- | 7.12E- | 1.04E- | 4.96E- | 3.51E- | 1.67E-
08 12 11 08 08 08 12 12 08 09 12 12
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573 | 3.76E- | 1.67E- | 1.16E- | 1.26E- | 1.86E- | 1.26E- | 5.74E- | 3.90E- | 5.42E- | 3.55E- | 1.67E- | 1.10E-
08 12 11 08 08 08 12 12 09 09 12 12

523 | 427E- | 1.27E- | 1.20E- | 1.22E- | 1.91E- | 1.22E- | 5.40E- | 3.45E- | 4.51E- | 4.42E- | 1.27E- | 1.25E-
08 12 11 08 08 08 12 12 09 09 12 12

473 | 9.51E- | 1.57E- | 2.43E- | 1.80E- | 3.62E- | 1.80E- | 9.22E- | 4.58E- | 6.16E- | 5.11E- | 1.57E- | 1.30E-
08 12 11 08 08 08 12 12 09 09 12 12

423 | 1.92E- | 5.63E- | 4.37E- 8.00E- | 3.09E- | 1.82E- | 7.05E- | 2.47E- | 1.70E- | 5.63E- | 3.87E-
07 12 11 3.09E- | 08 08 11 12 08 08 12 12

08

373 | 3.81E- | 3.11E- | 7.65E- | 6.70E- | 1.32E- | 6.70E- | 2.65E- | 1.35E- | 1.55E- | 1.17E- | 3.11E- | 2.35E-
07 11 11 08 07 08 11 11 07 07 11 11

348 | 8.12E- | 9.23E- | 1.52E- | 1.32E- | 2.70E- | 1.32E- | 5.06E- | 2.47E- | 4.92E- | 3.05E- | 9.23E- | 5.72E-
07 11 10 07 07 07 11 11 07 07 11 11

323 | 1.97E- | 291E- | 3.44E- | 5.89E- | 9.23E- | 5.89E- | 1.61E- | 1.03E- | 1.67E- | 1.11E- | 2.91E- | 1.93E-
06 10 10 07 07 07 10 10 06 06 10 10

304 | 3.64E- | 4.70E- | 5.97E- | 1.11E- | 1.79E- | 1.11E- | 2.93E- | 1.82E- | 2.87E- | 2.06E- | 4.70E- | 3.37E-
06 10 10 06 06 06 10 10 06 06 10 10

295 | 1.90E- | 1.22E- | 3.03E- | 4.63E- | 7.06E- | 4.63E- | 1.12E- | 7.37E- | 7.64E- | 5.11E- | 1.22E- | 8.12E-
05 09 9 06 06 06 9 10 06 06 9 10

Process level property characterization will be presented for optimized materials with varying
catalyst additions. To obtain dense TiO> membrane with different catalysts, NiO, Fe,O3 and CuO
were mixed with nano scale TiO; powder, respectively, followed by densification with SPS
method at 700 °C. Improved conductivity was observed for the sample with catalyst at low
temperatures. At room temperature, the proton conductivity increased by a factor of 5.5, 1.7 and
2.9 with NiO, Fe;O3; and CuO as catalyst, respectively (Figure 4.28). Similarly, the proton
diffusion coefficient was calculated by the Nernst- Einstein equation.

It is reported that the diffusion coefficient of OH in the bulk of TiO> was about 0.11 A2 ps! (1.1
%107 cm? s71).[60] The diffusion coefficient increased from 1.89 x10 cm? s to 1.0 x10% cm? s°!
and 5.3 x10 cm? s”!, with NiO and Fe;Os as catalyst, respectively. Obviously, the diffusion
coefficient is still lower than bulk materials. However, the conductivity is higher than the value in
the literature[61] because of its nano-structure.
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Figure 4.28. Total conductivity of dense TiO2 by SPS method with different catalyst (5 wt% oxides)
in humified air.

Table 4.4. Total conductivity and diffusion coefficient of nanostructured TiO» with different

oxides by SPS method under air/H,O

Bare Bare NiO NiO Fe;03 Fe;03 CuO CuO
T(K) Conductivity Diffusion Conductivity Diffusion Conductivity Diffusion Conductivity Diffusion

(S/cm) coefficient (S/cm) coefficient (S/cm) coefficient (S/cm) coefficient

(cm?/s) (cm?/s) (cm?/s) (cm?/s)
363  9.37E-07 1.83E-10  6.00E-08 1.17E-11  4.46E-07 8.72E-11  6.65E-08 1.30E-11
353  9.76E-07 1.86E-10  4.90E-08 9.32E-12  4.94E-07 9.40E-11  5.98E-08 1.14E-11
343 1.11E-06 2.06E-10  8.33E-08 1.54E-11  6.38E-07 1.18E-10  8.34E-08 1.54E-11
333 1.26E-06 2.25E-10  9.28E-08 1.67E-11  8.04E-07 1.44E-10  1.41E-07 2.53E-11
323 1.41E-06 2.46E-10  1.86E-07 3.25E-11  1.13E-06 1.98E-10  2.21E-07 3.85E-11
313 2.21E-06 3.73E-10  9.28E-07 1.57E-10  2.87E-06 4.84E-10  6.93E-07 1.17E-10
303 2.84E-06 4.63E-10  2.63E-06 429E-10  4.45E-06 7.28E-10  1.29E-06 2.10E-10
293 1.17E-05 1.85E-9 6.44E-05 1.017E-8  3.38E-05 5.33E-9 1.99E-05 3.14E-9
Capacity

Surface capacity can be determined by TGA and bulk capacity can be determined from oxygen
stoichiometry. The results are shown in Table 4.5.

Table 4.5. Surface and bulk capacity of BZY?20.
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Surface capacity

Bulk capacity

TGA >0.07% /
BET TGA - Stoichiometry /
Stoichiometry / 0.65%

Surface exchange coefficient k Diffusion coefficient D

Electrochemical impedance spectra (EIS) were applied to measure the proton conductivity under
3% H>0O wetted air at temperature lower than 300 °C (Figure 4.29). The EIS can be fitted using
equivalent circuit to separate the bulk resistance and grain boundary resistance at temperature
range lower than 300 °C. High frequency range (R2) can be ascribed to bulk resistance and R3 can

be ascribed to grain boundary resistance.
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Figure 4.29. EIS data of cold-sintered BZY20 measured under 3% wet air.

Through use of the Nernst-Einstein equation, the diffusion coefficient can be calculated as

displayed in Table 4.6.

oRT

N

Table 4.6. Diffusion coefficient D obtained using Nernst-Einstein equation.
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Temperature 50 75 100 150 200 250 300
°C)

D (cm?/s) 8.58*%10"  8.42*10° 5.63*10° 5.65*10° 4.64*10° 1.41*100 1.35*10

11 11 10 9 8 7 7

Dpuk (cm?/s)  3.69*10"  1.21*10° 3.46*10° 3.40*10° 2.91*10° 2.00*10°  7.65*10

10 10 9 8 7 7 7

Dgs(cm?/s)  9.45%10°  2.19*10°  4.92*10° 4.37*10° 3.19*10° 2.48*10° 7.85*10

11 10 10 9 8 7 8

4.2.7 TRANSPORT MODEL AND PROCESS BASED ECONOMIC ANALYSIS

The state of art technology for tritium separation is the combined electrolysis and catalytic
exchange (CECE) process combines a liquid phase catalytic exchange (liquid phase catalytic
exchange) column with an electrolysis cell to split hydrogen from water. A portion of the gaseous
hydrogen from the electrolysis cell is drawn off, while the remainder is refluxed to the LPCE. With
this internal recycle, the CECE process provides a vapor product stream concentrated in tritium.
A zeolite membrane separation process utilizes Linde Type A zeolite membranes. The tritiated
water evaporates through the membrane and is condensed and collected. The condensed permeate
is then sent through more stages in series until the desired purity is achieved. The separation factor
for these membranes is about 2, and a feasible process may require over 70 stages.

The process described in this milestone, based on a novel proton conducting material, would
operate as an isotope exchange bed, shown on Figure 4.30. Similar to an adsorption bed, the
tritiated feedwater would be passed through a bed of proton conducting material. The tritium in
the feedwater exchanges with the hydrogen in the proton conducting material, removing the tritium
from the liquid phase. Clean water is output during this phase of the operation. Once the material
in the bed is isotopically saturated, the bed is drained of water, and steam is used to regenerate the
bed. Superheated steam is passed in the reverse direction of the feedwater. The steam
simultaneously heats the bed and removes tritium from the bed material. Once the bed material is
cleaned, the bed is cooled and returned to service, able to clean more tritiated feedwater.
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Figure 4.30. Single-stage proton conducting isotope exchange process

Basic economic analyses have been based on the energy required to drive the separation processes
used to detritify water. The CECE process is estimated to cost $1.7/L to operate*. The Linde Type
A zeolite membrane process is estimated to cost $0.27/L3. A process based on the novel proton
conducting material described in this work could cost $0.19/L to operate.

Isotopic Separation Data

Initial measurements of the isotopic separation factors were obtained using in-situ Raman
spectroscopy in nanocrystalline BaCe0.7Zr0.1Y0.1Yb0.103-8 (BCZYYb). Modified Pechini
method was used to synthesis nano BCZYYb powder, and dry press method was applied to
fabricate the nanostructure membrane without high temperature sintering for isotope exchange
experiments. The isotope exchange measurements were performed in a water-cooled hot stage
(Linkham, TS1500) by flowing Ar through bubblers with mixed D>O and H>O at different
temperatures to control the water vapor content. The isotopic ratios in the solid in equilibrium with
the given liquid phase ratios are shown in Table 4.74.7.

Table 4.7. Measured isotopic ratios by in-situ Raman spectroscopy from 25 to 300 °C

Temperature (°C) 50:50 D:H 20:80 D:H
25 1:1.20 1:2.02
100 1:1.59 1:2.35
200 1:2.42 1:4.60
300 1:2.75 1:5.41
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The isotopic ratios of Table 4.7 are converted into separation factors and shown in Figure 4.31,
with y representing the mole fraction in the fluid phase and x the mole fraction in the solid phase.
Although these initial separation factors are not constant with fluid phase composition, they show
a consistent trend with temperature.

Separation Factors

(yD/yH)/(xD/xH)

0.0
200 250 300 350 400 450 500 550 600

Tempeature (K)

®yD/yH=1 MyD/yH=0.25

Figure 4.31. Measured separation ratios converted to separation factors from 25 to 300 °C.

For the yD/yH = 0.25 case, the separation factor crosses unity. This behavior is ideal for separation
processes. At 25 °C, the separation factor is 0.505, while it is 1.35 at 300 °C. Figure 4.32Error!
Reference source not found. shows the equilibrium concentration profiles if these separation
factors were constant at fluid phase compositions below 20:80 D: H. From the concentration
profiles, a bed operating at separation factor below 1.0 will have a solid phase enriched in the
heavier isotope, and one operating at a separation factor above 1.0 will have a lean solid phase.
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Figure 4.32. Equilibrium compositions for constant separation factors
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In the case of the measured separation factors above, the room temperature separation factor is
measured at 0.505, while at 300 °C it is measured to be 1.35. This presents a tremendous advantage
if the bed is used at room temperature to remove tritium from the water feed, while it is regenerated
with steam at 300 °C, as shown in Figure 4.33.

CLEAN WATER . SUPERHEATED STEAM

>
0.63 kg H,0-kg™ Q,0 0.37 kg H,0kg1 Q,0
(Net; steam subtracted)

Q Exchange Sites:
0.166 mol Q:m™ bed

Q=20kghrtQ,0
Yiro = 3.2x10°°

—

Feedwater Feed (25 °C):

Loaded bed material
X2 = 6.3x10°5

Steam Regen (300 °C):
Equil steam concen
Yirof@ = 8.6x10°°

25°¢ 300°¢ CONDENSER
———— ¥I/ \><\ CONCEN HTO
TRITIATED '\%sz P
FEEDWATER Yuro = 8.6x10°
DETRITIATION REGENERATION

Figure 4.33. Bed operating modes for tritium separation and regeneration.

Preliminary Performance Evaluation

From the provided separation factors, the tritium cleanup will occur from liquid phase water at
room temperature. The current data give a separation factor of 0.505 for a 20:80 T:D ratio at this
temperature. Although the tritium concentration of the input stream is far lower, the value of 0.505
will be used until a better measurement of the separation factor is available.

Using the 5.638 g-cm™ density, 0.7 wt% OH loading, and assuming a bed void fraction of 0.5, the
concentration of active hydrogen exchange sites is 1.16x107* mol H-m™ bed. For comparison,
there are 0.0553 mol H-cm™ bed in the liquid water phase, using 0.997 g-cm™ for water’s liquid
density.

For a tritiated water feed of 3.2x107 mol fraction HTO, there is 1.77x10° mol T-cm™ Q20. At the
0.505 separation factor, the bed tritium concentration in equilibrium with this feed is 6.34x10-> mol
fraction T. This equates to 7.35%10® mol T-cm™ bed. From these calculations, each cm?® of clean
bed could remove the tritium from 4.15x10? cm? Q0 at 25 °C.

Bed regeneration is taken to occur at 300 °C to maximize the separation factor at 1.35. To minimize
volume of the concentrated tritiated water output, we assume the steam heating the bed is kept
separate from the bed material and the steam being used to regenerate the bed. At the adsorbed
concentration of 6.34x10° mol fraction T, the equilibrium vapor concentration is 8.57x10 mol
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fraction HTO. To remove 7.35%10® mol T-cm™ bed, it would take 8.58x10** mol H,O-cm™ bed at
300 °C. This corresponds to using 1.55%102 cm?® H,O-cm™ bed for regeneration.

Neglecting the non-equilibrium state within the concentration profile region of the bed, a tritiated
stream at 3.2x10 mol fraction HTO can be concentrated to 8.57x107 mol fraction HTO,
providing a net 0.627 cm? clean H>O per cm? of tritiated water feed.

Table 4.8. Adsorbent capacity and required steam regeneration

Quantity Value Units
Adsorbent capacity

OH loading 0.7 wt% OH
Adsorbent density 5.638 g-cm
Porosity 0.5

Q sites 1.16x1073 mol-cm™ bed

Feed treatment (room temperature)

Feed composition 3.20x107
Feed density 0.997
T in feed 1.77x10°¢
Separation factor 0.505
Equilibrium Q sites 6.34x107

Equilibrium T in bed 7.35x10°®

YHTO
g-cm™

mol T-cm™ Q.0

XT

mol-cm™ bed

Feed treated 4.15%x102

g Q,0-cm™ bed

Bed regeneration (steam regeneration)

Separation factor 1.35
Equilibrium vapor 8.57x107° YHTO
Required steam 1.55%1072 g H2O-cm? bed

Economic Evaluation

The processing rate for this analysis is set to 20 kg-hr!. At this rate, it is possible to design a bed
to handle two hours’ worth of feed, 40 kg. With a 30% design margin, the necessary bed volume
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is 1.26 m? for an adsorbate with 0.5 bed porosity. Using a diameter of 0.407 m (16 in), we have
bed 9.69 m (32 ft) long with an L/D ratio of over 23. Separating the bed into multiple sections
would facilitate either a rotating regeneration scheme or allow simultaneous regeneration of
multiple bed sections.

Because of the quantity of heating and cooling needed for bed regenerations, we assume the
process design will incorporate heat integration to reduce utility costs as much as possible. Here,
we assume a minimum temperature approach of 10 °C, assuming that all heating and cooling
except for the final 10 °C can be handled through heat recovery integration.

0.73 GJ would be needed to heat this amount of adsorbate from 25 °C to 300 °C, assuming
0.75 kJ-kg!-K-! heat capacity. To heat the bed vessel, 0.12 GJ of heat would be needed if we
assume a standard steel tube having 0.5 kJ-kg!-K"! heat capacity. Combined, we would need to
provide 0.86 GJ to heat the bed for regeneration. Without heat recovery, we would need to supply
4.6 tonne of steam and 0.86 GJ of cooling. But only having to heat or cool the last 10 °C means
we only need to supply 0.65 tonne of steam or 0.031 GJ of cooling. In addition to that heating and
cooling requirement, 0.021 tonne of steam is needed for the actual regeneration of tritium from the
bed. As a broad assumption, we use 20 kWh-day! as an estimated demand for pumping, vacuum,
and related process power requirements.

Assuming $0.1-kWh! energy cost and $8.11-tonne™! steam cost, along with 50% cooling losses
and 70% steam efficiency, the yearly operating cost is about $33K, as shown below.

Table 4.9. Bed sizing and yearly operating cost estimate

Quantity Value Unit
Required processing rate 20 kg-hr!
Bed sizing

2-hour processing quantity 40 kg Q20
Design margin 30%

Adsorbate volume 1.26 m?
Bed diameter 0.407 m

Bed length (total) 9.69 m

Energy cost

Year processing rate 175 tonne Q20

Cost of cooling 0.1 $-kWhr!
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Required cooling 38,963 kWh-yr!

Cooling efficiency 50%

Cooling cost 7,793 $-yrt
Energy for pumps, vacuum, etc. 7,300 kWh-yr!
Cost of pumps, vacuum, etc. 1,460 $-yrt
Yearly energy cost 9,253 $-yrt
Steam cost

Natural gas cost 2.27 $-GJ'!
Natural gas efficiency 85%

Steam cost (330 °C, 1 atm) 8.11 $-tonne™!
Steam usage efficiency 70%

Mass of steam for regeneration 93.5 tonne-yr!
Mass of steam for bed heating 2,827 tonne-yr!
Steam cost 23,683 $-yrt
Total yearly cost 32,936 $-yrt

The use of proton conducting membrane materials as isotopically selective adsorption materials,
have the potential to be an economically viable process for water detritiation. This preliminary
evaluation estimates a system based on an adsorption/regeneration cycle utilizing a 1.26 m* bed
would have annual operating costs about $33K to selectively remove tritium from 175 tonnes of
low-tritiated water. In this configuration, the cost of detritation is approximately $0.19/L.

Future work is needed to validate economic viability and acquire data needed to construct a
proof-of-concept system. Future work includes:

1) Accurate separation factors over the temperature and concentration ranges of interest.

2) Determination of separation factors with liquid phase feed (current experimental data
determined with Ar gas feed containing water vapor).

3) Fabrication methods for the adsorbent particles.

4) Measurements of the adsorbent capacity, selectivity, specific heat, etc.

5) Durability of material to repeated changes in process conditions.
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CONCLUSIONS

In this project, two categories of materials were explored including i) simple oxides (TiOz), ii)

perovskite phases based on zirconates (BaZrosY0.20:2.9). Nanostructured ceramic membranes were
fabricated from the crystalline materials utilizing three principal methods: i) conventional sintering

(including one and two step sintering processes), ii) spark plasma sintering and iii) cold sintering.

We successfully fabricated TiO2 membrane at 120°C by cold sintering method, the relative
density of the pellet is more than 70%, which is much higher than the pellet made by
uniaxially pressure at same conditions.

The increased conductivity of nanostructured TiO, membrane in the wet atmosphere and
its polarization behavior confirm the existence of the proton conductivity in the nanoscale
TiO2 membrane at low temperatures (< 250 °C). The difference of proton conductivity in
H>0O and D20 reveals the hopping mechanism of the proton conduction.

In-situ Raman spectroscopy was used to directly identify the proton transport mechanism
on the interface of nanostructured ceramic membranes. The observed isotope exchange
reactions on the interface indicates a Grotthuss or “hopping” type mechanism of proton
transport which is selective isotopes based on mass. In addition, the estimated surface
concentration of protons in simple oxides is comparable to the calculated bulk content of
protons for typical perovskite based protonic conductors indicating the potential for
enhanced conduction

Effects of sintering process and water amount on the morphology of BaZrogY0.203.5 were
investigated. Uniform grain sizes and lower density were obtained by decreasing sintering
temperature. Regarding the water amount, higher water concentration results in larger grain
size and higher relative density. The optimized cold sintering conditions, including tailored
porosity could provide options for nano-structure membranes of use in this project.

Using an optimum amount 5 mol% Cu as catalyst, a BZY20 pellet with an average grain
size around 120 nm and relative density of 97% was obtained.

We demonstrate a cold sintering pretreatment of BZY20 helped to produce dense ceramics
at a moderate temperature of 1500°C. The as-fabricated BZY20 pellets showed a phase-
pure perovskite structure, high relative density, and desired microstructure. Introducing the
proper amount of BaCOs3 on the precursor particle surface and the high green density for
the green pellets with homogenous microstructure achieved by cold sintering pretreatment
were responsible for lowering the final sintering temperature.

The preliminary evaluation estimates a system based on an adsorption/regeneration cycle
utilizing a 1.26 m* bed would have annual operating costs about $33K to selectively
remove tritium from 175 tonnes of low-tritiated water. In this configuration, the cost of
detritation is approximately $0.19/L.
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