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Abstract 
 

Fabrication and Optimization of Nano-Structured Composites for Energy Storage 
 

By 
 

Kenneth Russell Carrington 
 

Doctor of Philosophy in Engineering-Mechanical Engineering 
 

University of California, Berkeley 
 

Professor Samuel Mao, Co-Chair 
 

Professor Van Carey, Co-Chair 
 
 

This dissertation is focused on the development and characterization of a novel 
class of solid-state nano-structured composites for hydrogen storage based on silica 
aerogel. It is organized sequentially around experiments conducted to fabricate, optimize 
and characterize silica aerogel and the composites for hydrogen storage. First, the basics 
of nano-structured media, silica aerogel technology and solid-state hydrogen storage are 
introduced. Next, the fabrication and optimization of silica aerogel for hydrogen storage 
is described in detail. The key result is that varying fabrication parameters can improve 
the physical properties of the resultant silica aerogel in the context of hydrogen storage. 
The fabrication of solid-state nano-structured composites using chemical vapor 
infiltration is then discussed. A series of experiments is used to parameterize the 
fabrication process, which results in a collection of parameters that minimize variation 
and structural damage in the composites. Silica aerogel and the composites are then 
physically characterized using transmission electron microscopy, X-ray diffraction and 
porosimetry in order to investigate their nano-structuring. 

 
An overview of hydrogen storage characterization and two innovations that 

improve the accuracy and efficiency of hydrogen storage characterization of low-bulk 
density media like silica aerogel and the composites are then presented. Finally, the 
innovations are applied to silica aerogel and the composites to characterize their 
hydrogen storage performance. Silica aerogel and the composites are found to outperform 
the most common benchmark in physisorption media, and one composite in particular 
shows unique hydrogen storage performance. 
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List of Figures  
Figure 1-1. The Hydrogen Economy value chain. Storage of hydrogen integrally links production, 

distribution and consumption. 

Figure 1-2. a) Representative top-down process: nano-structuring occurs via modification of bulk 
media. b) Representative bottom-up process:  nano-structures are grown through self-assembly 
of smaller, simpler precursors. 

Figure 1-3. An iconic image of silica aerogel. Silica aerogel’s low thermal conductivity prevents 
damage to the flower from the flame. 

Figure 1-4. Schematic representation of chemisorption. Note the structural changes within the 
medium as hydrogen dissociates and is stored in interstitial sites. 

Figure 1-5. Schematic representation of physisorption. Hydrogen is stored as H2 on the surface with 
limited structural changes occurring within the medium. 

Figure 1-6. Potential energy curves for superficial and bulk chemisorption and physisorption. If 
positive activation energy (EA1) is required and is unavailable, physisorption is the energetically 
favorable storage mechanism. If positive activation energy is required and available or 
activation energy is negative (EA2), superficial chemisorption is favorable. Hydrogen is 
transferred into the bulk if sufficient transfer energy is available. 

Figure 1-7. Profile of hydrogen gas density in a characteristic physisorption medium. The dark gray 
region is nex. The symmetry in the figure reflects the hydrogen gas density profile in a multi-
walled pore like those found in silica aerogel. 

Figure 2-1. The Chahine rule is an excellent predictor of nex based on specific surface area.  Black 
data is for various forms of carbon and red data is for silica aerogel tested by the author. 

Figure 2-2. nex of silica aerogel samples with 655 m2/g specific surface area. The measured nex was 
consistent across samples and predicted by the Chahine rule. 

Figure 2-3. Pore size distributions of two sets of silica aerogel samples. The first set (in black) had 
smaller and more homogenous pore size distributions while the second (in red) had larger and 
broader pore size distributions. 

Figure 2-4. Deposition rate for silica aerogels with small and large pore size distributions. Deposition 
was more predictable in the aerogels with the smaller pore size distributions as evidenced by 
the smaller scatter in the data. 

Figure 2-5. Relative rates of hydrolysis and condensation determine the silicate species in solution 
during nucleation (R is ethanol). 

Figure 2-6. SN2 condensation reaction of silicic acid. Two silicic acid monomers react under F- to 
form a SiO2 alkoxide molecule and water. Silicic acid monomers polymerize to form long SiO2 
alkoxide chains. 

Figure 2-7. a) First-order silica nano-particle aggregation: particles aggregate end to end into a 
string-of-pearls arrangement. b) Second-order aggregation: strings-of-pearl aggregate 
perpendicularly. These orientations are favored because they minimize electrostatic repulsion 
between nano-particles. 
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Figure 2-8. Schematic of autoclave for liquid CO2 substitution. Liquid CO 2 is added at the top of the 
autoclave and forms a CO2-ethanol mixture in the gel’s interstitial. A mixture-liquid CO 2 phase 
boundary forms when the mixture becomes saturated with CO2. The mixture is removed from 
the bottom of the autoclave until ethanol cannot be detected. 

Figure 2-9. Surface tension within silica gel. In extreme cases, the nano-structuring may collapse 
altogether due to surface tension. 

Figure 2-10. Representative xerogel (left) and aerogel (right). The only difference in the preparation 
of the samples is the drying technique: unassisted evaporation for xerogel and supercritical 
extraction for aerogel. 

Figure 2-11. Phase diagram of CO2. Supercritical extraction is accomplished in three steps: 
temperature and pressure are increased to near-supercritical conditions, CO2 transitions from 
liquid to supercritical fluid to vapor, and pressure is isothermally dropped to ambient. 

Figure 2-12. Schematic of laser set-up. An initially collimated He-Ne laser beam was passed through 
a sol-gel sample 5 cm away. The beam diverged and scattered as it passed through the glass 
mold and sample respectively. The laser pattern was projected onto a target 60 cm away and 
photographed at constant intervals using a digital SLR camera. 

Figure 2-13. Representative photograph of projected laser pattern. The superpositioned patterns are 
evident: the horizontal line is due to lensing by the glass mold, and scattering is due to 
aggregation in the sample. The 1 cm-square grid is barely visible. 

Figure 2-14. Representative photograph of projected laser pattern split into red, green and blue 
channels. The red channel contains the most information and was kept while the green and blue 
channels were discarded. 

Figure 2-15. Representative photograph of red channel focused on 1 cm2 grid. Regions of high 
intensity due to light scattering and low intensity due to background light are readily apparent. 

Figure 2-16. Histogram of intensities in the 1 cm2 grid: a) immediately before the sample gelled. b) 
immediately after the sample gelled. The cut-off intensity was selected to be 215. 

Figure 2-17. Red channels and histograms of x1/1 sample at: a) 3 min. b) 17 min. c) 19 min. d) 21 min. 
e) 27 min. The transition from sol-gel to gel was very rapid and occurred from 17 to 21 min. 

Figure 2-18. Normalized intensity profile of x1/1 sample as a function of time.  The gel rate is the 
derivative of the profile. 

Figure 2-19. Gel rates of samples with varying x. Two samples were tested for each x. 

Figure 2-20. Monochromatic spectrum of helium-neon laser light with a wavelength of 632.8 nm. 

Figure 2-21. Gel time and gel rate during gelation of samples. Gel time increases by approximately 10 
min and gel rate during gelation decreases exponentially as x is halved. 

Figure 2-22. a) Comparison of gels with and without trapped bubbles. The gel on the left is a 
representative x1/16 sample; the gel on the right is a representative x1/1 sample. The white arrows 
indicate sites of bubble nucleation and the white circle indicates a split bubble. b) Magnified 
split bubble. The split about the equator is due to increased pressure within the bubble from 
gas entering the bubble after gelation. 
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Figure 2-23. Polaron E3100 autoclave set-up for liquid CO2 substitution and supercritical extraction. 
The green tubing on the left was used to cool and heat the autoclave and the mirror and 
fiberoptic in the top-right were used to safely look through the viewing window. 

Figure 2-24. Photograph of phase boundary (a) viewed through the polycarbonate window. The 
metal screen (b) kept the gels from moving in the autoclave. 

Figure 2-25. Schematic of the DPS designed and built at Lawrence Berkeley National Laboratory. 
The sample was placed in the center of an enclosure and probed with a doubled Nd-YAG laser 
while the polarization of the beam was modulated. Photomultipliers were spaced every 10° 
from 30° to 150° in the horizontal plane and measured the properties of the scattered light. 

Figure 2-26. Nitrogen adsorption isotherm of 34.2 mg of x1/4 sample. 

Figure 2-27. Plot of B as a function of P/P0 and the linear curve fit used to determine m and b. 

Figure 2-28. Plot of dv/dlog(d) as a function of davg for an x1/4 sample. 

Figure 2-29. s11 (top) and s12 (bottom) as a function of scattering angle for an x1/4 sample. The 
elements were consistent with rotation. 

Figure 2-30. Specific surface area as a function of x.  Average specific surface area increases roughly 
3% as x is halved. 

Figure 2-31. Pore size distributions for samples with varying x. Peak pore size decreases and the 
homogeneity of the pore size distributions improves with decreasing x. 

Figure 2-32. s11 (top) and s12 (bottom) for samples with varying x. Each sample was measured at four 
orientations. The intensity of scattered light and Csca decreased with decreasing x. 

Figure 2-33. Transparency of samples at varying x: a) x1/1. b) x1/2. c) x1/4. d) x1/8. e) x1/16.  x1/1 and x1/2 
are opaque relative to x1/4 to x1/16. 

Figure 3-1. a) Chemical vapor deposition: reactive gas deposits on the surface of a solid substrate. b) 
CVI: reactive gas infiltrates a porous substrate and deposition occurs on internal surfaces. 

Figure 3-2. Products of thermal decomposition of acetylene at 730 C. The primary product is solid 
carbon, with smaller amounts of various gaseous hydrocarbons also present. 

Figure 3-3. a) The acetylene-to-carbon reaction is first-order. b) The rate constant of the reaction as 
a function of temperature allows for the determination of EA and A. 

Figure 3-4. a) Species yield during methane thermal decomposition at 763 C and 8.53 psi. b) Species 
yield during methane thermal decomposition at 845 C and 5.95 psi. 

Figure 3-5. Deposited carbon is initially inhibited from adsorption by a layer of hydrocarbons. 
Activation with oxygen removes inhibiting hydrocarbons and creates nano-scale fissures for 
adsorption. 

Figure 3-6. CVI instrument used to deposit and activate carbon in silica aerogel. The sample was 
loaded into the middle of the quartz reaction chamber. Heating bands, insulation and a 
temperature controller managed the temperature; mass flow controllers managed the gas 
mixture composition. The reactor was programmed and controlled using a computer. 
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Figure 3-7. Temperature and gas mixture composition profiles for a representative acetylene carbon 
deposition. The deposition profile periods are readily apparent: an inert atmosphere was 
established in the reaction chamber followed by a max ramp to the reaction temperature, 
deposition occurred for over the exposure time, and the sample was cooled to room 
temperature. 

Figure 3-8. Carbon deposition rates at various reaction temperatures for acetylene and methane. The 
acetylene carbon deposition rate appears to increase exponentially from 520 to 620 C, while the 
deposition rate for methane is negative at 800 and 850 C. 

Figure 3-9. Plot of Equation 3-9 for acetylene carbon deposition data plotted in Figure 3-8. Linear 
curve fitting yields EA = 243.28 kJ/mol and A = 1.7315e12 1/min. 

Figure 3-10. Representative sample before and after carbon deposition with methane at 800 C. The 
sample (boxed on left) turns from transparent to carbon black and sinters dramatically during 
deposition. 

Figure 3-11. Carbon loadings for different exposure times with Tr = 580 C for acetylene and 900 C 
for methane. Carbon loading is temporally linear for both acetylene and methane 
decomposition. 

Figure 3-12. Carbon deposition rates for mg,∞ between 0.072 and 0.198. The rate of carbon deposition 
increases 0.14 wt.%/min from mg,∞ = 0.1 to 0.2. 

Figure 3-13. Carbon deposition rates for varying substrate characteristic dimensions. Rates are 
independent of characteristic dimension, which suggests that carbon deposition is not diffusion 
limited. 

Figure 3-14. Temperature and flow profiles for carbon activation. The four periods of the activation 
profile are readily apparent. For this activation, Tr = 500 C, te = 60 min, qg = 100 sccm and qig = 
500 sccm. 

Figure 3-15. Carbon activation rates at various reaction temperatures. The rate of carbon activation 
increases linearly from 450 to 525 C, with minimal scatter from 450 to 500 C. 

Figure 3-16. Analysis of heat transfer at the composite’s surface during oxidation. Heat is transferred 
away from the surface by conduction into the composite and convection into the argon gas. 

Figure 3-17. Image of: a) monolithic composite activated at 500 C. b) fractured composite activated 
at 525 C. The stress placed on the composite during graphitization at 525 C probably causes the 
composite to fracture. 

Figure 3-18. Carbon activation for different exposure times with Tr = 500 C. Carbon activation, like 
carbon deposition, is temporally linear. 

Figure 3-19. Carbon activation rates for carbon loading between 30 and 60 wt.%. The rate of carbon 
activation is found to be independent of carbon loading. 

Figure 4-1. Schematic representation of a TEM. The four columnized components are clearly shown, 
as is the pump used to create a vacuum within the TEM. 

Figure 4-2. Effect of electric field on electron traveling down a TEM. The electric field causes the 
electron to accelerate in the direction of the field. 



 vii

Figure 4-3. Astigmatism (asymmetrical beam distortion) is a common problem in the formation of an 
electron beam from a source. Condenser lenses correct astigmatism and form a coherent 
electron beam. 

Figure 4-4. SEM image of holey carbon film. The larger square grid is made of copper and the 
smaller film with circular holes is made of carbon. 

Figure 4-5. TEM image of silica aerogel with a length scale of 50 nm. The aerogel is thickest in the 
bottom left (a) and the alternating verticals of lower and higher intensity (b) suggest that the 
sample is amorphous. The scale of nano-structuring evident in the thinnest region of the sample 
(c) is consistent. 

Figure 4-6. TEM image of silica aerogel of region (c) with a length scale of 10 nm. Individual nano-
particles are evident at the edge (n-p 1) and by the circular collections of verticals with lower 
intensity (n-p 2). Two pores are also evident (p). The scale of the nano-structuring is consistent 
with that in Figure 4-5. 

Figure 4-7. TEM image of carbon composite with a length scale of 20 nm. The carbon composite is 
indistinguishable from silica aerogel in Figure 4-5. It has regions of maximum thickness (a), 
alternating verticals of lower and higher intensity (b) and evident nano-particles (c). 

Figure 4-8. TEM image of carbon composite of region (c) with a length scale of 10 nm. Individual 
nano-particles are evident at the edge (n-p 1) and by circular collections of verticals with lower 
intensity (n-p 2). There is no evidence of independent carbon nano-structures. 

Figure 4-9. EDS of four sites on the carbon composite. All four sites show the presence of carbon and 
sites 1, 2 and 4 show silicon and oxygen. All of the sites show copper signals attributable to the 
holey carbon film’s copper grid. 

Figure 4-10. TEM images of activated carbon composite. a) Image with a length scale of 100 nm; 
regions (a), (b) and (c) are present as in Figure 4-5 and Figure 4-7. b) Region (c) with a length 
scale of 20 nm; a string-of-pearls is clearly evident at the edge of the sample, as are individual 
nano-particles in the bulk (n-p 2). 

Figure 4-11. TEM image of activated carbon composite with a length scale of 10 nm. It appears to 
show graphitic carbon planes covering individual nano-particles. 

Figure 4-12. EDS of five sites on the activated carbon composite. All five sites show the presence of 
carbon and sites 4 and 5 show silicon and oxygen. All of the sites show copper signals 
attributable to the holey carbon film’s copper grid. 

Figure 4-13. X-ray spectrum of a copper target with discreet X-rays and continuum X-rays emitted 
by Bremsstrahlung. 

Figure 4-14. Schematic representation of Bragg’s law. According to Bragg’s law, constructive 
interference depends on θθθθ, d and λλλλ. 

Figure 4-15. XRD patterns of silica aerogel, carbon composite and activated carbon composite. No 
strong peaks are evident; all of the samples show what appear to be very minor peaks at 2θθθθ = 
36.4° and 40.8° that do not correspond to any combination of silica and carbon. 

Figure 4-16. Pore size distributions of silica aerogel and composites with LC = 22 and 33 wt.% and LA 
= 16, 20 and 37 wt.%. Loading decreases peak pore size, most pronouncedly in LC = 22 wt.% 
and LA = 16 wt.%. 
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Figure 5-1. Van’t Hoff diagram representing the thermodynamic properties of several different 
LaNi 5-based media. 

Figure 5-2. Representative kinetics measurement of a physisorption medium. 

Figure 5-3. Representative measurement of a physisorption medium. The last point of each kinetics 
measurement provides the equilibrium pressure and concentration under isothermal 
conditions. 

Figure 5-4. PCT of a representative chemisorption medium with plateau. dC data points are white 
squares and dP data points are red circles. 

Figure 5-5. Example of PCT with missing plateau information due to inherent limitation of dP 
measurement. 

Figure 5-6. Depiction of the two types of pressure transducer error bands. 

Figure 5-7. Schematic of a typical hardware/software set-up and the flow of information in a 
hydrogen storage instrument. The data acquisition hardware samples the measuring devices at 
rate R1 and the computer software samples the DAQ hardware at rate R2. 

Figure 5-8. Example of a multiple-data point artifact. 

Figure 5-9. Residual gas analysis of an alanate-amide medium. 

Figure 5-10. Representative volumetric method instrument. 

Figure 5-11. Compressibility factor z for hydrogen as a function of temperature and pressure. 

Figure 5-12. Schematic of isothermal regions in a volumetric instrument. The volumes of gas at 
instrument and sample holder temperature vary depending on the instrument design and the 
sample holder. 

Figure 5-13. PCT data for silica bead inert medium. The linear relationship between pressure and 
hydrogen concentration is due to the difference between instrument and sample holder 
temperatures. The temperature-corrected PCT data for the silica beads is in the zoom box. 

Figure 5-14. Excess capacity of silica aerogel at -196 C showing raw and data corrected with the 
traditional temperature correction factor. 

Figure 5-15. PCT of silica aerogel at -196 C showing raw data, temperature-corrected data and 
volume-corrected data. The raw data is the same as that in Figure 5-14. 

Figure 5-16. Schematic of counterbalanced gravimetric method instrument. 

Figure 5-17. Schematic of typical TPD experimental set-up. 

Figure 5-18. Typical data representation of single-component TPD experiment with CO. 

Figure 5-19. Typical DSC diagram with glass transition, crystallization and melting phase 
transitions. 

Figure 5-20. a) CT(P) for the silica bead data in Figure 5-13. CT(P) is determined by a polynomial 
curve fit to the experimental data. b) Comparison of the effect of CT(P) and the traditional 
temperature correction factor on the inert sample PCT. 
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Figure 5-21. a) PCT of silica aerogel at -196 C showing data corrected with CT(P) from Figure 5-20a 
and the traditional temperature correction factor. b) Excess capacities for some common 
physisorption media. The CT(P)-corrected excess nex capacity of silica aerogel is consistent with 
the typical nex profile of physisorption media. 

Figure 5-22. a) CT(P) of the first PCT of the second silica bead sample with VSH = 8.9589 cm3 and 
CT(P) as determined from interpolating Table 5-1 with VSH = 8.9673 cm3. b) Silica aerogel 
temperature-corrected nex calculated by applying the two pressure-dependent temperature 
correction factors from (a). 

Figure 5-23. CT(P) as extrapolated from Table 5-1 with VSH,2 = 8.5577 cm3 and from the silica bead 
sample with VSH = 8.5577 cm3. There is minimal difference between the two pressure-dependent 
temperature correction factors across the pressure range of interest. 

Figure 5-24. a) The CT(P)-corrected excess capacities of the two Cu-BTC samples with dosing 
pressures of 10, 20 and 30 bar. The excess capacities are consistent with literature reports for 
10, 50 and 77 bar. b) A representative excess capacity profile corrected with the traditional 
temperature correction factor is not consistent with literature; variation in sample holder 
volume has a minimal effect on temperature-corrected excess capacity. 

Figure 6-1. a) nex of silica aerogel at -196 C. Maximum nex of 2.4 wt.% and 2.7 g/L is realized at 80 
bar, which is consistent with that predicted by the Chahine rule and significantly better than 
the maximum nex of the older LBNL samples. b) Volumetric nex of the common physisorption 
media in Figure 5-21b. Specific surface area is inversely proportional to bulk density for most 
physisorption media, which tends to cluster volumetric maximum nex. 

Figure 6-2. Kinetics of hydrogen uptake in silica aerogel at Peq = 20, 40 and 60 bar, which are 
consistent with other physisorption media and very fast compared to chemisorption media. 

Figure 6-3. nt of silica aerogel. At -196 C and 110 bar, silica aerogel stores 35 g/L and provides a 
slight advantage over pressurized gas across the pressure range of interest. 

Figure 6-4. Two regular, repeating unit cells used to average the random silica aerogel structure: (a) 
cubic array of intersecting spheres. (b) cubic array of intersecting cylinders. 

Figure 6-5. The overlap inherent in the s-s model is indicated by the dark gray regions. The black 
arrows indicate likely regions of preferential adsorption.  

Figure 6-6. Schematic of the s-c model. The light gray shell represents adsorbed hydrogen and 
accounts for preferential adsorption in the crevices between nano-particles. 

Figure 6-7. Schematic of the c-c model. The light gray shell represents hydrogen adsorbed to the 
silica cylinder. 

Figure 6-8. nad of the s-s, s-c and c-c geometric models. nad of all three models monotonically increase, 
reaching 4.5 to 5.2 wt.% at 110 bar. 

Figure 6-9. Conceptualization of nad as a function of pressure. Density profile of H2 at: (a) sub-
saturation pressure P1. (b) saturation pressure Psat. (c) super-saturation pressure P3. As in 
Figure 1-7, the dark gray region is nex and the light gray region is hydrogen gas in the 
adsorption layer (nad is the sum of the two). 

Figure 6-10. nex of silica aerogel for dosing pressures of 5, 10, 20 and 30 bar. Maximum nex and Psat 
decrease with increasing dosing pressure. 
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Figure 6-11. Variation in nex with respect to sample holder volume. Maximum nex varies 40% with 
only a 0.9% change in sample holder volume. 

Figure 6-12. nex of the carbon and activated carbon composites at -196 C. Maximum nex are 2.1 wt.% 
at 85 bar for LC = 22 wt.%, 1.8 wt.% at 85 bar for LC = 33 wt.%, 1.9 wt.% at 80 bar for LA = 20 
wt.% and 1.4 wt.% at 70 bar for LA = 37 wt.%. The profiles of the above composites are 
consistent with silica aerogel and other physisorption media. The composite with LA = 16 wt.% 
shows a unique nex profile that increases monotonically within the pressure range of interest. 

Figure 6-13. Variation in nex of the LA = 16 wt.% composite with respect to: a) sample holder volume. 
b) dosing pressure. VSH within one standard deviation of the measured volume or a higher 
dosing pressure yields an nex profile that is consistent with other physisorption media. c) 
Confirmation of the unique nex profile of LA = 16 wt.% composite by means of a second LA = 16 
wt.% sample. 

Figure 6-14. a) nex in volumetric units of the carbon and activated carbon composites at -196 C. The 
capacities are grouped more closely than those in gravimetric units because of the inverse 
relationship between specific surface area and bulk density. b) nt of the composites. At -196 C 
and 110 bar, the composites store 35 g/L and provide a slight advantage over hydrogen gas 
across the pressure range of interest. 

Figure 6-15. Variation in nex for representative composites with respect to: a) dosing pressure. b) 
sample holder volume. 
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1 Introduction 
The Hydrogen Economy is a proposed energy economy based on storing and 

distributing energy in the form of hydrogen. In the Hydrogen Economy, hydrogen is 
produced, stored, distributed and consumed to power a variety of critical sectors like 
heating and transportation. The primary advantage of the Hydrogen Economy is that 
hydrogen can provide more efficient and lower-emissions energy than traditional 
hydrocarbons, making the Hydrogen Economy a greener alternative to its hydrocarbon 
counterpart. When oxidized via combustion or electrochemistry, hydrogen reacts with 
oxygen to produce water and approximately 114.1 MJ/kg of energy; in comparison, 
gasoline reacts with oxygen to produce water, greenhouse gases like carbon dioxide and 
47.3 MJ/kg of energy:1 

Equation 1-1 
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1
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In addition to greater specific energy, hydrogen can be oxidized via electrochemistry, 
which is generally more efficient than combustion at converting chemical energy into 
usable work. Electrochemistry does not rely on a temperature difference for energy 
conversion and therefore its efficiency is not subject to Carnot’s Theorem; 
electrochemistry’s theoretical efficiency is instead limited by Gibbs free energy: 

Equation 1-2 
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For comparison, the theoretical maximum efficiency for electrochemical oxidation of 
hydrogen is 83% at 25 C versus 51% for oxidation via combustion (assuming hot and 
cold temperature reservoirs of 500 C and 25 C respectively). 
 

The Hydrogen Economy integrates the production, storage, distribution and 
consumption of hydrogen. In the Hydrogen Economy, hydrogen storage is critical in 
linking production to distribution and distribution to consumption (Figure 1-1). 

 
Figure 1-1. The Hydrogen Economy value chain. Storage of hydrogen integrally links production, 
distribution and consumption. 

One of the primary challenges preventing the adoption of the Hydrogen Economy is the 
safe and effective storage of hydrogen, particularly for transportation applications. In 
conjunction with the automotive industry, the U.S. Department of Energy established 
benchmarks for on-board hydrogen storage that represent the minimum performance 
level for market acceptance of hydrogen-powered transportation.2 Volumetric and 
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gravimetric hydrogen storage capacities and the kinetics and thermodynamics of 
hydrogen sorption/desorption were all performance metrics included in the market 
acceptance analysis. High-pressure hydrogen gas vessels and well-insulated liquid 
hydrogen tanks are two conventional methods for storing hydrogen. Solid-state hydrogen 
storage presents an alternative to storing hydrogen in the gas or liquid phase. There are 
many classes of solid-state media currently under investigation, including bulk and nano-
structured metal hydrides and nano-structured porous media such as metal-organic 
frameworks. 
 

This dissertation focuses on the development and characterization of a novel class 
of solid-state nano-structured composites for hydrogen storage based on silica aerogel. 
The remainder of Chapter 1 provides a basic introduction to nano-structured media, an 
overview of silica aerogel technology and some key concepts of solid-state hydrogen 
storage. Chapter 2 describes in detail the fabrication and optimization of silica aerogel for 
hydrogen storage. Chapter 3 concentrates on the development of the solid-state nano-
structured composites using chemical vapor infiltration. In chapter 4, silica aerogel and 
the composites are physically characterized using transmission electron microscopy, X-
ray diffraction and porosimetry. Chapter 5 focuses on hydrogen storage characterization 
in general and two innovations in specific that improve the accuracy and efficiency of 
hydrogen storage characterization of silica aerogel and the composites. Finally, in 
Chapter 6, these innovations are applied to silica aerogel and the composites to 
characterize their hydrogen storage performance and a geometric model is proposed to 
calculate alternative hydrogen storage metrics. 
 

1.1 Nano-Structured Media 
A significant increase in research at the nano-scale began in the early 1990s 

following Iijima’s seminal work on carbon nano-tubes.3 The unique properties 
characteristic of nano-structured media are due in large part to the very high surface area-
to-volume ratios at the nano-scale. Surface area increases with r2 while volume increases 
with r3, leading to an unbounded ratio as the characteristic dimension r approaches zero: 

Equation 1-3 

∞→→ 3

2

0lim
r

r
r  

The increasing ratio of surface atoms to interior atoms at the nano-scale can lead to 
dramatic changes in medium properties. For example, the kinetics and thermodynamics 
of hydrogen sorption/desorption are significantly different for nano-structured LiBH4 
versus bulk LiBH4.

4 The rate of hydrogen desorption at 300 C increases by an order of 
magnitude with nano-structuring compared to bulk LiBH4 while the temperature at the 
onset of desorption drops from 370 C for bulk LiBH4 to 220 C for nano-structured 
LiBH4. Sorption kinetics and thermodynamics of LiBH4 also comparably improve with 
nano-structuring. 
 

There are two primary techniques for nano-structuring media: top-down and 
bottom-up. The top-down technique involves modifying bulk media using a variety of 
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processes to create nano-structuring within the media. Top-down processes can be 
difficult to control with requisite precision, although they are generally faster and more 
scalable than bottom-up processes. Examples include chemical etching and laser ablation. 
The bottom-up technique involves creating nano-structured media from smaller, simpler 
precursors. This is often accomplished by self-assembly, which utilizes molecular 
interactions such as electrostatic attraction and repulsion to bond molecules in favorable 
orientations. Silica aerogel is prepared using sol-gel chemistry, one example of a self-
assembling bottom-up process. Bottom-up processes that rely on physical manipulation 
of the precursors are possible, such as nano-structuring via atomic force microscopy, but 
are generally too time consuming to be practical. Representative top-down and bottom-up 
processes for carbon nano-structures are shown in Figure 1-2. 

 
Figure 1-2. a) Representative top-down process: nano-structuring occurs via modification of bulk 
media. b) Representative bottom-up process:  nano-structures are grown through self-assembly of 
smaller, simpler precursors. 

 
A variation on the bottom-up technique utilizes a nano-structured substrate to 

retain the nano-scale features of precursors when self-assembly is not practical. In this 
technique, the nano-structured substrate acts as a physical barrier to accretion and enables 
nano-structuring of many different kinds of media. Chemical vapor infiltration is an 
example of this bottom-up variation that will be used in the fabrication of silica aerogel 
composites. 
 

1.2 Silica Aerogel 
Silica aerogel is a unique nano-structured solid-state medium originally developed 

by Samuel Kistler in the late 1920s. It consists of silica nano-particles 2 to 5 nm in 
diameter bonded together in a string-of-pearls arrangement. The strands of nano-particles 
branch, connect to one another and abruptly end to form an amorphous silica scaffold and 
a system of open nano-scale pores with considerable free volume. This unique nano-
structuring is responsible for silica aerogel’s extraordinary physical and thermal 
properties, including specific surface area as high as 1000 m2/g, bulk density as low as 
0.003 g/cm3, porosity as high as 99.8%, and total thermal conductivity as low as 0.008 
W/m-K (demonstrated to great effect in Figure 1-3).5 Silica aerogel is also stable in air 
and at temperatures up to 700 C due in large part to silica’s chemical stability. These 
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properties make silica aerogel an excellent framework or substrate medium capable of 
providing nano-structuring to deposited media.  

 
Figure 1-3. An iconic image of silica aerogel. Silica aerogel’s low thermal conductivity prevents 
damage to the flower from the flame.6 

 
Some confusion exists as to exactly when and where Kistler made his initial 

aerogel discovery, but the first silica aerogel publication appeared in Nature in 1931 
while Kistler was employed at the University of the Pacific.7 Kistler pursued aerogel 
academically for ten years following the Nature publication, and then licensed the 
technology to Monsanto Corporation in the early 1940s for commercialization. Despite 
concerted effort, Monsanto was unable to achieve lasting success with silica aerogel due 
to its expensive and complicated fabrication and the corporation abandoned the 
technology around 1970. A series of significant breakthroughs that occurred in the late 
1970s and early 1980s at Universite Claud Bernard, Lyon and Lawrence Berkeley 
National Laboratory revived interest in aerogel technology in both academic and 
commercial communities. The first breakthrough was the application of sol-gel chemistry 
to silica aerogel fabrication, which removed two draw-backs to Kistler’s original process 
that affected fabrication time and quality.8 The second breakthrough was the development 
of liquid CO2 substitution, which eliminated the use of dangerous alcohols in the 
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supercritical extraction process.9 These two breakthroughs are still widely used in silica 
aerogel fabrication today. 
 

Silica aerogel is fabricated in three basic steps: gel formation, solvent substitution 
and gel drying.10 In the first step, nano-scale silica particles nucleate and aggregate in a 
catalyst-controlled series of reactions to form a gel. After gel formation, water and 
catalyst are removed from the gel’s interstitial through ethanol substitution. The gel is 
then loaded into an autoclave and ethanol is subsequently removed through liquid CO2 
substitution. Finally, liquid CO2 is removed from the gel’s interstitial through 
supercritical extraction. After fabrication, silica aerogel can be modified to form unique 
nano-structured composites using a variety of bottom-up techniques, most commonly 
chemical vapor infiltration. 
 

1.3 Fundamentals of Hydrogen Storage 

1.3.1 Storage Mechanisms 
Sorption/desorption of hydrogen by a solid-state storage medium is governed by 

two primary mechanisms: chemisorption and physisorption. Chemisorption occurs when 
the forces between hydrogen and the storage medium are valence forces of the same kind 
as those operating in the formation of chemical compounds. Hydrogen can be stored on 
the surface and in the bulk of chemisorption media. For superficial chemisorption, 
hydrogen is electrochemically bound to the medium’s surface. For bulk chemisorption, 
hydrogen dissociates at the surface and transfers into the bulk via atomic diffusion 
through interstitial sites, where it is ultimately incorporated into the solid phase of the 
medium. Hydrogen dissociation, transfer and incorporation results in significant changes 
to the structure and chemistry of the medium (Figure 1-4) and causes the relatively large 
enthalpies of reaction characteristic of chemisorption. Examples of chemisorption media 
include metal hydrides, chemical hydrides and ammonia-based compounds. 

 
Figure 1-4. Schematic representation of chemisorption. Note the structural changes within the 
medium as hydrogen dissociates and is stored in interstitial sites. 

 
Physisorption occurs when the forces between hydrogen and the storage medium 

are intermolecular forces of the same kind as those responsible for the imperfection of 
real gases and the condensation of vapors. Physisorption occurs most prominently at the 
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internal and external surfaces of the medium through dipole-dipole interactions. Storage 
via physisorption is primarily limited to porous and nano-structured media, where high 
surface area-to-volume ratios allow physisorption to contribute significantly. In these 
media classes, external surface features dictate the accessibility of the internal pore 
structure and internal surface area dictates the degree of physisorption. In contrast to 
chemisorption, physisorption does not involve a significant change in electronic orbital 
patterns and is generally less medium-specific and more reversible. Physisorption media 
include nano-structured carbon and highly porous media like metal-organic frameworks, 
clathrates and aerogels. 

 
Figure 1-5. Schematic representation of physisorption. Hydrogen is stored as H2 on the surface with 
limited structural changes occurring within the medium. 

 
Surface energetics determines whether hydrogen is stored via chemisorption or 

physisorption. The interaction of hydrogen with a medium can be depicted using two 
one-dimensional potential energy curves (Figure 1-6). The first curve is for atomic 
hydrogen (2H + M), which is the potential energy associated with chemisorption. The 
second curve is for hydrogen gas (H2 + M) and is associated with physisorption. Far 
away from a medium’s surface, the curves are separated by the heat of dissociation (ED), 
which is the amount of energy required to split H2 into two hydrogen atoms. The 
potential energy curves intersect within the interfacial region. If they intersect above the 
zero energy level, positive activation energy (EA1) is required for hydrogen dissociation. 
If sufficient activation energy is unavailable, hydrogen remains as a gas and is stored via 
physisorption with a potential energy minimum of EP. Insufficient activation energy is 
often the case at cold temperatures and in chemically stable media because EA1 is 
relatively high. If sufficient activation energy is available or the potential energy curves 
intersect below zero, dissociation is energetically favorable and occurs spontaneously, 
leading to chemisorption. The potential energy curve of atomic hydrogen reaches a deep 
minimum of EC after dissociation and atomic hydrogen is stored via superficial 
chemisorption. If sufficient energy is available to initiate and sustain atomic diffusion 
through interstitial sites (EC + EDiff - EI and EDiff respectively), hydrogen is transferred 
into the bulk. 
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Figure 1-6. Potential energy curves for superficial and bulk chemisorption and physisorption. If 
positive activation energy (EA1) is required and is unavailable, physisorption is the energetically 
favorable storage mechanism. If positive activation energy is required and available or activation 
energy is negative (EA2), superficial chemisorption is favorable. Hydrogen is transferred into the bulk 
if sufficient transfer energy is available. 

 

1.3.2 Hydrogen Storage Metrics 
The performance of hydrogen storage media is dependent on three metrics: 

capacity, kinetics, and cycle-life. Taken together, these performance metrics offer a full 
characterization of a medium. Capacity is the maximum gravimetric or volumetric 
hydrogen concentration stored by a medium for a specified set of parameters. 
Gravimetric concentration is presented in wt.%, which is the most common unit of 
concentration in literature, and volumetric concentration is presented in g/L. The sets of 
parameters that define capacity are influenced by media classes and application 
considerations and give rise to an extraordinary number of definitions. Parameters used to 
define capacity include temperature, pressure and medium composition. 
 

The primary capacity for physisorption media, including silica aerogel and the 
composites developed in this work, is excess capacity nex(P,T). nex is the excess hydrogen 
stored in a high-surface area medium at a given pressure and temperature compared to a 
low-surface area reference medium with equal skeletal volume. Schematically illustrated 
in Figure 1-7 as the dark gray region, nex is mathematically defined as 

Equation 1-4 
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where S is specific surface area, ρ is hydrogen gas density and ρeq is equilibrium 
hydrogen gas density. 
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Figure 1-7. Profile of hydrogen gas density in a characteristic physisorption medium. The dark gray 
region is nex. The symmetry in the figure reflects the hydrogen gas density profile in a multi-walled 
pore like those found in silica aerogel. 

 
Kinetics is the relationship between hydrogen concentration and time in a storage 

medium during sorption/desorption. Kinetics can be significantly affected by factors such 
as the heat and mass transfer characteristics of the storage medium. In a transportation 
application, sorption kinetics determines refueling time, while desorption kinetics affects 
the maximum potential acceleration rate of the vehicle. Cycle-life is a measure of the 
reversibility of a sorption/desorption reaction. Some media store hydrogen reversibly and 
are appropriate for cycling while others store hydrogen irreversibly and cannot be cycled. 
The reversibility of a reaction is directly related to the temperature, pressure and enthalpy 
of the reaction. In irreversible cases, the temperature and pressure required to initiate 
sorption or desorption are impractical or the enthalpy of reaction is so great that thermal 
management is impossible. The thermodynamics of sorption/desorption are integrally 
intertwined with the three hydrogen storage metrics. Thermodynamics limit the capacity 
of a medium at a given temperature and pressure and affect the kinetics and reversibility 
of hydrogen sorption/desorption. 
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2 Fabrication and Optimization of Silica 
Aerogel 

Chapter 2 focuses on the fabrication and optimization of silica aerogel for 
hydrogen storage. First, a link is established between silica aerogel properties and 
hydrogen storage performance that provides a clear route to optimization. Silica aerogel 
fabrication is then discussed in detail. Finally a series of experiments is conducted to 
elucidate the relationships between a fabrication parameter and silica aerogel’s physical 
properties. 
 

2.1 Introduction 
The physical and thermal properties of silica aerogel are controlled by fabrication 

parameters.5 This control allows silica aerogel to be optimized for many different 
applications. For example, pore size distribution is dependent on gel rate and affects the 
thermal properties of silica aerogel by influencing the mean free path of gas molecules 
within the silica aerogel pore structure. An optimized pore size distribution can be 
developed to minimize heat transfer by varying gel rate.11 
 

For physisorption, specific surface area is the physical property with the most 
direct effect on the hydrogen storage performance of a medium, excess capacity nex(P,T) 
in particular. Physisorption is a surface phenomenon and the degree of physisorption is 
proportional to specific surface area. The relationship between physisorption and specific 
surface area led to the ‘Chahine’ rule, which states that 1.0 wt.% of hydrogen is stored for 
every 500 m2/g of available specific surface area at liquid nitrogen temperature (-196 C). 
The Chahine rule is a remarkably accurate heuristic for predicting nex in physisorption 
media, as evidenced in Figure 2-1. 
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Figure 2-1. The Chahine rule is an excellent predictor of nex based on specific surface area.  Black 
data is for various forms of carbon12 and red data is for silica aerogel tested by the author. 

 
The author tested the Chahine rule’s applicability to silica aerogel by measuring 

the specific surface area and nex of three silica aerogel samples made in the mid-90s at 
Lawrence Berkeley National Laboratory (Figure 2-2). The mean specific surface area of 
the samples was 655 m2/g and the mean maximum nex was 1.49 wt.% at 65 bar. The 
results in Figure 2-1 indicate that the relationship between specific surface area and nex 
codified by the Chahine rule holds true for silica aerogel. This enables specific surface 
area to serve as a proxy for nex in the optimization of silica aerogel for hydrogen storage: 
by maximizing specific surface area, nex of silica aerogel is maximized. This is the 
guiding principle in the series of experiments conducted by the author to optimize silica 
aerogel for hydrogen storage. 
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Figure 2-2. nex of silica aerogel samples with 655 m2/g specific surface area. The measured nex was 
consistent across samples and predicted by the Chahine rule. 

 
Pore size distribution is also an important physical property in the optimization 

process because of its impact on the fabrication of silica aerogel composites. The silica 
aerogel substrate acts as a physical barrier to accretion during chemical vapor infiltration 
and its pore size limits the characteristic dimension of the composite’s deposited phase. 
Silica aerogel substrates with smaller and more homogeneous pore size distributions 
result in composites that exhibit more nano-structuring and are easier to fabricate.13 The 
latter conclusion was independently confirmed by the author in a series of measurements 
on pore size distribution and carbon deposition rate via chemical vapor infiltration. The 
deposition rate was measured for two sets of older LBNL silica aerogel samples. The first 
set had smaller and more homogeneous pore size distributions while the second had 
larger and broader pore size distributions (Figure 2-3). 
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Figure 2-3. Pore size distributions of two sets of silica aerogel samples. The first set (in black) had 
smaller and more homogenous pore size distributions while the second (in red) had larger and 
broader pore size distributions. 

 
The carbon deposition rate was more predictable for the set of samples with the 

smaller and more homogeneous pore size distributions. The deposition rate was relatively 
constant for this set with little variation across samples and time, in contrast to the less 
predictable deposition rate for the samples with the larger and less homogeneous pore 
size distributions (Figure 2-4). In light of the experimental results, pore size distribution 
measurements were conducted to ensure the optimization process yielded silica aerogel 
with both maximum specific surface area and a small and homogeneous pore size 
distribution. 
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Figure 2-4. Deposition rate for silica aerogels with small and large pore size distributions. Deposition 
was more predictable in the aerogels with the smaller pore size distributions as evidenced by the 
smaller scatter in the data. 

 

2.2 Silica Aerogel Fabrication Theory 
Silica aerogel is fabricated in three steps: gel formation, solvent substitution and 

gel drying.10 In the first step, nano-scale silica particles nucleate and aggregate in a 
catalyst-controlled series of reactions. Solvent substitution occurs in two sub-steps. Nano-
particle aggregation stops when the silica precursors have completely reacted and ethanol 
is substituted for the water and catalyst solution left in the gel. The ethanol is 
subsequently removed via liquid CO2 substitution. Finally, liquid CO2 is removed from 
the gel’s interstitial via supercritical extraction. 
 

2.2.1 Gel Formation 
Gel formation involves considerable sol-gel chemistry, which governs the 

nucleation and aggregation of silica nano-particles. Nano-particle nucleates are prepared 
from a solution of tetraethyl orthosilicate (TEOS), water, ethanol and acid catalyst 
(typically F-) that undergoes a series of hydrolysis and condensation reactions. Hydrolysis 
and condensation occur concurrently and both reactions are catalyzed by F-, making it 
very difficult to control the reactions independently. Depending on the relative rates of 
hydrolysis and condensation, a variety of intermediate silicates are formed (Figure 2-5).10 
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Figure 2-5. Relative rates of hydrolysis and condensation determine the silicate species in solution 
during nucleation (R is ethanol). 

 
Rapid hydrolysis and slow condensation yields silicic acid and ethanol.14 Some of 

the silicic acid product deprotonates and becomes nucleophilic, leading to polymerization 
through SN2 condensation and the formation of silicon dioxide chains (Figure 2-6). Slow 
hydrolysis and rapid condensation leads directly to polymerized silica ((≡SiO)4Si). 

 
Figure 2-6. SN2 condensation reaction of silicic acid. Two silicic acid monomers react under F- to 
form a SiO2 alkoxide molecule and water. Silicic acid monomers polymerize to form long SiO2 
alkoxide chains. 

 
Silica nano-particles nucleate and form a colloidal suspension through the 

classical theory of homogeneous nucleation when the solution becomes supersaturated 
with aqueous silica.15 In classical homogeneous nucleation, nucleation occurs when the 
free energy gain in forming a nucleus is equal to or greater than the free energy lost in 
establishing the interface between the nucleus and the surrounding solution. The free 
energies of nucleus and interface formation are dependent on the radius of the nucleus, 
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which leads to the concept of critical radius. The critical radius is the radius at which the 
free energies of nucleus and interface formation are equal and nucleation will occur 
spontaneously. For nucleation of silica nano-particles, the critical radius r*  is 

Equation 2-1 
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where γ is the nucleus-solution surface tension, ρm is the molecular density of silica and 
Sr is the supersaturation ratio. The fraction of nuclei that reach the critical radius is the 
Zeldovich factor Z: 

Equation 2-2 
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and the steady-state rate of nucleation is 
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where RD is the rate of deposition per unit area and CS is the saturation concentration.16 
Pre-nucleated colloids are available commercially through Silbond Corporation. 
Commercial colloids have varying degrees of polymerization and nucleation; Silbond H5 
is one of the more common colloids used in silica aerogel manufacture17,18 and is used to 
prepare the author’s samples. 
 

Aggregation is initiated when nano-particles move within the colloid via 
Brownian motion and collide. After collision, contact is maintained through van der 
Waals forces and becomes permanent with the formation of chemical bonds between 
nano-particles. Aggregation is divided into two orders. The first order of aggregation is 
the addition of one nano-particle to a nano-particle aggregate. The second order is the 
aggregation of two or more aggregates to form a porous structure. The rates and orders of 
aggregation are heavily influenced by catalyst, which promotes two competing effects. 
First, catalyst increases the amount of electrostatic repulsion between nano-particles, 
which decreases the rate of aggregation by resisting Brownian motion and reducing the 
rate at which nano-particles collide. Additionally, increased electrostatic repulsion 
promotes favorable first- and second-order arrangements. Second, catalyst lessens the 
thermodynamic limitations on chemical bond formation by reducing activation energy, 
which increases the rate of aggregation. Basic catalyst (typically NH3

+) offers the best 
compromise between the competing effects and yields gels with the greatest specific 
surface area and most homogeneous pore size distribution.10 In order for aggregation to 
occur under basic conditions, the F- continuous phase is removed from the nucleated 
colloid by distillation (commercial colloids are pre-distilled). The distilled colloid is then 
resolvated in a solution of ethanol, water and NH3

+. 
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Aggregation initially occurs in the first-order string-of-pearls arrangement seen in 
Figure 2-7a. Strings-of-pearls are energetically favorable compared to other first-order 
arrangements because electrostatic repulsion is minimized at the ends, where there are the 
fewest nano-particles contributing to the resultant repulsive force. When different strings-
of-pearls interact, they aggregate perpendicularly to form a porous solid silica network 
(Figure 2-7b). This second-order arrangement is also energetically favorable compared to 
other second-order arrangements because electrostatic repulsion is minimized. The 
overall rate at which first- and second-order aggregates form is called the gel rate. The 
colloid is set and becomes a gel when the second-order aggregates span the dimensions of 
the mold containing the colloid. The time required for a gel to span the mold dimensions 
is called the gel time. After setting, gels are typically aged for two to five times longer 
than the gel time in order to increase strength through additional second-order 
aggregation. 

 
Figure 2-7. a) First-order silica nano-particle aggregation: particles aggregate end to end into a 
string-of-pearls arrangement. b) Second-order aggregation: strings-of-pearl aggregate 
perpendicularly. These orientations are favored because they minimize electrostatic repulsion 
between nano-particles. 

 

2.2.2 Solvent Substitution 
Gel formation is arrested when the silica nano-particle aggregates are completely 

hydrolyzed. The water and catalyst solution remaining in the gel’s interstitial is then 
removed by soaking the gel in absolute ethanol. The substitution of ethanol for water is 
dominated by diffusion through the gel and is therefore governed by Fick’s Law for 
porous media: 

Equation 2-4 

( ) ( )trmDtrj AmediumBAA ,, , ρ∇−= −  

where jA is the mass flux of A, ρ is the mass density of the binary mixture, mA is the mass 
fraction of A and DA,B-medium is the diffusion coefficient of A with respect to B through the 
porous medium. DA,B-medium is often related to the standard diffusion coefficient DA,B and 
the porosity Π and tortuosity τ of the porous medium: 

Equation 2-5 
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The porosity of silica aerogel (and its pre-supercritical extraction gel) is very 
high; typical values range from 0.90 to 0.98. The porosity of silica aerogel fabricated by 
the author is approximately 0.95 and was measured by low-pressure helium gas 
expansion. Tortuosity is the degree to which paths through a porous medium are longer 
than through free space. Several mathematical definitions of tortuosity exist. The simplest 
definition is the ratio of arc length to chord length for a path between two points. One of 
the more involved definitions relates tortuosity to the curvature κ and arc length L of a 
path between two points: 

Equation 2-6 

( )( )
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Tortuosity in silica aerogel is typically measured by liquid helium porosimetry19,20 and is 
close to unity for liquid-saturated pores.21 This is because interactions between molecules 
of liquid occur much more frequently than interactions between molecules of liquid and 
the solid silica network. Using these porosity and tortuosity values and Equation 2-5, the 
diffusion coefficient through the gel is 95% of the diffusion coefficient through free 
space. 
 

The time required to remove the majority of water from the gel is determined by 
the diffusion coefficient through the gel and the size of the gel. For a cylindrical gel of 
radius R and length Z, Equation 2-4 applied to a cylindrical control volume yields the 
following parabolic partial differential equation and boundary and initial conditions for 
the mass fraction of water mH2O in the gel: 

Equation 2-7 
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Equation 2-7 assumes that DH2O,EtOH-gel and ρ are constant, no water is being produced via 
condensation, the volume of the ethanol bath is very large compared to the volume of 
water in the gel, and mH2O is initially isotropic. 
 

The separation of variables method can be used to solve Equation 2-7 to 
determine mH2O as a function of time and space: 

Equation 2-8 
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where J0 is the zeroth-order Bessel function of the first kind and J0’  is its derivative. mH2O 
must be less than 0.01 after ethanol substitution because water cannot be effectively 
removed during liquid CO2 substitution and supercritical extraction. Gels with mH2O 
greater than 0.01 after ethanol substitution will result in silica aerogel with diminished 
specific surface area and coarse nano-structuring.16 
 

After ethanol substitution is complete, liquid CO2 is substituted for ethanol. 
Liquid CO2 substitution is more involved than ethanol substitution because of the 
thermodynamic requirements of liquid CO2 and the phase boundary that can arise 
between CO2-rich ethanol and liquid CO2. Liquid CO2 substitution is performed in an 
autoclave, which is initially cooled to approximately 5 C and filled with gel and excess 
ethanol. The autoclave is sealed and pressurized with CO2 up to approximately 700 psi. 
CO2 vapor dissolves into the ethanol in the autoclave during pressurization, forming a 
CO2-ethanol mixture in the gel’s interstitial. The diffusion of ethanol in CO2 through the 
gel is governed by Fick’s Law and is therefore mathematically similar to Equation 2-7, 
with the added complexity that the diffusion coefficient varies significantly because of 
volume diminution.16 
 

After the ethanol in the gel’s interstitial is saturated with CO2, any additional CO2 
forms a liquid phase above the mixture. The mixture is removed from the bottom of the 
autoclave until the mixture-liquid CO2 phase boundary is about to pass through the 
sample (Figure 2-8). The autoclave is then sealed and equilibrium is reestablished in the 
mixture, which eliminates the phase boundary between the mixture and liquid CO2. Each 
time this sequence is repeated, the ratio of ethanol-to-CO2 in the mixture is reduced until 
ethanol cannot be detected. 

 
Figure 2-8. Schematic of autoclave for liquid CO2 substitution. Liquid CO 2 is added at the top of the 
autoclave and forms a CO2-ethanol mixture in the gel’s interstitial. A mixture-liquid CO 2 phase 
boundary forms when the mixture becomes saturated with CO2. The mixture is removed from the 
bottom of the autoclave until ethanol cannot be detected. 
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2.2.3 Gel Drying 
Supercritical extraction is a unique aspect of aerogel manufacture and 

differentiates aerogel from xerogel, gel dried through unassisted evaporation. In 
unassisted evaporation, the interstitial liquid volatizes and the surface tension γ at the 
solid-liquid-vapor interface acts on the solid surfaces, as shown in Figure 2-9. 

 
Figure 2-9. Surface tension within silica gel. In extreme cases, the nano-structuring may collapse 
altogether due to surface tension. 

The surface tension forces Fγ acting on the solid surfaces are 

Equation 2-9 
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where d is the nano-particle diameter and θ is the contact angle between liquid and vapor 
phases. For silica gels with ethanol as the interstitial fluid, the contact angle is 
approximately 0°. In this case Fγ acts almost exclusively in the vertical direction and the 
compressive force experienced by a 5 nm-diameter string-of-pearls in saturated ethanol at 
20 C is22 

Equation 2-10 

pNdF vertical 5.350, =≈ γπγ  

 
Euler’s formula for column buckling (Equation 2-11) can be applied to a silica 

cylinder under compressive force to provide some insight into the stability of the gel 
structure during unassisted evaporation. Assuming d = 1 nm (an approximate diameter at 
the connections between nano-particles), L = 15 nm (a typical pore size) and E = 71.7 
GPa, the critical force is 

Equation 2-11 

pN
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Fcritical 4.154
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It is clear from this calculation that the surface tension of ethanol is sufficient to collapse 
the nano-structured silica solid during unassisted evaporation. An example of xerogel is 
contrasted with aerogel in Figure 2-10. The xerogel preferentially scatters longer 
wavelength light than aerogel due to its collapsed nano-structuring. 
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Figure 2-10. Representative xerogel (left) and aerogel (right). The only difference in the preparation 
of the samples is the drying technique: unassisted evaporation for xerogel and supercritical 
extraction for aerogel. 

 
Supercritical extraction enables the removal of interstitial liquid CO2 without 

significant damage to the silica nano-structure. It eliminates surface tension during liquid 
CO2 removal by circumnavigating the CO2 critical point (31 C and 1073 psi). Surface 
tension is a by-product of the interface between liquid and vapor CO2. Passing through 
the CO2 supercritical regime sidesteps the liquid-vapor phase transition entirely. After 
liquid CO2 substitution, the autoclave is sealed and the temperature is increased slowly to 
about 40 C. The temperature increase is accompanied by an increase in pressure that is 
sufficient to maintain CO2 in the liquid phase. After the fluid enters the supercritical 
regime and is allowed to equilibrate, the pressure in the autoclave is dropped at constant 
temperature until it reaches ambient. The result of this process is silica aerogel. 
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Figure 2-11. Phase diagram of CO2. Supercritical extraction is accomplished in three steps: 
temperature and pressure are increased to near-supercritical conditions, CO2 transitions from liquid 
to supercritical fluid to vapor, and pressure is isothermally dropped to ambient. 

 

2.3 Experiments in Silica Aerogel Fabrication and 
Optimization 

The hydrogen storage performance of silica aerogel and the composites is 
dependent on gel rate, specific surface area and pore size distribution, which are 
influenced by parameters at each step in the fabrication process.5 The concentration of 
basic catalyst during gel formation is an easily controlled parameter and has a significant 
impact on these physical properties. The following series of experiments elucidates the 
effect of catalyst concentration on gel rate, specific surface area and pore size distribution 
in order to maximize the hydrogen storage performance of silica aerogel. 
 

2.3.1 Effect of Catalyst Concentration on Gel Rate 
The following experiment quantitatively relates gel rate to catalyst concentration 

through a series of unique scattering measurements. A laser beam was passed through a 
sol-gel sample of a given catalyst concentration and was projected onto a target. As the 
sample gelled, the pattern projected onto the target changed due to increased light 
scattering associated with aggregation. A digital camera photographed the projected 
pattern at constant intervals and the photos were analyzed to reveal the relationship 
between gel rate and catalyst concentration. 
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2.3.1.1 Experimental Set-Up 
Colloidal suspensions of silica nano-particles were prepared using the sol-gel 

chemistry techniques introduced in 2.2.1 and the Silbond H5 recipe.10 The Silbond H5 
recipe uses two solutions to ensure maximum dilution of basic catalyst upon mixing. The 
first solution is a silicate solution consisting of Silbond H5 and ethanol in a 1:1 ratio. Pre-
nucleated colloid Silbond H5 is 73 wt.% ethanol and 27 wt.% ethyl silicates, with a 
minimum of 19.5 wt.% as available SiO2. The second solution is a catalyst solution of 
distilled water, ethanol and 28 wt.% ammonium hydroxide catalyst in a 0.7:1.5:x ratio. 
The solutions were set to 30 cm3 pre-nucleated colloid and catalyst concentration x was 
varied from 0.007 to 0.0004375. The catalyst concentrations tested for gel rate are listed 
in Table 2-1 and two samples were tested per catalyst concentration. For simplicity, 
catalyst concentration is referenced by its fraction of 0.007, for example x = 0.000875 is 
x1/8. 

x Fraction
0.007 1/1

0.0035 1/2
0.00175 1/4

0.000875 1/8
0.0004375 1/16 

Table 2-1. Catalyst concentration of various samples tested for gel rate. 

 
The following set-up was the same for each sample: After the silicate and catalyst 

solutions were prepared, they were sonicated for 10 min. The silicate and catalyst 
solutions were then mixed slowly. Cloudy wisps were observed in the resultant sol-gel, 
which indicated the onset of aggregation; gentle stirring for 5 to 10 s eliminated the 
cloudiness and yielded a completely transparent sol-gel. The sol-gel was transferred via 
pipette into a cylindrical glass mold 0.88 cm in diameter and 10.0 cm in length and sealed 
with parafilm to prevent evaporation. 
 

Immediately after transfer into the glass mold, the sample was positioned 5.0 cm 
in front of a helium-neon laser with a wavelength of 632 nm. The laser beam passed 
through the sample and glass mold and projected a pattern onto a target located 60.0 cm 
from the sample. The target was a 1 cm-square grid and was aligned such that the 
projected pattern was symmetric on the grid. A 6.0 MP digital SLR camera was 
positioned above the laser beam between the sample and target and was focused on the 
projected pattern. Figure 2-12 is a schematic of the laser set-up. On average it took 3 min 
to mix the silicate and catalyst solutions, transfer and seal the sol-gel in the glass mold, 
and focus the camera on the projected pattern. Photographs of the projected laser pattern 
were taken at constant intervals using the digital SLR camera. 



 23

 
Figure 2-12. Schematic of laser set-up. An initially collimated He-Ne laser beam was passed through 
a sol-gel sample 5 cm away. The beam diverged and scattered as it passed through the glass mold and 
sample respectively. The laser pattern was projected onto a target 60 cm away and photographed at 
constant intervals using a digital SLR camera. 

 
The projected pattern was a superposition of two effects. The first was a lensing 

effect as the laser beam passed through the curved surface of the glass mold, which 
caused the initially collimated beam to diverge and image as a horizontal line against the 
target. The second was a scattering effect induced by the aggregation of nano-particles in 
the sample. The amount of scattering varied in relation to the degree of aggregation in the 
sample and was used to track the gel rate of the sample. The photograph in Figure 2-13 is 
representative of the laser patterns projected on the target during the experiment. 

 
Figure 2-13. Representative photograph of projected laser pattern. The superpositioned patterns are 
evident: the horizontal line is due to lensing by the glass mold, and scattering is due to aggregation in 
the sample. The 1 cm-square grid is barely visible. 

 

2.3.1.2 Analysis 
The following analysis was the same for each sample: The amount of scattering as 

a function of time was quantified by analyzing the intensity of scattered light in a 1 cm2 
grid located 1 cm from the horizontal line. The pattern was initially dominated by the 
lensing effect of the glass mold but became more balanced as scattering due to 
aggregation became significant. 
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Each photograph was split into red, green and blue channels. The wavelength of 

helium-neon laser light is strongly red (Figure 2-14), so the red channel was kept and the 
green and blue channels were discarded. 

 
Figure 2-14. Representative photograph of projected laser pattern split into red, green and blue 
channels. The red channel contains the most information and was kept while the green and blue 
channels were discarded. 

The pixel intensities in the red channel within the 1 cm2 grid were then analyzed from 0 
to 255 using ImageJ image software. In Figure 2-15, the 1 cm2 grid is clearly visible as 
are the regions of high intensity (approximately 235) due to light scattered by aggregation 
and regions of low intensity (approximately 55) due to background light. 
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Figure 2-15. Representative photograph of red channel focused on 1 cm2 grid. Regions of high 
intensity due to light scattering and low intensity due to background light are readily apparent. 

 
Depending on the difference in intensity between background light and scattered 

light, a cut-off intensity was chosen that allowed for distinction between the two. The 
histogram in Figure 2-16b is from the photograph in Figure 2-15, which was taken right 
after an x1/1 sample gelled, and the histogram in Figure 2-16a is from a photograph taken 
right before the sample gelled. The difference in the amounts of high intensity light 
between the two photographs is clear from the histograms. For this sample, a cut-off 
intensity of 215 was selected because of the stark contrast in the amount of light with 
intensity greater than 215 before and after the sample gelled. 

a)  b)  

Figure 2-16. Histogram of intensities in the 1 cm2 grid: a) immediately before the sample gelled. b) 
immediately after the sample gelled. The cut-off intensity was selected to be 215. 

 
The total intensity of light greater than the cut-off intensity was determined for 

each photograph by summing the frequencies above the cut-off intensity. The total 
intensities were then normalized to 1 by dividing by the maximum value of the set of 
total intensities. For the sample associated with the histograms in Figure 2-16, the 
maximum total intensity above 215 was 505 counts and the normalized total intensities of 
the photographs taken before and after the sample gelled were 0.06 and 0.85. The 
normalized total intensities were plotted versus time in order to determine the gel rate. 
 

The following example shows a representative scattering analysis of an x1/1 
sample; the results for all the samples are presented and discussed in 2.3.1.3. The time 
required to mix the silicate and catalyst solutions, transfer and seal the sol-gel in the glass 
mold and focus the camera on the projected pattern was 3 min. A photograph was taken 
every 2 min from 3 min to 27 min. Photographs and histograms at various times are 
shown in Figure 2-17. 
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a)   

b)   

c)   

d)   
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e)   

Figure 2-17. Red channels and histograms of x1/1 sample at: a) 3 min. b) 17 min. c) 19 min. d) 21 min. 
e) 27 min. The transition from sol-gel to gel was very rapid and occurred from 17 to 21 min. 

The cut-off intensity was selected to be 215 and the total and normalized intensities from 
3 min to 27 min are plotted in Figure 2-18 as a function of time. 

 
Figure 2-18. Normalized intensity profile of x1/1 sample as a function of time.  The gel rate is the 
derivative of the profile. 

 

2.3.1.3 Results and discussion 
The gel rates of the samples in Table 2-1 are plotted in Figure 2-19. The samples 

share a common scattering profile that is independent of x: scattering during the initial 
stages of gel formation is minimal, with a sudden and rapid increase in scattering that 
coincides with gelation. There are two important features of this profile that vary with x. 
The first is the time at which the profile reaches its inflection point. This is the gel time 
and is approximated by the time at which the normalized intensity is equal to 0.5. The gel 
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time was qualitatively confirmed within 5% by gently tipping the mold at constant 
intervals to determine when the sample stopped flowing, which indicated gelation. The 
second is the rate at which scattering increases from approximately zero to unity during 
gelation. This is the gel rate during gelation and is approximated using a linear curve fit. 

 
Figure 2-19. Gel rates of samples with varying x. Two samples were tested for each x. 

 
The common scattering profile shown in Figure 2-19, with minimal initial 

scattering followed by a sudden and rapid increase in scattering that coincides with 
gelation, is logical given the experimental set-up. Scattering is dependent on the 
wavelength of incident light and the size of the scattering structure. Rayleigh scattering, 
which is formulated for structures much smaller than the wavelength of incident light, is 
appropriate for studying light scattering in sol-gels for two reasons: the size of the nano-
structures is almost always much smaller than the wavelength of incident light and the 
solvent in the interstitial is transparent.23,24 According to Rayleigh scattering, the relative 
intensity of scattered light Is for a single particle in unpolarized light is 

Equation 2-12 

( )
( )

62

2

24

2

2

0 22

12

2

cos1,,,,

















+

−







+
=

d

n

n

RI

dnRI s

λ
πθ

λ
λθ

 

where I0 is the incident intensity, θ is the scattering angle, R is the distance to the particle, 
λ is the wavelength of scattered light, n is the refractive index of the particle, and d is the 
diameter of the particle.25 The scattering cross-section of the particle Csca is found by 
integrating Equation 2-12 with respect to θ: 
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Equation 2-13 
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Thus the effectiveness with which the nano-structures in the sol-gel scatter light is 
proportional to λ4 and d6. Because the helium-neon laser light used in the experimental 
set-up is monochromatic (Figure 2-20), the change in the amount of scattering is largely 
due to the change in size of the nano-structures to the sixth power. And because the size 
of the nano-structures is time-dependent, Csca is also time-dependent. 

 
Figure 2-20. Monochromatic spectrum of helium-neon laser light with a wavelength of 632.8 nm.26 

 
The scattering cross-section’s strong dependence on nano-structure size explains 

the common scattering profile. The size of the nano-structures is too small to effectively 
scatter light during the initial stages of aggregation. Once the nano-structures reach a 
critical size that is dependent on the experimental parameters, the amount of scattering 
rapidly increases. The fact that the increase in scattering coincides with gelation has two 
interesting implications. First, it suggests that the critical scattering size is approximately 
the size of the nano-structures in the gel after gelation, which is measured in 2.3.2 to be 
less than 25 nm. Second, it suggests that the experimental set-up is just sensitive enough 
to measure the gel time and gel rate during gelation for these samples: the aggregation 
properties of gels with smaller nano-structures would be difficult if not impossible to 
measure. The common scattering profile asymptotes to unity after gelation because the 
size of the nano-structures within the gel becomes fixed and Csca becomes time-
independent. 
 

As seen in Figure 2-21, gel time increases by approximately 10 min and gel rate 
during gelation decreases exponentially as x is halved. These trends provide an important 
insight into two competing effects associated with x that retard and accelerate 
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aggregation. According to sol-gel theory, aggregation occurs when nano-particles collide 
and chemical bonds form between nano-particles. Conceptually, the rate of aggregation 
ragg is proportional to rate of collisions rcoll and the fraction of collisions that yield 
chemical bonds fcb, which are both dependent on x: 

Equation 2-14 

( ) ( ) ( )xfxrxr cbcollagg ,∝  

x affects these two factors in inverse ways. Increasing x decreases rcoll by increasing 
electrostatic repulsion. However, increasing x increases fcb by reducing activation energy. 
It is clear from the experimental results that the effect of fcb on ragg becomes dominant as 
x increases because gel time decreases and gel rate during gelation increases. What is 
unclear is the relative effect of x on ragg and fcb. In other words, fcb might depend 
moderately or heavily on x while ragg depends moderately or heavily on fcb. It is also 
possible that ragg is directly dependent on x by some mechanism that is completely 
removed from the rcoll/fcb conceptualization. A detailed parametric study is necessary to 
elucidate the exact dependence of x on ragg, which is beyond the scope of this work. The 
key point is that x has a very measurable and significant impact on gel time and gel rate 
during gelation, and that ragg in the sol-gel decreases with decreasing x within the range 
of interest. 

 
Figure 2-21. Gel time and gel rate during gelation of samples. Gel time increases by approximately 10 
min and gel rate during gelation decreases exponentially as x is halved. 

 
The sample preparation described in 2.3.1.1 deserves mention because of an 

interesting phenomenon observed during gel formation. During sample preparation, the 
silicate and catalyst solutions are sonicated for 10 min before being mixed together in 
order to remove any dissolved gas. Both solutions evolve gas during sonication; the 
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silicate solution bubbles weakly for about 30 s before stopping while the catalyst solution 
bubbles vigorously for 2 min or more. It is likely that the gas that evolves from the 
silicate solution during sonication is dissolved before and during mixing because Silbond 
H5 and ethanol have a common primary constituent. In contrast, the bubbling observed 
during sonication of the catalyst solution is vigorous and the volume of the catalyst 
solution decreases about 2%. This is likely due to volume diminution that occurs when 
water and ethanol are mixed.27 
 

After the silicate and catalyst solutions are mixed and stirred, the resultant sol-gel 
is immediately transferred into the glass mold to gel. It is evident that further sonication 
is necessary because gas bubbles heterogeneously nucleate from imperfections in the 
glass mold in which air is trapped during transfer. The gas in the sol-gel is likely due to 
volume diminution that occurs during mixing of the catalyst and silicate solutions. The 
bubbles that evolve soon after transfer are able to escape through the liquid-vapor 
interface at the top of the sol-gel. As the viscosity of the sol-gel increases due to 
aggregation, the ease with which bubbles are able to pass through the sol-gel decreases. 
In some cases the bubbles are unable to reach the interface before gelation and are 
trapped within the gel. Figure 2-22a shows gels with and without trapped bubbles, with 
sites of heterogeneous bubble nucleation indicated by white arrows. After gelation, some 
of the remaining dissolved gas diffuses through the gel’s interstitial fluid and enters the 
trapped bubbles. This causes an increase in pressure within the bubble that is relieved by 
an increase in volume. Bubble volume increases either symmetrically, resulting in 
spherical bubbles with larger radii, or asymmetrically. Asymmetric volume increase 
causes the bubbles to split about their equator, as seen in Figure 2-22b. The orientation of 
the splits appears to be random and is likely dependent on the local nano-structuring of 
the gel. 

a)  b)  

Figure 2-22. a) Comparison of gels with and without trapped bubbles. The gel on the left is a 
representative x1/16 sample; the gel on the right is a representative x1/1 sample. The white arrows 
indicate sites of bubble nucleation and the white circle indicates a split bubble. b) Magnified split 
bubble. The split about the equator is due to increased pressure within the bubble from gas entering 
the bubble after gelation. 
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The degree of bubble trapping and enlargement varies with x and is most 

pronounced in samples with higher x, as seen in Figure 2-22. While the volume of 
trapped bubbles and rate of bubble formation are observed to be independent of x, faster 
gel times allow less gas to evolve and escape before gelation. Therefore samples with 
higher x and faster gel times are unable to fully rid themselves of dissolved gas and form 
gels that contain bubbles. However, monolithic silica aerogel is desired for composite 
fabrication and hydrogen storage testing so a second sonication is performed after the 
silicate and catalyst solutions are mixed in order to eliminate bubble trapping in 
subsequent experiments. 
 

2.3.2 Effect of Catalyst Concentration on Specific Surface Area 
and Pore Size Distribution 
The following experiments quantitatively relate specific surface area and pore size 

distribution to catalyst concentration through a series of nitrogen adsorption isotherm and 
optical scattering measurements. A nitrogen adsorption isotherm was taken of a silica 
aerogel sample of a given catalyst concentration. The isotherm was analyzed using 
Brunauer-Emmett-Teller28 (BET) and Barrett-Joyner-Halenda29 (BJH) theories to 
determine the specific surface area and pore size distribution of the sample respectively. 
An optical scattering measurement was conducted in order to confirm the relative pore 
size distributions. 
 

2.3.2.1 Experimental Set-Up 
Sol-gel samples were prepared using the Silbond H5 recipe discussed in detail in 

2.3.1.1 with catalyst concentration varying from x1/1 to x1/16, as in Table 2-1. Two samples 
were tested per catalyst concentration. The following set-up was the same for each 
sample: An additional sonication step was included after the silicate and catalyst 
solutions were mixed in order to remove any dissolved gas due to volume diminution. 
The resultant sol-gel bubbled moderately for about 1 min during sonication and then was 
still. The additional sonication effectively eliminated bubbling during gel formation and 
resulted in monolithic gel. After gelation, the gel was aged for 48 to 72 hr to increase its 
strength. 
 

The gel was soaked in ethanol after aging in order to substitute ethanol for water 
and catalyst in the gel’s interstitial. Three 300 cm3 ethanol baths were used in succession 
until mH2O in the gel’s interstitial was less than 0.01, which was determined by measuring 
the mH2O in the bath with a special hydrometer after diffusive equilibrium was reached, 
which typically took 24 hr. After mH2O in a given bath was greater than 0.1, the mixture 
was discarded and replaced with fresh ethanol. Ten to fifteen gels were substituted at a 
time, which increased the throughput of the substitution process but required large baths 
to keep mH2O low. 
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After ethanol substitution, the gel was loaded under ethanol into the Polaron 
E3100 autoclave set-up shown in Figure 2-23. 

 
Figure 2-23. Polaron E3100 autoclave set-up for liquid CO2 substitution and supercritical extraction. 
The green tubing on the left was used to cool and heat the autoclave and the mirror and fiberoptic in 
the top-right were used to safely look through the viewing window. 

The autoclave was cooled to 5 C, slightly pressurized with CO2 and drained of excess 
ethanol from the bottom of the autoclave. The autoclave was then pressurized with CO2 
to 850 psi, sealed and allowed to equilibrate for 60 min. During initial pressurization, the 
pressure within the autoclave decreased about 400 psi as the CO2 vapor dissolved into the 
ethanol and cooled from room temperature to 5 C. The autoclave was repeatedly 
pressurized until the pressure no longer dropped during equilibration, which indicated 
thermal and diffusive equilibrium. For the remaining CO2 substitution, the connection 
between the autoclave and the CO2 cylinder was left open. The CO2-ethanol mixture was 
drained from the bottom of the autoclave and replaced by liquid CO2 at the top until the 
phase boundary separating the CO2-ethanol mixture and liquid CO2 was just above the 
gel. A one-inch thick polycarbonate viewing window in the back of the autoclave allowed 
for observation of the gel and the phase boundary, as seen in Figure 2-24. 
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Figure 2-24. Photograph of phase boundary (a) viewed through the polycarbonate window. The 
metal screen (b) kept the gels from moving in the autoclave. 

The drain was then closed for 60 min, which allowed for reequilibration and eliminated 
the phase boundary between the mixture and liquid CO2. The amount of ethanol in the 
drained mixture was qualitatively analyzed with a thin strip of metal. The cooling 
experienced by the mixture as it expanded through the drain was sufficient to freeze CO2, 
but not ethanol, on the metal strip. The amount of liquid on the metal strip after CO2 
sublimation was directly related to the amount of ethanol in the mixture. The draining 
process was repeated until the ethanol in the mixture was undetectable. 
 

The liquid CO2 in the gel’s interstitial was supercritically extracted immediately 
after substitution. The autoclave was completely sealed and the temperature was 
increased to 40 C at a ramp rate of 3 C/min. The pressure in the autoclave increased to 
1250 psi after an increase of 5 C. The pressure was maintained at 1250 psi through 
venting until the temperature reached 40 C, which is 177 psi and 9 C greater than the 
critical pressure and temperature of CO2. There was little visible evidence as the CO2 
transitioned from liquid to supercritical fluid to vapor. The supercritical CO2 was allowed 
to equilibrate for 15 min at 40 C and 1250 psi and then was vented isothermally to 
atmosphere at a rate of 100 psi/min. The resultant silica aerogel was removed from the 
autoclave after the pressure reached ambient and baked at 450 C for 15 min in order to 
remove any adsorbed species remaining from gel formation. 
 

For the nitrogen adsorption isotherm, 45 to 50 mg of monolithic aerogel was 
broken into clusters with a characteristic dimension of 0.5 mm using a razor blade and 
loaded into a glass sample holder. The sample was baked at 300 C for 180 min under 
flowing nitrogen to remove any water that had adsorbed after supercritical extraction, 
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which typically amounted to 20% of the mass of the sample. After baking, the sample 
was insulated and loaded into a Micromeritics TriStar 3000 porosity analyzer where it 
was placed under vacuum at room temperature for 2 hr to remove any adsorbed nitrogen. 
The porosity analyzer constructed the nitrogen adsorption isotherm by immersing the 
evacuated sample in liquid nitrogen and measuring adsorption at nitrogen partial 
pressures ranging from 0.01 to 1.0 with varying discretization. For each partial pressure, 
the nitrogen was allowed sufficient time to equilibrate and saturation pressure was 
measured continuously. The uncertainty associated with collecting the nitrogen 
adsorption isotherm was 5%. 
 

Cylindrically shaped monolithic silica aerogel 0.75 cm in diameter was loaded 
into a diesel particle scatterometer (DPS) to test for optical scattering. The DPS is an 
instrument designed and built at Lawrence Berkeley National Laboratory and has been 
used extensively in the investigation of silica aerogel.23,24 The DPS used a doubled 
neodymium-YAG probing laser with a wavelength of 532 nm. The probing laser passed 
through a polarization modulator and was directed at the sample positioned in the middle 
of the DPS. Photomultiplier tubes were arranged in the horizontal plane of the laser every 
10° from 30° to 150° and measured the intensity, linear polarization and angular 
polarization of scattered light at different scattering angles. Figure 2-25 is a schematic of 
the DPS. The measurements were used to determine the s11 and s12 elements of the 
sample’s Mueller matrix. The s11 and s12 elements are related to total intensity of 
scattered light and linear polarization transformation respectively. The significance of the 
elements is discussed in 2.3.2.2. Optical scattering was measured four times and the 
sample was rotated 90° between measurements to ensure an averaged result for the s11 
and s12 elements. 

 
Figure 2-25. Schematic of the DPS designed and built at Lawrence Berkeley National Laboratory. 
The sample was placed in the center of an enclosure and probed with a doubled Nd-YAG laser while 
the polarization of the beam was modulated. Photomultipliers were spaced every 10° from 30° to 
150° in the horizontal plane and measured the properties of the scattered light. 

 

2.3.2.2 Analysis 
The following analysis was the same for each sample: The nitrogen adsorption 

isotherm was analyzed using BET and BJH theories for gas adsorption. For BET 
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analysis, the specific volumes of nitrogen adsorbed v for partial pressures P/P0 between 
0.01 and 0.08 were taken from the nitrogen adsorption isotherm. The BET value B was 
calculated from v and P/P0: 

Equation 2-15 
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The slope m and y-intercept b of B as a function of P/P0 were calculated using a linear 
curve fit. The empirically determined m and b were used to solve for specific surface area 
S: 

Equation 2-16 
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where N is Avogadro’s number, s is the nitrogen adsorption cross-section and V is the 
molar volume of nitrogen. 
 

The following example shows a representative BET analysis of an x1/4 sample; the 
results for all the samples are presented and discussed in 2.3.2.3. The nitrogen adsorption 
isotherm of 34.2 mg of sample is shown in Figure 2-26. 

 
Figure 2-26. Nitrogen adsorption isotherm of 34.2 mg of x1/4 sample. 

For BET analysis, the values of v and B for P/P0 between 0.01 and 0.08 are plotted in 
Figure 2-27. 
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Figure 2-27. Plot of B as a function of P/P0 and the linear curve fit used to determine m and b. 

The empirically determined m and b from Figure 2-27 were 0.004033 g/cm3 and 
0.000028 g/cm3 respectively, which yielded S = 1072.02 m2/g from Equation 2-16. 
 

BJH analysis is a complex theory that models adsorption as a function pore size 
based on an iterative algorithm. The following is an overview; a more complete 
discussion of the theory is available in literature.29 v and P/P0 were taken from the 
nitrogen adsorption isotherm and arranged in order of descending v. v was converted into 
liquid equivalent vl using a density conversion factor, typically assumed to be 0.0015468. 
The total specific volume desorbed vd in a P/P0 interval was 

Equation 2-17 
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where tad is the adsorption layer thickness, r*  is the maximum pore radius and Lp is the 
pore length. tad was calculated from the Frank-Halsey-Hill equation30: 

Equation 2-18 
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r*  was calculated using a variation on Equation 2-1: 
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Equation 2-19 
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where A is the adsorbate property factor and F is the fraction of pores open at both ends. 
A was assumed to be 0.953 nm as a default value and F was assumed to be 1 because of 
aerogel’s open pore structure. Lp was calculated from vd and vl: 

Equation 2-20 
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where davg is the weighted average pore diameter: 

Equation 2-21 
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The calculations were iterated around Lp,i, with Lp,i+1 calculated using vl experimental 
data. Pore size distribution was determined by 

Equation 2-22 
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with vp,i and dp,i defined as 

Equation 2-23 
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The following example shows a representative BJH analysis of an x1/4 sample; the 

results for all the samples are presented and discussed in 2.3.2.3. The experimental data 
for the BJH analysis is from the nitrogen adsorption isotherm shown in Figure 2-26. The 
values of davg, vp and dv/dlog(d) of the nitrogen adsorption isotherm are plotted in Figure 
2-28. The peak pore size from Figure 2-28 was 17 to 20 nm. 
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Figure 2-28. Plot of dv/dlog(d) as a function of davg for an x1/4 sample. 

 
The optical scattering measured by the DPS is analyzed to determine the s11 and 

s12 elements of a Mueller matrix. A Mueller matrix M is a scattering angle-dependent 
four-by-four matrix that represents a scattering medium and transforms an incident light 
Stokes vector I into a scattered light Stokes vector I’ . A Mueller matrix has seven 
independent elements, of which s11 and s12 are the most useful for characterizing silica 
aerogel. Element s11 characterizes the intensity of scattering and s12 the size of the 
structures responsible for scattering; both of the elements are functions of scattering angle 
and s12 is normalized by s11. It is difficult to quantify the physical properties of silica 
aerogel using s11 and s12, for example the size of scattering nano-structures, but the 
elements can be used to qualitatively compare the physical properties of different silica 
aerogels. In the DPS, incident light was varied over time with the polarization modulator 
and the scattered light was measured as a function of scattering angle, which allowed the 
elements of the Mueller matrix to be calculated as a function of scattering angle: 

Equation 2-24 

( ) ( ) ( )tIMtI θθ =′ ,  
Elements s11 and s12 were plotted as a function of scattering angle for four orientations of 
the sample with respect to the DPS. 
 

The following example shows a representative s11 and s12 analysis of an x1/4 
sample; the results for all the samples are presented and discussed in 2.3.2.3. The s11 and 
s12 elements of the Mueller matrix are shown in Figure 2-29. 
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Figure 2-29. s11 (top) and s12 (bottom) as a function of scattering angle for an x1/4 sample. The 
elements were consistent with rotation. 

 

2.3.2.3 Results and Discussion 
The specific surface areas of the silica aerogel samples are plotted in Figure 2-30. 

Specific surface area increases with decreasing catalyst concentration x, from 
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approximately 950 m2/g to 1080 m2/g, with a standard deviation on the order of 10 m2/g 
for all samples. The average specific surface area increases by roughly 3% as x is halved 
and there is significant variation between samples at a given x, particularly x1/1 and x1/4. 
The results are a minimum 40% improvement over the specific surface areas of the silica 
aerogel samples made in the mid-90s at Lawrence Berkeley National Laboratory. 

 
Figure 2-30. Specific surface area as a function of x.  Average specific surface area increases roughly 
3% as x is halved. 

 
The pore size distributions of the silica aerogel samples are plotted in Figure 2-31. 

The peak pore size decreases with decreasing x, from 29 to 17 nm from x1/1 to x1/16. The 
decrease is more dramatic at higher x: peak pore size decreases from 29 to 23 nm from 
x1/1 to x1/2, and decreases about 2 nm as x is halved from x1/2 to x1/16. The homogeneity of 
the pore size distributions improves most pronouncedly from x1/2 to x1/4. The pore size 
distributions for x1/1 and x1/2 have broader peaks than the pore size distributions from x1/4 
to x1/16. It is possible that the broad peaks, which are most prominent at higher x, are an 
artifact of data collection and are caused by poor selection of partial pressure steps during 
measurement of the nitrogen adsorption isotherm. The pore size distributions of the 
author’s x1/4 to x1/16 samples are comparable to those of the mid-90s aerogel samples with 
smaller and more homogeneous pore size distributions (Figure 2-3). The author’s samples 
compare very favorably to the mid-90s aerogel samples with larger and less 
homogeneous pore size distributions. 
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Figure 2-31. Pore size distributions for samples with varying x. Peak pore size decreases and the 
homogeneity of the pore size distributions improves with decreasing x. 

 
The trends observed in Figure 2-30 and Figure 2-31 and the results of the gel rate 

experiment provide an important insight into sol-gel theory and the relationship between 
the rate of aggregation ragg in the sol-gel and the nano-structuring in the resultant aerogel. 
According to sol-gel theory, two competing effects associated with x influence ragg in a 
sol-gel: the rate of collisions rcoll and the fraction of collisions that result in chemical 
bonds fcb (Equation 2-14). Lower x increases rcoll by reducing electrostatic repulsion and 
decreases fcb by increasing activation energy. Figure 2-19 clearly shows that lower x 
decreases ragg in the sol-gels and that fcb has the most influence on ragg. From Figure 2-30 
and Figure 2-31, it is also clear that specific surface area increases and pore size 
distributions become smaller and more homogeneous with decreasing x. These two facts 
confirm that the degree of nano-structuring is indeed related to ragg, and that nano-
structuring is improved with slower ragg. This makes sense logically: slower ragg allows 
for more controlled aggregation, which yields improved nano-structuring. An interesting 
and somewhat counterintuitive observation is that nano-structuring improves with lower 
x, and therefore less electrostatic repulsion, in the sol-gel. Sol-gel theory suggests that 
nano-structuring should be worse with less electrostatic repulsion, because Brownian 
motion is less resisted and preferred first- and second-order arrangements are less 
favored. The fact that nano-structuring improves suggests that the benefits of electrostatic 
repulsion are overcome by enthalpic considerations at higher x. According to this line of 
reasoning, the enthalpic attractive forces between nano-particles and aggregates and the 
ease with which chemical bonds form overcome any forces arising from electrostatic 
repulsion. It is possible that the enthalpic-electrostatic force balance might change and 
that nano-structuring might benefit from higher x outside the range of interest. 
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Another interesting trend observed in Figure 2-30 and Figure 2-31 is the greater 
variation in specific surface area and pore size distribution homogeneity at higher x. The 
average standard deviation for specific surface area from x1/1 to x1/4 is 25.10 m2/g 
compared to 14.53 m2/g for x1/8 and x1/16. The difference in pore size distribution 
homogeneity is also evident for x1/1 and x1/2 compared to x1/4 to x1/16. One plausible 
explanation for the greater variation in physical properties at higher x is chemical 
anisotropy in the sol-gel caused by faster ragg. Gel formation is initiated by mixing, 
stirring and sonicating two silicate and catalyst solutions and ragg is dependent on the 
availability of precursors and catalyst for the hydrolysis and condensation reactions. 
Mixing is invariably incomplete during the early stages of aggregation and gradients in 
the mass fractions of precursors and catalyst exist. The gradients lead to varying ragg in 
the sol-gel. In regions of favorable precursor and catalyst mass fractions, ragg is high and 
aggregates with poor nano-structuring form, a phenomenon that likely increases with 
higher x. Additionally, the formation of aggregates could impede the diffusion of 
precursors and catalyst through the sol-gel and maintain anisotropic conditions, which 
would perpetuate the variation in ragg, specific surface area and pore size distribution. 
 

The significant improvement in specific surface area and pore size distribution for 
the author’s samples versus the mid-90s samples can be traced to gel formation. The 
author’s samples are fabricated using a ‘two-step’ Silbond H5 recipe. A two-step recipe 
utilizes acid catalyst to promote silica nano-particle nucleation and basic catalyst to 
promote nano-particle aggregation. In the Silbond H5 recipe, the pre-nucleated colloid 
represents the completion of the first step (acid-catalyzed nucleation) and the 
preparations detailed in 2.3.1.1 are for the second step (base-catalyzed aggregation). In 
contrast, the mid-90s samples were fabricated using a ‘one-step’ recipe. A one-step recipe 
uses acid or base catalyst to promote both nucleation and aggregation simultaneously. 
The primary difference between one- and two-step recipes is that simultaneous promotion 
of nucleation and aggregation typically results in silica aerogel with relatively poor nano-
structuring. The decreased nano-structuring leads to lower specific surface area and larger 
and broader pore size distributions.31 This conclusion is supported by the results of the 
specific surface area and pore size distribution experiments: the specific surface areas of 
the author’s two-step samples are much greater than those of the mid-90s one-step 
samples and their pore size distributions are smaller and more homogeneous. 
 

The results of the optical scattering measurement conducted in the DPS are shown 
in Figure 2-32. The results are striking and naturally lead to two sample groupings; the 
first group is x1/1 and x1/2 and the second is x1/4 to x1/16. There is significantly more 
scattering in the first group compared to the second, as measured by element s11, and also 
significantly more scatter in the data. The s12 results imply that the scattering cross-
sections Csca of the second group are smaller than those of the first because of the near-
perfect scattering at 100°. 
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Figure 2-32. s11 (top) and s12 (bottom) for samples with varying x. Each sample was measured at four 
orientations. The intensity of scattered light and Csca decreased with decreasing x. 

 
The obvious differences in s11 and s12 for the two groups are consistent with the 

pore size distribution results shown in Figure 2-31. Csca is proportional to the size of the 
scattering structures to the sixth power (Equation 2-13); from BJH analysis, the peak pore 
sizes of the first group are 29 and 23 nm, while the peak pore sizes of the second are 21, 
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19 and 17 nm. Therefore Csca of the first group are at least 73% greater all else being 
equal. This is supported experimentally by the s11 results, which show significantly 
greater scattering intensity in the first group, at some scattering angles as much as 250% 
greater. The s11 results are somewhat unusual due to the lack of significant forward 
scattering, which dominates the s11 profile for most particles. Silica aerogel does exhibit 
significant forward scattering but at scattering angles lower than the 30° limit of the DPS, 
a fact that is documented both theoretically and experimentally in literature.32 
 

The greater Csca of the first group is also supported by the results of s12. The size 
of scattering nano-structures is related to the peak of the s12 profile for Rayleigh 
scattering. The s12 peak value is much larger for the second group than the first, which 
indicates that the light-scattering nano-structures of the second group are smaller. 
 

The pore size distribution results are qualitatively supported further by visible 
inspection of the samples. As seen in Figure 2-33, samples from the first group are 
opaque relative to samples from the second. The opacity is caused by higher scattering 
intensity and larger Csca, which scatter more light in the visible spectrum. In contrast, the 
second group appears transparent because of lower scattering intensity and smaller Csca 
that preferentially scatter the smaller wavelengths of the visible spectrum. 

 
Figure 2-33. Transparency of samples at varying x: a) x1/1. b) x1/2. c) x1/4. d) x1/8. e) x1/16.  x1/1 and x1/2 
are opaque relative to x1/4 to x1/16. 

 
The increased scatter in the s11 and s12 data for the first group supports the 

hypothesis that faster ragg leads to silica aerogel with less nano-structural homogeneity. 
Scattering intensity and Csca show variation with respect to sample orientation for the 
group of samples with higher x and faster gel times (group 1). This suggests that the size 
of the light-scattering nano-structures differ with orientation and location in these 
samples. The variation in nano-structuring is likely caused by faster ragg brought about by 
higher x. 
 

2.4 Summary 
The experiments detailed in 2.3.1 and 2.3.2 clearly show the effects of catalyst 

concentration on the physical properties of silica aerogel. In summary, decreasing 
catalyst concentration slows the rates of first- and second-order aggregation during gel 
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formation and increases the degree of nano-structuring in the resultant silica aerogel. 
Increased nano-structuring leads to higher specific surface area and smaller and more 
homogeneous pore size distributions. The effects of decreasing catalyst concentration, 
higher specific surface area and more homogeneous pore size distributions, are ideal for 
silica aerogel in the context of hydrogen storage because they allow for easier composite 
fabrication and maximum hydrogen storage performance. Therefore x1/16-fabricated silica 
aerogel is used throughout the rest of this dissertation for composite fabrication and 
hydrogen storage testing. 
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3 Fabrication of Nano-Structured Composites 
Chapter 3 focuses on the fabrication of solid-state nano-structured composites 

based on optimized silica aerogel using chemical vapor infiltration. First, chemical vapor 
infiltration is introduced as a means of fabricating silica aerogel composites of carbon 
and activated carbon. Carbon deposition via chemical vapor infiltration is then 
parameterized through a series of experiments investigating the effects of temperature, 
gas mixture composition, and substrate characteristic dimension on deposition rate. 
Carbon activation via chemical vapor infiltration is also parameterized vis-à-vis 
temperature and carbon loading. 
 

3.1 Introduction 
Silica aerogel’s open structure and chemical stability make it an excellent 

substrate for depositing nano-structured media through bottom-up manufacturing, 
especially chemical vapor infiltration (CVI). CVI is a variation on the more common 
chemical vapor deposition technique, wherein a mixture of inert and reactive gases is 
passed over a solid substrate and decomposed to form a desired phase on the substrate’s 
surface. In CVI, the substrate is porous and the gas mixture infiltrates the substrate’s pore 
network, depositing on internal surfaces (Figure 3-1). 

 
Figure 3-1. a) Chemical vapor deposition: reactive gas deposits on the surface of a solid substrate. b) 
CVI: reactive gas infiltrates a porous substrate and deposition occurs on internal surfaces. 

 
CVI has been used to make novel nano-composites based on silica aerogel from a 

variety of reactive gas precursors. For example, iron oxide (Fe2O3) was deposited in silica 
aerogel using CVI of Fe(CO6) and O2, resulting in finely dispersed Fe2O3 nano-particles 
with tremendous accessibility and reactivity.33 Carbon, tungsten and silicon composites 
were also successfully prepared using hydrocarbons, W(CO6) and SiH4 as the respective 
reactive precursors.13,34 The rate and location of deposition varies from composite to 
composite, as does the effects of nano-structuring on the properties of the deposited 
phase. For example, silicon deposition via SiH4 CVI resulted in silicon-rich regions near 
the surface of silica aerogel and quantum confinement effects such as photoluminescence 
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in the deposited silicon phase. In contrast, carbon deposited via C2H2 CVI was evenly 
distributed throughout silica aerogel and effectively blocked infrared transmission. 

 

3.2 Chemical Vapor Infiltration Theory 
There are three steps in CVI: in-diffusion and adsorption of reactant gas to the 

surface of silica aerogel, decomposition, and desorption and out-diffusion of byproduct 
gas. In-diffusion and out-diffusion are the reverse processes of mass transfer. Adsorption 
of reactive gas and desorption of byproduct gas occur via chemisorption or physisorption. 
Note that chemisorption in CVI is limited to surface chemisorption. Decomposition is a 
complicated chemical process that deposits a nano-structured phase within silica aerogel. 
 

3.2.1 In-Diffusion and Out-Diffusion 
Diffusion through silica aerogel and convection at its boundaries govern in-

diffusion and out-diffusion of reactive and byproduct gases. A parabolic partial 
differential equation similar to Equation 2-7 can be used to model the isothermal 
diffusion of reactive or byproduct gas through cylindrical silica aerogel of radius R and 
length Z filled with inert gas: 

Equation 3-1 
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where mg is the mass fraction of reactive or byproduct gas and Dg,ig-aerogel is the diffusion 
coefficient of reactive or byproduct gas in inert gas through silica aerogel. Unlike 
DH2O,EtOH-gel in ethanol substitution, the tortuosity of silica aerogel affects Dg,ig-aerogel 
(Equation 2-5 and Equation 2-6) because the reactive or byproduct gas molecules 
frequently interact with the solid silica network. The tortuosity of silica aerogel at low 
partial pressures is an order of magnitude higher than that for liquid-filled silica gel.21 
The generation term g(r,z,t) is negative for reactive gas and positive for byproduct gas 
and is assumed to be constant in this analysis. The boundary and initial conditions for 
Equation 3-1 are 

Equation 3-2 
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where hg,∞ is the mass transfer coefficient and mg,∞ is the free-stream mass fraction of 
reactive or byproduct gas. 
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In order to solve Equation 3-1 subject to the boundary and initial conditions of 
Equation 3-2, the boundary conditions are homogenized via substitution and Equation 3-1 
is split into transient homogeneous and steady-state inhomogeneous partial differential 
equations35: 

Equation 3-3 
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Equation 3-4 

( )( ) ( )( )
( )( )( ) 0,,

,,,,0
/,,

/,/, =∗+
∂

∗∂
=

∂

∗∂
∞ hihgg

hihghihg tzRmh
r

tzRm
D

r

tzm
 

( )( )
( )( )( ) 0,0,

,0,
/,,

/, =∗−
∂

∗∂
∞ hihgg

hihg trmh
z

trm
D  

( )( )
( )( )( ) 0,,

,,
/,,

/, =∗+
∂

∗∂
∞ hihgg

hihg tZrmh
z

tZrm
D  

( ) ∞−=∗ ,, 0,, ghg mzrm  

where mg*  = mg – mg,∞, mg,h*  is the solution to the transient homogeneous partial 
differential equation and mg,i*  is the solution to the steady-state inhomogeneous partial 
differential equation. The subscript (h) in the boundary equations of Equation 3-4 denotes 
that only mg,h*  is time-dependent. The solution to the transient homogeneous partial 
differential equation is 

Equation 3-5 
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The steady-state inhomogeneous partial differential equation requires only one particular 
solution. For simplification, mg,i is assumed to be a function of r and the solution is 

Equation 3-6 
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After compilation, mg during in-diffusion and out-diffusion is 

Equation 3-7 
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3.2.2 Decomposition 
Decomposition during CVI is a complicated process that depends on the heat and 

mass transfer of the gas mixture through silica aerogel, the chemistry of the 
decomposition reaction and the local temperature. The reactive gases used in this work 
are the hydrocarbons acetylene and methane for carbon deposition and oxygen for carbon 
activation. 
 

Thermal decomposition of acetylene has been studied extensively for a wide 
range of applications.36,37 Uncatalyzed thermal decomposition of dilute acetylene at 
approximately 730 C primarily yields solid carbon, with H2, C4H4, C6H6, C2H4, CH4 and 
C3H4 gases as secondary products (Figure 3-2).38 The standard enthalpy of formation of 
solid carbon from acetylene is 614.2 kJ/mol.39 The temperature at which acetylene 
decomposes in the presence of silica aerogel is 500 C.34 

 
Figure 3-2. Products of thermal decomposition of acetylene at 730 C. The primary product is solid 
carbon, with smaller amounts of various gaseous hydrocarbons also present.38 
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The acetylene-to-carbon reaction is first-order (Figure 3-3a), which allows for 
experimental determination of the rate constant as a function of temperature (Figure 
3-3b).38 Acetylene decomposition can be described by the Arrhenius equation: 

Equation 3-8 
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where k is the rate constant, A is the pre-exponential factor, EA is activation energy, and R 
and T are the gas constant and temperature respectively. Applying the natural logarithm 
to both sides of Equation 3-8 yields Equation 3-9, which can be used to empirically 
determine EA and A for acetylene decomposition: 

Equation 3-9 
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Applying Equation 3-9 to the data in Figure 3-3b yields EA = 259.4 kJ/mol and A = 
9.7e10 1/s.38 

 
Figure 3-3. a) The acetylene-to-carbon reaction is first-order. b) The rate constant of the reaction as 
a function of temperature allows for the determination of EA and A.38 

 
Thermal decomposition of methane is an extremely complex high-temperature 

reaction that is not yet fully understood.39 The overall decomposition reaction can be 
described by a series of dehydrogenation reactions: 

Equation 3-10 
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The standard enthalpies of formation for the dehydrogenation series are 66.1, 137.7, 
175.7 and 614.2 kJ/mol respectively. There are a number of intermediate reactions and 
hydrocarbon species during methane thermal decomposition, as seen in Figure 3-4. 
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Figure 3-4. a) Species yield during methane thermal decomposition at 763 C and 8.53 psi.40 b) Species 
yield during methane thermal decomposition at 845 C and 5.95 psi.41 

 
The C2 hydrocarbons in Equation 3-10 are much less stable than CH4 and are 

readily attacked by CH3 radicals at temperatures above 900 C, which leads to rapid 
equilibration and very low C2 hydrocarbon concentrations. These conclusions are 
supported by the reduction in C2 secondary species as the decomposition temperature 
increases from 763 C to 845 C (Figure 3-4a and b). Therefore the overall decomposition 
of methane above 900 C can be approximated by39: 

Equation 3-11 

( ) ( ) ( )sgg CHCH +→ 24 2  

 
The carbon phase deposited by thermal decomposition of acetylene or methane is 

activated by selective oxidation. The oxidizing agent is traditionally dilute oxygen, 
carbon dioxide or steam.42 The mechanisms of selective oxidation are poorly understood 
when compared to the mechanisms of hydrocarbon thermal decomposition. Early theories 
proposed that deposited carbon is stabilized by adsorbed hydrocarbons, which inhibit its 
ability to interact with other species, and that activation selectively removes the inhibiting 
hydrocarbons.43 More recent work suggests that deposited carbon also experiences 
graphitization during activation. The graphitization process causes dramatic shrinkage 
and results in the formation of nano-scale fissures in the deposited carbon phase.44 Figure 
3-5 illustrates the two primary effects of activation on deposited carbon. The enhanced 
adsorptivity of activated carbon is due to the nano-scale fissures resulting from 
graphitization and the large surface energy resulting from loosely held electrons on 
activated carbon’s surface.45 
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Figure 3-5. Deposited carbon is initially inhibited from adsorption by a layer of hydrocarbons. 
Activation with oxygen removes inhibiting hydrocarbons and creates nano-scale fissures for 
adsorption. 

 
Activated carbon can adsorb a wide variety of chemical species, especially gases 

such as carbon dioxide, oxygen and hydrogen.42 In some cases, the density of adsorbed 
gas is greater than the density of liquefied gas. For example, hydrogen adsorbed to 
activated carbon at -210 C is 14% denser than liquefied hydrogen and adsorbed nitrogen 
at -193 C is 19% denser than liquefied nitrogen.46 Adsorption on activated carbon is 
dependent on two factors, specific adsorptive capacity and capillary adsorption. Specific 
adsorptive capacity is the degree to which activated carbon can adsorb a specific gas and 
is dependent on short-range interactions. Capillary adsorption is similar to capillary 
condensation but does not involve phase change; it is dependent on the scale and 
geometry of the cracks and fissures, with smaller features increasing the degree of 
capillary adsorption. 
 

3.3 Experiments in Nano-Structured Composite 
Fabrication 

The deposition and activation of carbon in silica aerogel via CVI has the potential 
to improve hydrogen storage performance through nano-structural modification. The rate 
of carbon deposition and activation via CVI is dependent in part on reaction temperature, 
gas mixture composition, substrate characteristic dimension and carbon loading. The 
following parameterization elucidates the effects of reaction temperature, gas mixture 
composition and characteristic dimension on carbon deposition and the effects of reaction 
temperature and carbon loading on carbon activation. The purpose is to determine the 
CVI parameters and silica aerogel properties that allow for maximum control over the 
physical properties of the resultant nano-structured composites.  
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3.3.1 Effects of Temperature, Gas Mixture Composition and 
Substrate Characteristic Dimension on Carbon 
Deposition 
The effects of reaction temperature, gas mixture composition and characteristic 

dimension on the rate of carbon deposition are quantified through a series of experiments. 
Silica aerogel was loaded into a quartz reaction chamber and exposed to a mixture of 
acetylene or methane (reactive) and argon (inert) gases that infiltrated the aerogel’s pore 
network. The reaction temperature and exposure time were controlled with a furnace and 
a temperature controller. The weight of the aerogel was measured before and after 
deposition to determine the rate of carbon deposition as a function of reaction 
temperature, gas mixture composition and characteristic dimension. 
 

3.3.1.1 Experimental Set-Up 
Sol-gel samples were prepared using the Silbond H5 recipe discussed in detail in 

2.3.1.1 with x1/16. The sol-gels were substituted, dried into aerogel, and baked in the 
manner described in 2.3.2.1. The following set-up was the same for each sample: The 
sample was weighed immediately after baking to determine the dry weight of the sample. 
A typical dry sample weighed 100 to 150 mg, which corresponded to a bulk volume of 
0.9 to 1.4 cm3. 
 

Carbon was deposited in the sample via CVI using the FirstNano CVI instrument 
shown in Figure 3-6. The sample was loaded into the quartz reaction chamber using an 
automated quartz sample holder. The temperature and gas mixture composition profiles 
were programmed and automatically controlled with a computer dedicated to the 
instrument. 

 
Figure 3-6. CVI instrument used to deposit and activate carbon in silica aerogel. The sample was 
loaded into the middle of the quartz reaction chamber. Heating bands, insulation and a temperature 
controller managed the temperature; mass flow controllers managed the gas mixture composition. 
The reactor was programmed and controlled using a computer. 
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The deposition profile was divided into four periods. An inert atmosphere was 
established in the chamber during the first period by purging the chamber with ten times 
the chamber volume of inert gas. The temperature of the chamber was then increased at 
max ramp to the reaction temperature Tr, which typically took only a few minutes. After 
thermal equilibration, the reactive and inert gas volume flow rates qg and qig were flowed 
into the chamber for the duration of the exposure time te. Finally, inert gas was flowed 
slowly as the sample cooled to room temperature.  The four periods of the temperature 
and flow profiles are readily apparent in Figure 3-7. The parameters of a representative 
acetylene deposition shown in Figure 3-7 are the following: Tr = 580 C, qg = 250 cm3 
STP/min (sccm), qig = 800 sccm and te = 60 min. The sample was weighed immediately 
after deposition in order to measure the dry weight of the newly-fabricated composite and 
determine the carbon loading. The uncertainty associated with collecting the chemical 
vapor infiltration data was less than 1%. 

 

 
Figure 3-7. Temperature and gas mixture composition profiles for a representative acetylene carbon 
deposition. The deposition profile periods are readily apparent: an inert atmosphere was established 
in the reaction chamber followed by a max ramp to the reaction temperature, deposition occurred 
for over the exposure time, and the sample was cooled to room temperature. 
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3.3.1.2 Analysis 
Reaction temperature, exposure time and characteristic dimension were varied 

systematically in order to fully parameterize carbon deposition via CVI. The free-stream 
mass fraction of reactive gas, defined as 

Equation 3-12 
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was also varied systematically. Table 3-1 lists the reaction temperatures, exposure times, 
mass fractions of reactive gas and characteristic dimensions that were included in the 
parameterization. qig was set to 800 sccm for all of measurements. 

Tr [C] → te [min] → mg → l [cm]

Acetylene 500 60 0.072 0.156
520 90 0.109 0.325
540 120 0.13 0.375
560 150 0.15
580 180 0.178
600 210 0.198
620 240

Methane 800 120
850 150
900 210  

Table 3-1. Reaction temperatures, exposure times, mass fractions of reactive gas and characteristic 
dimensions included in parameterization of carbon deposition. 

 
Carbon deposition was quantified by measuring the mass of the sample before and 

after deposition (mpre and mpost respectively) in order to determine the sample’s carbon 
loading LC and rate of carbon deposition RC: 

Equation 3-13 
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LC and RC were plotted as a function of reaction temperature, exposure time, mass 
fraction of reactive gas and characteristic dimension to determine the optimum 
combination of CVI parameters for carbon deposition. 
 

3.3.1.3 Results and Discussion 
Rates of carbon deposition at various reaction temperatures for acetylene and 

methane are plotted in Figure 3-8. Measurable carbon deposition for acetylene initially 
occurs at 520 C and appears to increase exponentially from 0.025 to 0.7 wt.%/min from 
520 C to 620 C. In comparison, the rate of carbon deposition for methane is negative at 
800 C and 850 C and 0.25 wt.%/min at 900 C. 
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Figure 3-8. Carbon deposition rates at various reaction temperatures for acetylene and methane. The 
acetylene carbon deposition rate appears to increase exponentially from 520 to 620 C, while the 
deposition rate for methane is negative at 800 and 850 C. 

 
Acetylene carbon deposition is exponentially dependent on temperature, which 

suggests its rate constant can be represented by the Arrhenius equation (Equation 3-8 and 
Equation 3-9). The carbon deposition rates and reaction temperatures from Figure 3-8 are 
manipulated into a form suitable for Equation 3-9; the values are plotted in Figure 3-9. 
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Figure 3-9. Plot of Equation 3-9 for acetylene carbon deposition data plotted in Figure 3-8. Linear 
curve fitting yields EA = 243.28 kJ/mol and A = 1.7315e12 1/min. 

The slope m and y-intercept b of Figure 3-9 are determined to be -29260 K and 28.18 
respectively by linear curve fitting. From m, b and Equation 3-9, the activation energy is 
243.28 kJ/mol and the pre-exponential factor is 1.7315e12 1/min. The activation energy 
experimentally determined by the author is within 6% of the acetylene-to-carbon 
activation energy reported in literature.38 In contrast, the experimentally-determined pre-
exponential factor is significantly less than the value reported in literature.38 The decrease 
in the pre-exponential factor might be due to the presence of silica aerogel in the reaction 
chamber. Carbon deposition requires collision and adsorption of reactive gas to a 
substrate and the presence of aerogel changes the ratio of acetylene that collides and 
adsorbs to silica versus previously deposited carbon. The slight differences in collision 
frequencies and enthalpies of adsorption that lead to decomposition might affect the pre-
exponential factor. The decrease in the pre-exponential factor might also be due to the 
evolution of hydrogen during the decomposition of acetylene, which would change the 
partial pressures of the gases in the reaction chamber. 
 

The results of carbon deposition for methane are interesting because the rate of 
carbon deposition is actually negative at lower reaction temperatures. During CVI at 800 
C and 850 C, enough carbon is deposited in the samples to turn the previously transparent 
samples carbon black, as seen in Figure 3-10. The only logical conclusion based on this 
observation is that some of the samples’ mass is lost during the deposition process. There 
are two mechanisms that can account for this. First, it is possible that significant amounts 
of hydrocarbons are adsorbed to the samples after fabrication and are not removed until 
the samples are baked at the elevated temperatures required for methane decomposition. 
It is also possible that some of the samples’ nano-structured silica is compromised 
through thermal degradation. This mechanism is supported by the dramatic sintering of 
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the samples during carbon deposition at 800 and 850 C; their bulk volumes decrease by 
about 88%, with each dimension decreasing about 50%. Sintering linearly contracts the 
strings-of-pearls that constitute the solid silica network, a phenomenon that is well 
documented in literature for CVI of silica aerogel at elevated temperatures.34 If these are 
indeed the mechanisms responsible for mass loss, only at 900 C does the rate of carbon 
deposition become greater than the rate at which adsorbed hydrocarbons and nano-
structured silica are lost. 

 
Figure 3-10. Representative sample before and after carbon deposition with methane at 800 C. The 
sample (boxed on left) turns from transparent to carbon black and sinters dramatically during 
deposition. 

 
Reaction temperatures for future experiments are selected to be 580 C for 

acetylene and 900 C for methane based on the rates of carbon deposition in Figure 3-8. 
These reaction temperatures offer the best tradeoff between rates of carbon deposition, 
exposure times and sintering. 
 

Carbon loadings for different exposure times are plotted in Figure 3-11 with Tr = 
580 C for acetylene and Tr = 900 C for methane. Carbon loading is temporally linear for 
both acetylene and methane decomposition, with average carbon deposition rates of 0.28 
wt.%/min and 0.25 wt.%/min respectively. The standard deviations are about 15% of the 
average deposition rates for both acetylene and methane. 
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Figure 3-11. Carbon loadings for different exposure times with Tr = 580 C for acetylene and 900 C 
for methane. Carbon loading is temporally linear for both acetylene and methane decomposition. 

 
The linear relationship between carbon loading and time for both acetylene and 

methane decomposition provides a few interesting insights. Carbon deposition occurs in 
three steps: in-diffusion of reactive gas through the sample, adsorption of reactive gas to 
the sample, and thermal decomposition of the reactive gas. The constant rate of carbon 
deposition suggests that in-diffusion, specifically Dg,ig-aerogel, is unaffected by the presence 
of previously deposited carbon. This in turn suggests that carbon is being deposited on 
the periphery of the pores where it would least affect diffusion. This is an interesting 
conclusion that is investigated further in Chapter 4. Adsorption of reactive gas probably 
varies somewhat at early time scales. Acetylene, methane and methane’s hydrocarbon 
intermediates are initially able to adsorb to clean silica surfaces on the samples. After the 
silica surfaces are completely covered in deposited carbon, the reactive gases are forced 
to adsorb and decompose on previously deposited carbon. The slight difference between 
adsorption to silica versus carbon is insufficient to affect the rate of carbon deposition at 
early time scales. Finally, the activation energy comparison suggests that the thermal 
decomposition of acetylene is unaffected by the substrate, whether it be silica or carbon. 
This conclusion is further supported by the linear relationship between carbon loading 
and time. 
 

Based on the reaction temperature and deposition rate results, acetylene is chosen 
over methane as the preferred hydrocarbon for carbon deposition and nano-composite 
fabrication for two reasons. First, acetylene deposits carbon at a significantly lower 
reaction temperature than methane. This results in undetectable sintering after acetylene 
decomposition versus 88% sintering after methane decomposition. Sintering is undesired 
because it leads to changes in the nano-structuring of the samples that negatively affect 
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critical physical properties like specific surface area and pore size distribution. Second, 
methane thermal decomposition is an extremely complex process that relies in large part 
on acetylene decomposition to form solid carbon. Acetylene carbon deposition eliminates 
much of the complexity and uncertainty surrounding composite fabrication. 
 

Rates of carbon deposition for different free-stream acetylene mass fractions at Tr 
= 580 C and te = 60 min are plotted in Figure 3-12. qig is set to 800 sccm for all mass 
fractions. The rate of carbon deposition increases linearly with increasing free-stream 
acetylene mass fraction from 0.09 to 0.28 wt.%/min for mg,∞ = 0.072 to 0.198. There is 
minimal scatter in the data collected except at mg,∞ = 0.178. 

 
Figure 3-12. Carbon deposition rates for mg,∞ between 0.072 and 0.198. The rate of carbon deposition 
increases 0.14 wt.%/min from mg,∞ = 0.1 to 0.2. 

 
The free-stream acetylene mass fraction affects the rate of carbon deposition 

because it dictates the availability of acetylene for adsorption and decomposition within 
the sample. The mass fraction of acetylene within the sample varies with space, time and 
mg,∞ and is described mathematically by Equation 3-7. mg,i*  is not dependent on mg,∞ 
(Equation 3-6) and mg,∞ can be factored out of Am,n and mg,h*  (Equation 3-5), which 
yields a mathematical solution that is linear with respect to  mg,∞: 

Equation 3-14 

( ) ( ) *'1,, ,,, ighggg mmmtzrm +−= ∞
 

where mg,h’  is mg,h*  with -mg,∞ factored out. It is therefore entirely logical that the rate of 
carbon deposition is found to vary linearly with mg,∞. The free-stream acetylene mass 
fraction is selected to be 0.155 for subsequent carbon deposition because it provides the 
best combination of fast and consistent carbon deposition rates. 
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Rates of carbon deposition for samples of varying characteristic dimension are 

plotted in Figure 3-13. For cylindrical samples, the characteristic dimension is the radius 
of the cylinder; for cuboidal samples, it is half the length of the shortest edge. The rates 
of carbon deposition are relatively constant with respect to characteristic dimension, with 
rates around 0.3 wt.%/min for characteristic dimensions from 0.156 to 0.375 cm. This 
result suggests that carbon deposition is not limited by diffusion of acetylene through the 
sample. Carbon deposition is instead likely limited by either adsorption or decomposition 
of acetylene. 

 
Figure 3-13. Carbon deposition rates for varying substrate characteristic dimensions. Rates are 
independent of characteristic dimension, which suggests that carbon deposition is not diffusion 
limited. 

 

3.3.2 Effects of Temperature and Initial Carbon Loading on 
Carbon Activation 
The effects of reaction temperature and carbon loading on the rate of carbon 

activation are quantified through a series of experiments. Carbon composite was loaded 
into a quartz reaction chamber and exposed to a mixture of oxygen (reactive) and argon 
(inert) gases that infiltrated the composite’s pore network. The reaction temperature and 
exposure time were controlled with a furnace and a temperature controller. The weight of 
the composite was measured before and after activation to determine the rate of carbon 
activation as a function of reaction temperature and carbon loading. 
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3.3.2.1 Experimental Set-Up 
Sol-gel samples were prepared using the Silbond H5 recipe discussed in detail in 

2.3.1.1 with x1/16. The sol-gels were substituted, dried into aerogel, and baked in the 
manner described in 2.3.2.1. Carbon composites were fabricated using the CVI 
parameters listed at the end of 3.3.1.3: acetylene as the reactive gas, Tr = 580 C and mg,∞ 
= 0.155. The exposure time was varied in order to fabricate composites with carbon 
loading from 30 to 60 wt.%. 
 

The following set-up was the same for each sample: The carbon activation 
experimental set-up was identical to the carbon deposition set-up except for the reaction 
temperatures and the gas compositions used. The composite sample was activated using 
the FirstNano CVI instrument shown in Figure 3-6. The temperature and gas mixture 
composition profiles were divided into the same four periods as the deposition profile: an 
inert atmosphere was established in the reaction chamber, the temperature of the chamber 
was increased to the reaction temperature, the reactive and inert gas volume flow rates qg 
and qig were flowed into the chamber for the duration of the exposure time and the 
chamber was cooled to room temperature. A representative activation profile is shown in 
Figure 3-14 with Tr = 500 C, te = 60 min, qg = 100 sccm and qig = 500 sccm. The weight 
of the sample was measured immediately after activation and compared to the weight of 
the sample before carbon deposition in order to determine the activated carbon loading. 
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Figure 3-14. Temperature and flow profiles for carbon activation. The four periods of the activation 
profile are readily apparent. For this activation, Tr = 500 C, te = 60 min, qg = 100 sccm and qig = 500 
sccm. 

 

3.3.2.2 Analysis 
Reaction temperature, exposure time and carbon loading were varied 

systematically in order to fully parameterize carbon activation via CVI. Table 3-2 lists the 
reaction temperatures, exposure times and carbon loadings that were included in the 
parameterization. 

Tr [C] → te [min] → LC [wt.%]

450 20 30
475 40 45
500 60 60
525  

Table 3-2. Reaction temperatures, exposure times and carbon loadings included in parameterization 
of carbon activation. 

 
Carbon activation was quantified by measuring the mass of the sample before 

deposition (mpre) and before and after activation (mpost and mact respectively) in order to 
determine the sample’s activated carbon loading LC and rate of carbon activation RA: 

Equation 3-15 
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LA and RA were plotted as a function of reaction temperature, exposure time and carbon 
loading to determine the optimum combination of CVI parameters for carbon activation. 
 

3.3.2.3 Results and Discussion 
Rates of carbon activation at various reaction temperatures are plotted in Figure 

3-15. The rate of carbon activation increases linearly with reaction temperature from 0.18 
to 0.725 wt.%/min from 450 C to 525 C. The scatter in the measured rates is minimal 
from 450 C to 500 C but increases three-fold between 500 C and 525 C. 
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Figure 3-15. Carbon activation rates at various reaction temperatures. The rate of carbon activation 
increases linearly from 450 to 525 C, with minimal scatter from 450 to 500 C. 

 
The linear relationship between carbon activation rate and reaction temperature is 

unexpected, especially when compared to carbon deposition’s exponential dependence on 
reaction temperature. The relationship is complicated by the exothermic nature of carbon 
activation via oxidation. Graphitic carbon reacts with oxygen to produce carbon dioxide 
and 393.95 kJ/mol of energy: 

Equation 3-16 

( ) ( ) ( )ggs COOC 22 →+   
mol

kJ
H f 95.393=∆ ο  

The energy released during activation can lead to local temperature excursions that affect 
the rate of carbon activation. The following calculation is used to estimate the local 
temperature excursion within a representative composite sample for each reaction 
temperature. Consider a cylindrical composite sample with radius rcomp = 0.375 cm, 
length l = 1.5 cm, bulk density ρbulk = 0.15 g/cm3 and porosity Π = 0.925 oriented parallel 
to the reaction chamber with radius rchamber = 1.25 cm. The residence time tr of argon in 
the sample is calculated from the physical properties of the sample and the flow rate of 
argon gas: 

Equation 3-17 
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The amount of carbon activated during the residence time is determined from the 
measured rate of activation and is used to calculate the amount of energy produced during 
the residence time according to Equation 3-16. The local temperature excursion in the 
composite is dependent on the mass and average specific heat capacity of the 
silica/carbon composite (mcomp and cp,comp respectively) and the mass and specific heat 
capacity of argon gas within the composite’s pore network (mar and cp,ar respectively): 

Equation 3-18 
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The local temperature excursions for different reaction temperatures are listed in Table 
3-3 along with the amounts of carbon activated during the residence time and the 
amounts of energy produced. Local temperature excursions increase with increasing 
reaction temperature, which is logical given the increased rates of carbon activation and 
energy generation at higher temperatures. The important conclusion is that local 
temperature excursions occur in a positive feedback loop. For exothermic reactions like 
oxidation, local temperature excursions are positive. By inference, local temperature 
excursions are negative for endothermic reactions like thermal decomposition of 
acetylene. 

Tr [C]
Carbon activated 
during tr [g]

Energy 
produced [kJ]

Local temperature 
excursion [C]

450 2.85E-06 9.34E-05 1.33
475 6.01E-06 1.97E-04 2.81
500 9.50E-06 3.11E-04 4.43
525 1.15E-05 3.76E-04 5.36 

Table 3-3. Local temperature excursions for reaction temperatures from 450 to 525 C. 

 
The above analysis doesn’t appreciably change the relationship between the rate 

of carbon activation and reaction temperature, but it has several simplifying assumptions 
that limit its applicability. The most notable assumption is that the composite and the 
argon gas are in thermal equilibrium at the surface of the composite, which is the location 
of activation and energy generation. Equation 3-19 is the energy balance of the 
composite’s surface based on Figure 3-16: 

Equation 3-19 
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Figure 3-16. Analysis of heat transfer at the composite’s surface during oxidation. Heat is transferred 
away from the surface by conduction into the composite and convection into the argon gas. 

For the composite and argon gas to be in thermal equilibrium at the surface, the rates of 
heat transfer to the composite by conduction and argon gas by convection have to be 
large enough to immediately dissipate the energy generated at the surface and maintain 
isothermal conditions in the composite and argon gas. Additionally, the rates of heat 
transfer have to be proportional to the specific heat capacities of the composite and argon 
gas so that their temperatures are equal. Simultaneous satisfaction of these two conditions 
is highly unlikely and therefore the thermal equilibrium assumption probably doesn’t 
reflect reality. If the first condition is true but not the second, then the composite and 
argon gas are both isothermal but are not at the same temperature and there is a 
temperature discontinuity at the surface of the composite. Finally, the temperature of the 
composite’s surface is higher than the temperature of the composite or argon gas if 
neither condition holds. 
 

The structural integrity of the composite samples is also affected by reaction 
temperature. Composites activated at reaction temperatures between 450 and 500 C 
experience minimal changes to their structure during activation and remain monolithic. In 
contrast, composites activated at Tr = 525 C experience significant fracturing that render 
them brittle to the touch and difficult to handle. Figure 3-17 contrasts a monolithic 
composite after activation at 500 C and a fractured composite after activation at 525 C. 
Fracturing is probably due to the graphitization of the carbon phase during activation. 
Graphitization causes dramatic shrinkage in the carbon phase and typically results in the 
formation of nano-scale fissures. During activation at 525 C, graphitization is probably so 
sudden and dramatic that the silica network is unable to support the additional stress 
placed on it by the shrinking carbon phase and fails. 
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Figure 3-17. Image of: a) monolithic composite activated at 500 C. b) fractured composite activated 
at 525 C. The stress placed on the composite during graphitization at 525 C probably causes the 
composite to fracture. 

 
The reaction temperature for future carbon activation experiments is selected to 

be 500 C based on the rates of carbon activation in Figure 3-15. This reaction temperature 
offers the best tradeoff between rates of carbon activation, exposure times and fracture. 
 

Carbon activation for different exposure times are plotted in Figure 3-18 with Tr = 
500 C. Carbon activation is temporally linear, with an average carbon activation rate of 
0.67 wt.%/min. The standard deviation of the average rate is about 18% with significantly 
more scatter in the samples activated for te = 60 min. The primary insight that can be 
drawn from the linear relationship between carbon activation and time is that the 
diffusion coefficient is unaffected by the presence of deposited carbon and its removal 
during oxidation, which in turn suggests that carbon is being removed from the periphery 
of the pores. 

 
Figure 3-18. Carbon activation for different exposure times with Tr = 500 C. Carbon activation, like 
carbon deposition, is temporally linear. 

 
Carbon activation rates for different levels of carbon loading are plotted in Figure 

3-19. The rate of carbon activation shows very little dependence on carbon loading and is 
around 0.65 wt.%/min for all loadings. This result further supports the conclusion that 
carbon is deposited on the silica strings-of-pearls because carbon deposited and 
subsequently removed from the periphery of the pore network would have less of an 
effect on the diffusion coefficient than carbon deposited and removed from the free 
volume of the pore. 
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Figure 3-19. Carbon activation rates for carbon loading between 30 and 60 wt.%. The rate of carbon 
activation is found to be independent of carbon loading. 

 

3.4 Summary 
The parameterizations detailed in 3.3.1 and 3.3.2 clearly show the effects of CVI 

parameters on the rates of carbon deposition and activation and the structural integrity of 
the composites. In summary, carbon deposition is exponentially dependent on reaction 
temperature, linearly dependent on time and free-stream acetylene mass fraction and 
independent of substrate dimension. Acetylene is preferred to methane because it allows 
for carbon deposition at lower reaction temperatures, which leads to less sintering. 
Carbon activation is linearly dependent on reaction temperature and independent of 
carbon loading. The CVI parameters that yield the most consistent rates of carbon 
deposition and activation with minimum damage to the resultant composites are Tr = 580 
C and mg,∞ = 0.155 for deposition and Tr = 500 C for activation. Therefore the carbon and 
activated carbon composites characterized in the remainder of this dissertation are 
fabricated with those CVI parameters. 
 

In order to further characterize carbon and activated carbon composites in the 
context of hydrogen storage, it is necessary to establish a range of interest for carbon 
loading and activated carbon loading. The following back-of-the-envelope calculation is 
used to select an appropriate range of interest based on geometric considerations and the 
physical properties of silica and carbon. Silica aerogel consists of silica nano-particles 2 
to 5 nm in diameter bonded together in strings-of-pearls. Although it is difficult to 
determine the volume occupied by an individual nano-particle because of sintering, an 
approximate volume can be bracketed by calculating the volume of a sphere (no 
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sintering) and a cylindrical section (sintering). The carbon phase is modelled as an 
annular shell around the silica nano-particle. The desired shell thickness is one to two 
monolayers of carbon, which balances the condition of carbon coverage while 
minimizing encroachment of the carbon phase into the pores of the composite. The wt.% 
of the composite is based on the mass of the silica nano-particle relative to the mass of 
the carbon shell: 

Equation 3-20 
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where ρSiO2 and ρC are the densities of silica and carbon respectively, d is the diameter of 
the silica nano-particle and t is the thickness of the shell, which is the product of the 
number of monolayers and the van der Waals diameter of carbon dvdW. Table 3-4 
summarizes the values of Equation 3-20 with ρSiO2 = 2.634 g/cm3, ρC = 2 g/cm3, d = 5 nm 
and dvdW = 0.34 nm. 

Monolayers [#] t [nm] wt.% sphere wt.% cyl
1 0.34 26.1% 18.1%
2 0.68 44.5% 31.9% 

Table 3-4. Carbon and activated carbon wt.% based on back-of-the-envelope calculation with ρρρρSiO2 = 
2.634 g/cm3, ρρρρC = 2 g/cm3, d = 5 nm and dvdW = 0.34 nm. 

 
From Table 3-4, carbon and activated carbon loading of approximately 15 wt.% is 

a conservative estimate for achieving a shell thickness of one monolayer of carbon and 45 
wt.% is an ambitious estimate for achieving a shell thickness of two monolayers. 
Therefore the carbon and activated carbon composites characterized in the remainder of 
this dissertation are fabricated with carbon and activated carbon loadings between 15 and 
45 wt.%. 
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4 Physical Characterization of Silica Aerogel 
and Its Nano-Structured Composites 

Chapter 4 focuses on the physical characterization of silica aerogel and the carbon 
and activated carbon composites selected for hydrogen storage characterization. First, 
transmission electron microscopy is performed to qualitatively investigate the nano-
structuring of silica aerogel and the composites. The nano-structuring of silica aerogel 
and the composites is then quantitatively analyzed using X-ray diffraction and 
porosimetry. For each characterization technique, the technique’s theory is introduced 
and then the experimental set-up and results are discussed. 
 

4.1 Transmission Electron Microscopy 
Transmission electron microscopy (TEM) is a microscopy technique that uses an 

electron beam to probe an ultra-thin sample and generate imagery. TEM images are 
formed from the interactions of beam electrons that are transmitted and elastically and 
inelastically scattered by the sample; the images are magnified and focused onto an 
imaging device for detection and capture. It is important to note that TEM images are 
generated by electron transmission (as opposed to reflection) and that TEM images are 
two-dimensional representations of a three-dimensional object. This is important during 
image analysis because information might be lost or obscured during conversion from 
three to two dimensions. TEM is capable of imaging at significantly higher resolution 
than traditional visible light microscopes, with resolution down to a few nanometers, 
because of the small de Broglie wavelength of electrons. The resolution of a microscopy 
technique is limited in part by the wavelength used to probe the sample. Traditional light 
microscopes are limited to probing wavelengths greater than half the smallest wavelength 
of the visible spectrum (approximately 250 nm) due to diffraction effects. In contrast, 
TEM uses a probing electron beam that has a de Broglie wavelength on the order of 1 
pm. 
 

TEM was performed on representative silica aerogel, carbon composite and 
activated carbon composite samples. The nano-structuring of silica aerogel and the 
composites is qualitatively investigated based on the TEM images. The carbon loading 
and activated carbon loading of the representative composite samples are 22 wt.% and 20 
wt.% respectively. 
 

4.1.1 Introduction 
A typical TEM has four components in a column: an electron source, a series of 

lenses and apertures for beam manipulation, an image capture device and a sample 
holder. An external vacuum pump is used to create a vacuum inside the TEM column in 
order to lengthen the mean free path of the probing electrons. A schematic of a TEM is 
shown in Figure 4-1. 
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Figure 4-1. Schematic representation of a TEM. The four columnized components are clearly shown, 
as is the pump used to create a vacuum within the TEM. 

 
The electron source is usually a tungsten filament or a lanthanum hexaboride 

(LaB6) single crystal that is excited by high voltage, for example to 200 or 300 keV. 
When sufficiently excited, the source emits a beam of electrons into the vacuum by either 
thermionic emission in the case of the tungsten filament or field electron emission in the 
case of the LaB6 single crystal. The wavelength of the emitted electrons is determined by 
application of the de Broglie equation, with a correction that accounts for relativistic 
effects47: 

Equation 4-1 
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where h is Planck’s constant, m0 is the mass of an electron at rest, E is the energy of the 
accelerated electron and c is the speed of light. The correction is necessary because the 
velocity of the emitted electrons approaches the speed of light. 
 

After emission from the electron source, the electron beam is manipulated using a 
series of lenses and apertures. The lenses in a TEM are designed to focus and rotate the 
electron beam in the same way optical lenses focus and rotate a beam of light. 
Manipulation utilizes the Lorentz force FL from electromagnetism, which is the 
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superposition of the forces acting on a charged particle from an electric field E and a 
magnetic field B: 

Equation 4-2 

( )BvEqFL ×+=  
where q is the electric charge of the particle and v is the velocity vector of the particle. 
The impact of the Lorentz force on the electron beam is dependent on the magnitudes and 
directions of the electric and magnetic fields and the locations of application. The 
component of FL associated with E (FE) radially accelerates the electrons travelling down 
the cylindrical TEM when exposed to a horizontal electric filed, as seen in Figure 4-2. 

 
Figure 4-2. Effect of electric field on electron traveling down a TEM. The electric field causes the 
electron to accelerate in the direction of the field. 

The component of FL associated with B (FB) accelerates the electrons in the direction 
normal to the plane defined by v and B. If v has radial and vertical components, as is the 
case after application of a horizontal electric field, and the magnetic field is directed 
along the TEM axis, then FB causes the electrons to travel in a helical path. This is shown 
mathematically by evaluating the cross-product in Equation 4-2 in cylindrical 
coordinates: 

Equation 4-3 
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For the case described above, vθ = Bθ = Br = 0, vr is positive and vz is negative. Assuming 
Bz is positive, plugging Equation 4-3 into Equation 4-2 yields 
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Equation 4-4 
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By controlling the magnitudes and directions of the electric and magnetic fields and the 
locations of application, the electron beam is sufficiently manipulatable for TEM 
operation. 
 

There are three sets of lenses that are used to manipulate the electron beam from 
the electron source to the image capture device (see Figure 4-1). Condenser lenses are 
first in the series and are used to form a coherent beam from the electrons emitted from 
the electron source; most TEMs have two or three condenser lenses. Astigmatism, also 
known as asymmetrical beam distortion, is one common beam formation problem that is 
corrected with condenser lenses (Figure 4-3). 

 
Figure 4-3. Astigmatism (asymmetrical beam distortion) is a common problem in the formation of an 
electron beam from a source. Condenser lenses correct astigmatism and form a coherent electron 
beam. 

After condenser lenses form the electron beam, objective lenses manipulate the beam as it 
interacts with the sample. There are two objective lenses in a modern TEM, one above 
the sample and one below. The objective lens above the sample focuses the electron 
beam on the sample while the objective lens below the sample collects the beam as it 
exits the sample and focuses it on the projector lenses. Astigmatism associated with the 
interaction of the electron beam and the sample is common and can be corrected with 
objective lenses much in the same way condenser lenses can correct astigmatism 
associated with beam formation. The third and final lenses in a TEM are projection 
lenses. Projection lenses are responsible for magnifying and focusing the electron beam 
onto the image capture device. There are two or three projection lenses in a modern 
TEM. 
 

The electron beam is manipulated with apertures in addition to lenses. TEM 
apertures are designed to exclude electrons that have separated from the electron beam. A 
TEM aperture is a metallic annulus that is thick enough to absorb incident electrons; 
electrons either pass through the center of the annulus unimpeded or are absorbed In this 
way, an aperture excludes electrons that have separated further than a fixed distance from 
the axis of the electron beam. The exclusion of separated electrons simultaneously 
decreases the intensity of the beam and lessens the effects of beam distorsion like 
astigmatism. Apertures are used in conjunction with condenser and objective lenses, and 
some TEMs allow for insertion and withdrawal of removable apertures. 
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The electron beam is magnified and focused by the projection lenses onto the 

image capture device, which analyzes the information contained in the beam to extract 
knowledge of the sample or beam itself. The observed intensity I of the images is the 
convolution of the wavefunctions Ψ of the beam’s electrons48: 

Equation 4-5 

( ) ∗ΨΨ= οyxI ,  
The observed image intensity depends on both the amplitude and phase of the electrons’ 
waves. At lower resolution, phase effects can often be ignored and imaging is principally 
dependent on the change in amplitude of the incoming electron wavefunction. In contrast, 
samples imaged at higher resolution can be modeled as affecting the phase but not the 
amplitude of the incoming electron wavefunction; samples that primarily affect phase are 
known as pure phase objects.48 The image capture device itself is either a phosphor 
screen composed of zinc sulphide particulate for direct observation or a charge-coupled 
device (CCD) camera for recording. CCD cameras enable immediate analysis to aid in 
imaging; for example, astigmatism from the objective lenses can be more quickly 
corrected by applying a fast Fourier transform to the image, which is only possible with 
the use of a CCD camera. 
 

The final component of a TEM is the sample holder. The sample itself is placed 
on a ‘holey’ carbon film, which is an ultra-thin film of carbon on a grid of copper, gold or 
platinum. The carbon film provides support for the sample and aids in TEM calibration 
yet is thin enough to minimize interaction with the electron beam. Figure 4-4 is a 
scanning electron microscopy (SEM) image of holey carbon film. 

 
Figure 4-4. SEM image of holey carbon film. The larger square grid is made of copper and the 
smaller film with circular holes is made of carbon.49 
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The holey carbon film is held in the path of the electron beam by a sample stage that 
allows for translation and limited rotation of the sample. The sample stage can be moved 
in the horizontal plane of the sample, adjusted vertically and rotated at least 1° in order to 
present different sample regions of interest to the beam. 
 

TEMs are capable of several analytical techniques in addition to generating 
imagery. One analytical technique used in this study is energy dispersive X-ray 
spectroscopy (EDS). EDS is a variation of X-ray fluorescence (XRF) and uses the 
elements’ unique X-ray emission spectrums to identify one element from another. A 
sample analyzed with EDS in a TEM is excited with the TEM’s electron beam and is 
allowed to relax back to its ground state. During relaxation, the sample emits X-rays that 
are detected and measured with an EDS. The emission spectrum is compared to a 
database to determine the elements present in the sample. 
 

4.1.2 Experimental Set-up and Analysis 
Sol-gel samples were prepared using the Silbond H5 recipe discussed in detail in 

2.3.1.1 with x1/16. The sol-gels were substituted, dried into aerogel, and baked in the 
manner described in 2.3.2.1. The carbon composite was fabricated using the CVI 
parameters listed at the end of 3.3.1.3: acetylene as the reactive gas, Tr = 580 C, qig = 800 
sccm and mg,∞ = 0.155. The exposure time was 90 min, which yielded a carbon composite 
with LC = 22 wt.%. The activated carbon composite initially had LC = 29 wt.% and was 
activated at Tr = 500 C, qg = 100 sccm, qig = 500 sccm and te = 60 min, which yielded an 
activated carbon composite with LA = 20 wt.%. 
 

The following set-up was the same for each sample: After fabrication, the sample 
was diced using a razor blade into clusters with a characteristic dimension of 
approximately 0.5 mm. The clusters were collected into a pile using the razor blade and a 
holey carbon film was pressed into the pile to deposit sample on the film. The holey 
carbon film was purchased from Electron Microscopy Sciences with a copper grid and a 
carbon film mesh size of 300. 
 

The TEM that was used to image the samples was a 200 keV JEOL 2100F 
equipped with a Gatan Orius SC1000 CCD camera. The TEM had a field-emission 
electron source, three condenser lenses, two objective lenses and three projection lenses. 
It additionally had a Gatan 806 high-angle angular dark field detector with scanning 
transmission electron microscopy (STEM) capability and a high solid-angle EDS system 
with elemental X-ray analysis capability. The TEM was prepped and the sample was 
loaded simultaneously. The pressure in the TEM column was checked to ensure it was 
under vacuum and the voltage of the electron gun was set to 200 keV. The sample was 
loaded into the TEM through a load-lock chamber to maintain vacuum in the column. 
 

The lenses and apertures in the column were aligned after the TEM was prepped 
and the sample was loaded. The alignment procedure was begun at low resolution with 
the selection of a hole in the carbon film near the location of interest. The resolution was 
increased after hole selection and its image maximized to improve electron output. The 
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three condenser lenses were then aligned by iteratively collimating the electron beam 
with shift knobs and condenser astigmatism, if present, was corrected. The objective 
lenses were used to adjust the focus on the location of interest. Lastly, the voltage center 
was established by wobbling the beam to minimize translation of the electron beam. 
 

Images were captured at several locations of interest with length scales from 100 
nm to 10 nm. Locations of interest were selected on the basis of the amount of nano-
structuring evident; these locations were most often on fragments or splinters of sample 
that were only a few nano-particles and pores thick. EDS was performed at the locations 
of interest to determine the local elemental composition. 
 

4.1.3 Results and Discussion 
Before discussing the TEM images of the samples, it is important to remember 

that TEM images are due to electron transmission and are two-dimensional 
representations of three-dimensional objects. Therefore some information about the 
samples’ three-dimensional nano-structuring is lost as the infinite number of planes 
normal to the electron beam are ‘smeared’ together. A column in the z-dimension will be 
termed a vertical, and the degree of smearing in a vertical is directly proportional to the 
number of nano-particles in the vertical with which the electron beam interacts: verticals 
that contain fewer nano-particles smear less and lose less information than verticals that 
contain more nano-particles. For this reason, discussion focuses primarily on the edge 
regions of the samples to gain insight into the samples’ nano-structuring. The observed 
intensity of a vertical is also proportional to the number of nano-particles it contains. A 
vertical that contains less nano-particles, either because the sample is thin or there is a 
preponderance of pores in the vertical, shows higher intensity than a vertical that contains 
more nano-particles. 
 

TEM images of silica aerogel are shown first to provide a baseline with which to 
compare the composites. Figure 4-5 is a fleck of silica aerogel with a length scale of 50 
nm. The low intensity in the bottom left of Figure 4-5 indicates that the sample is thickest 
in that region, and the alternating verticals of lower and higher intensity in the middle of 
the sample support the conclusion that there is no large-scale order to the sample’s nano-
structuring. At the upper right edge where the sample is thinnest, there are several 
locations where nano-particles of diameter less than 5 nm are evident and the spacing 
between nano-particles is 10 to 20 nm. These values are consistent with values from 
literature5 and the author’s experiments. 
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Figure 4-5. TEM image of silica aerogel with a length scale of 50 nm. The aerogel is thickest in the 
bottom left (a) and the alternating verticals of lower and higher intensity (b) suggest that the sample 
is amorphous. The scale of nano-structuring evident in the thinnest region of the sample (c) is 
consistent. 

 
Figure 4-6 is a TEM image of region (c) from Figure 4-5 with increased 

magnification. Individual nano-particles are clearly evident at the edge of the sample and 
by the circular collections of verticals that have lower intensity than their neighbors; the 
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characteristic dimension of the nano-particles is 3 to 5 nm. There are also two very 
distinct pores in Figure 4-6 that are 10 to 15 nm across. They might be slightly larger than 
10 to 15 nm depending on the location of the nano-particles in the verticals that surround 
them. The scaling of both the nano-particles and pores agrees with those observed in 
Figure 4-5. 
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Figure 4-6. TEM image of silica aerogel of region (c) with a length scale of 10 nm. Individual nano-
particles are evident at the edge (n-p 1) and by the circular collections of verticals with lower 
intensity (n-p 2). Two pores are also evident (p). The scale of the nano-structuring is consistent with 
that in Figure 4-5. 

 
The following TEM images are of carbon composite. Figure 4-7 is a fleck of 

carbon composite with a length scale of 20 nm. It is extremely difficult to distinguish the 
carbon composite in Figure 4-7 from the silica aerogel shown in Figure 4-5: both samples 
have regions of low intensity corresponding to maximum thickness, regions of alternating 
verticals of lower and higher intensity, and nano-particles less than 5 nm in diameter at 
their edges. There is also no visible evidence of independent carbon nano-structures such 
as multi-walled nano-tubes forming in the pores of the aerogel substrate, which is well-
documented in literature.13 The apparent morphology of the sample is consistent with the 
conclusion drawn independently in 3.3.1, that carbon is deposited preferentially on the 
periphery of the pores where it coats the silica nano-particles. 
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Figure 4-7. TEM image of carbon composite with a length scale of 20 nm. The carbon composite is 
indistinguishable from silica aerogel in Figure 4-5. It has regions of maximum thickness (a), 
alternating verticals of lower and higher intensity (b) and evident nano-particles (c). 

 
Commonalities between the carbon composite and silica aerogel are evident at 

smaller length scales as well. Figure 4-8 is a TEM image of region (c) from Figure 4-7 
with increased magnification, and shows individual nano-particles at the edge of the 
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sample and as circular collections of lower intensity verticals. There are no pores visible 
in Figure 4-8 and no evidence of independent carbon nano-structures. 
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Figure 4-8. TEM image of carbon composite of region (c) with a length scale of 10 nm. Individual 
nano-particles are evident at the edge (n-p 1) and by circular collections of verticals with lower 
intensity (n-p 2). There is no evidence of independent carbon nano-structures. 

 
An EDS analysis of four sites on the carbon composite is shown in Figure 4-9. All 

four sites show the presence of carbon and three of the four sites show the presence of 
silicon and oxygen, which is expected given the known composition of the sample. The 
sites also show copper signals that can be attributed to the copper grid that supports the 
holey carbon film. 

 
Figure 4-9. EDS of four sites on the carbon composite. All four sites show the presence of carbon and 
sites 1, 2 and 4 show silicon and oxygen. All of the sites show copper signals attributable to the holey 
carbon film’s copper grid. 

 
The following images are of activated carbon composite. Figure 4-10 is a pair of 

TEM images at different length scales. The first is of an activated carbon composite fleck 
that is supported by the holey carbon film evident in the upper left of the image. The 
second is of region (c) with increased magnification. Once again, it is difficult to 
distinguish between silica aerogel, carbon composite and activated carbon composite at 
these length scales. The activated carbon composite shows regions of maximum 
thickness, alternating verticals of lower and higher intensity, and nano-particles less than 
5 nm in diameter at its edge just like the other two samples. Additionally there is no 
visible evidence of independent carbon nano-structures in the pores of the activated 
carbon composite. One interesting feature from Figure 4-10b is the isolated string-of-
pearls at the lower left edge of the sample. This is conclusive evidence that the solid 
network of silica aerogel and the composites is arranged at least in-part in strings-of-
pearls. 



 86

 



 87

 
Figure 4-10. TEM images of activated carbon composite. a) Image with a length scale of 100 nm; 
regions (a), (b) and (c) are present as in Figure 4-5 and Figure 4-7. b) Region (c) with a length scale of 
20 nm; a string-of-pearls is clearly evident at the edge of the sample, as are individual nano-particles 
in the bulk (n-p 2). 
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Figure 4-11 is a TEM image of activated carbon composite with a length scale of 
10 nm. The sample shows individual nano-particles at its edge and in its bulk like silica 
aerogel and carbon composite. In addition to those commonalities, activated carbon 
composite has an edge feature that is not present in the other samples. The activated 
carbon composite appears to show additional structuring on the order of 0.5 nm that is 
consistent with graphitic planes, although structuring could also be due to diffraction 
effects. The presence of the graphitic planes is consistent with carbon activation theory, 
which postulates that deposited carbon experiences graphitization during activation by 
selective oxidation. The location of the graphitic planes is also consistent with the 
conclusion drawn in 3.3.1.3 and 3.3.2.3, that carbon is preferentially deposited on the 
surface of the silica nano-particles. EDS analysis of the activated carbon composite 
confirms the presence of silicon, oxygen and carbon, with copper present as support for 
the holey carbon film (Figure 4-12). 
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Figure 4-11. TEM image of activated carbon composite with a length scale of 10 nm. It appears to 
show graphitic carbon planes covering individual nano-particles. 

 
Figure 4-12. EDS of five sites on the activated carbon composite. All five sites show the presence of 
carbon and sites 4 and 5 show silicon and oxygen. All of the sites show copper signals attributable to 
the holey carbon film’s copper grid. 

 

4.2 X-Ray Diffraction 
X-ray diffraction (XRD) is a technique that uses an X-ray beam to determine the 

crystallographic structure of a sample. In XRD, X-rays of known incident angle and 
wavelength are elastically scattered by a sample, which occurs when the energies of the 
incident X-rays are conserved and only their directions of propagation change. A detector 
measures the intensity of the elastically scattered X-rays as a function of incident angle in 
the form of a diffraction pattern, which is compared to dedicated tables and databases for 
fingerprinting. XRD is affected by the degree of crystallinity of a sample, with analysis of 
a sample with short-range crystallinity limited to the determination of crystallite sizes and 
preferred grain orientations. XRD in a sample with long-range crystallinity yields more 
information with respect to the sample’s crystallographic structure such as its mean 
chemical bond length and the angles between its atoms. 
 

XRD is performed on silica aerogel, carbon composite and activated carbon 
composite samples. The nano-structuring of silica aerogel and the composites is 
quantitatively investigated based on the XRD results. The carbon composite and activated 
carbon composite samples investigated have carbon and activated carbon loadings 
between 15 and 45 wt.%. 
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4.2.1 Introduction 
There are three steps in XRD: X-ray beam generation, beam scattering, and 

diffraction pattern capture and interpretation. X-rays are typically generated by an X-ray 
tube, which consists of a tungsten filament anode and a metal target cathode. Electrons 
are produced by the tungsten filament and are accelerated by an applied voltage toward 
the metal target. The accelerated electrons collide with the electrons in the target, exciting 
the target electrons out of their ground-state energy levels. X-rays of wavelengths 
characteristic of the target metal are emitted as the excited target electrons return to their 
ground-state energy levels. A given metal target can strongly emit multiple X-ray 
wavelengths; for example, a copper target primarily emits X-ray wavelengths of 
0.154051 nm (Cu Kα1) and 0.139217 nm (Cu Kβ1). In addition to strongly emitting X-
rays of discrete wavelengths, a metal target emits X-rays over a wavelength continuum 
due to interactions between the accelerated electrons and the nuclei of the metal target. 
This process is known as Bremsstrahlung and typically produces low-energy X-rays. The 
X-ray spectrum of a metal target is the superposition of the strongly emitted discrete X-
rays and those emitted via Bremsstrahlung (Figure 4-13). 

 
Figure 4-13. X-ray spectrum of a copper target with discreet X-rays and continuum X-rays emitted 
by Bremsstrahlung.50 

The X-ray spectrum generated by the metal target is filtered to a single wavelength and 
the X-rays are collimated into a beam before striking the sample. Filtering and 
collimation are important aspects of X-ray generation because they simplify data analysis 
and remove wavelengths that unnecessarily damage the sample. 
 

After generation, filtering and collimation, the monochromatic X-ray beam is 
allowed to strike the sample at a known incident angle. Most of the X-rays that interact 
with the sample are canceled by destructive interference, but some add constructively 
according to Bragg’s law: 

Equation 4-6 

λθ nd =sin2  
where d is the interplanar spacing of the sample, λ in the X-ray wavelength and n is any 
integer. The diffraction pattern as a function of incident angle is determined by rotating 
the sample with respect to the angle of incidence by means of a goniometer and recording 
the intensity of the scattered X-ray beam with a diffraction pattern capture device, 
typically a CCD camera. A common schematic representation of Bragg’s law is shown in 
Figure 4-14. 
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Figure 4-14. Schematic representation of Bragg’s law. According to Bragg’s law, constructive 
interference depends on θθθθ, d and λλλλ.51 

 
The interplanar spacings of the sample are determined through interpretation of 

the diffraction pattern as a function of incident angle. Simplistically, the angles of 
incidence corresponding to high scattering intensity are used to backsolve for the 
interplanar spacings according to Bragg’s law, which are then compared to dedicated 
tables to determine the composition of the sample. In practice, XRD requires the 
indexing, merging and phasing of hundreds of diffraction patterns at different angles of 
incidence. The diffraction patterns are indexed first to identify diffraction pattern peaks. 
After indexing, the diffraction patterns are merged to form a superimposed diffraction 
pattern that has a consistent intensity scale, which is critical because the crystallographic 
structure of the sample is determined from the relative intensities of the peaks. Finally the 
dimensions of the unit cell and the relative intensities of the diffraction pattern peaks are 
compared to dedicated tables and databases during phasing. Phasing is an iterative 
process that requires a crystallographic model upon which to iterate toward a solution. 
Iterations usually involve comparisons between the sample’s diffraction pattern peaks 
and those in the tables and databases, with substitution of atoms, bond lengths and angles 
where appropriate. 
 

4.2.2 Experimental Set-up and Analysis 
Sol-gel samples were prepared using the Silbond H5 recipe discussed in detail in 

2.3.1.1 with x1/16. The sol-gels were substituted, dried into aerogel, and baked in the 
manner described in 2.3.2.1. The carbon composites were fabricated using the CVI 
parameters listed at the end of 3.3.1.3: acetylene as the reactive gas, Tr = 580 C, qig = 800 
sccm and mg,∞ = 0.155. The exposure times were 90 and 120 min, which yielded carbon 
composites with LC = 22 and 33 wt.%. The activated carbon composites initially had LC = 
25, 29 and 54 wt.% and were activated at Tr = 500 C, qg = 100 sccm, qig = 500 sccm and 
te = 60 min, which yielded activated carbon composites with LA = 16, 20 and 37 wt.%. 
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The following set-up was the same for each sample: A pellet of the sample was 

fabricated in order to maximize the amount of sample with which the incident X-ray 
beam interacted. About 100 mg sample was lightly ground with a mortar and pestle and 
mixed with an equal amount of paraffin binder. The mixture was loaded into a sample 
holder 1.3 cm in diameter and pressed in a SPEX 3630 X-press pelletizer at 7 tons for 1 
min and allowed relaxed for 2 min. After fabrication, the pellet was fixed to a quartz 
sample holder with putty and loaded into a Siemens D500 diffractometer. The 
diffractometer used the Cu Kα1 wavelength (λ = 0.154051) and was operated at 40 kV 
and 30 mA. The sample was scanned from θ = 15° to 30° (2θ = 30° to 60°) with a 
discretization of 0.05° and the diffraction pattern at each incident angle was captured with 
a CCD camera. 
 

4.2.3 Results and Discussion 
The XRD patterns of silica aerogel, carbon composite and activated carbon 

composite are shown in Figure 4-15. The diffraction pattern of silica aerogel has no 
strong peaks corresponding to crystalline silica or carbon but does show what appear to 
be very minor peaks at 2θ = 36.4° and 40.8°. The diffraction patterns of the carbon and 
activated carbon composite samples are almost identical; none show strong peaks 
corresponding to crystalline silica or carbon and all show what appear to be very minor 
peaks at 2θ = 36.4° and 40.8°. 

 
Figure 4-15. XRD patterns of silica aerogel, carbon composite and activated carbon composite. No 
strong peaks are evident; all of the samples show what appear to be very minor peaks at 2θθθθ = 36.4° 
and 40.8° that do not correspond to any combination of silica and carbon. 
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 The apparent peaks at 2θ = 36.4° and 40.8° do not correspond to any combination 
of silica and carbon, the media known to be present in the samples, when compared to 
XRD tables from the International Centre for Diffraction Data.52 The peaks are also so 
minor that they may be within the noise of the data. These two observations suggest that 
silica aerogel and the composites are amorphous and do not have long-range crystallinity 
in either silica or carbon phases, which supports the conclusion made from the TEM 
images in 4.1.3 regarding amorphicity. 

4.3 Porosimetry 
Porosimetry is an analytical technique that quantifies the physical properties of 

porous media, including specific surface area, pore size distribution and porosity. The 
most common porosimetry technique involves the intrusion of mercury to determine the 
physical properties of a medium according to Washburn’s equation: 

Equation 4-7 

pd
P

θγ cos4
=∆  

where ∆P is the pressure difference between the intruding mercury and the gas in the 
medium’s pores and γ and θ are the surface tension and contact angle of mercury 
respectively. The mercury technique is not suitable for silica aerogel and the composites 
because the surface tension of mercury would collapse their nano-structuring. Nitrogen 
adsorption isotherms and low-pressure helium gas expansion are two porosimetry 
techniques that enable non-destructive investigation of the physical properties of silica 
aerogel and the composites. 
 

Porosimetry is performed on silica aerogel, carbon composite and activated 
carbon composite samples. Nitrogen adsorption isotherms are analyzed using BET and 
BJH theories to determine the specific surface areas and pore size distributions of the 
samples respectively. Low-pressure helium gas expansion is used to determine the 
porosities of the samples. The carbon composite and activated carbon composite samples 
investigated have LC and LA between 15 and 45 wt.%. 

 
 

4.3.1 Introduction 
A nitrogen adsorption isotherm is a collection of equilibrium measurements of 

nitrogen adsorption by a medium as a function of partial pressure at -196 C. To construct 
a nitrogen adsorption isotherm, a medium initially under vacuum at -196 C is dosed with 
a known mass of nitrogen gas. Nitrogen gas is adsorbed by the medium until an 
equilibrium pressure below the saturation pressure of nitrogen is reached. The mass of 
nitrogen gas adsorbed by the medium is the difference between the known mass of 
nitrogen gas initially in the gas reservoir and the mass of nitrogen in the gas reservoir and 
sample holder combined after equilibration. The sample is isolated from the gas reservoir 
after equilibration and is dosed again with a known mass of nitrogen gas at a pressure 
higher than the previous equilibrium pressure. This process is repeated until the partial 



 95

pressure of nitrogen gas in the sample holder reaches unity. The specific volume of 
nitrogen adsorbed and the corresponding equilibrium partial pressure of each aliquot are 
plotted to construct a nitrogen adsorption isotherm. BET and BJH theories rely on a 
nitrogen adsorption isotherm to determine the specific surface area and pore size 
distribution of a medium. BET theory uses specific volumes and partial pressures to 
determine two parameters that are unique to BET theory using a linear curve fit. The 
parameters are then used to solve for the specific surface area of the medium. BJH theory 
is a complex theory that is based on an iterative algorithm that inputs experimentally 
determined specific volumes and partial pressures and outputs specific volume of 
nitrogen adsorbed as a function of pore size. 
 

Low-pressure helium gas expansion is a rather simple porosimetry technique that 
relies on conservation of mass to determine the skeletal volume of a porous medium. 
First, an empty sample holder is evacuated and dosed with a known mass of helium gas 
from a gas reservoir. The sample holder and gas reservoir are allowed to equilibrate, and 
the volume of the empty sample holder is determined from the mass of helium in the 
sample holder and gas reservior after equilibration. The process is repeated with the 
sample holder filled with medium and the difference between the two volumes is the 
skeletal volume of the sample. The key difference between low-pressure helium gas 
expansion and nitrogen adsorption is that low-pressure helium gas expansion assumes 
helium does not adsorb to the medium. 
 

4.3.2 Experimental Set-up and Analysis 
Sol-gel samples were prepared using the Silbond H5 recipe discussed in detail in 

2.3.1.1 with x1/16. The sol-gels were substituted, dried into aerogel, and baked in the 
manner described in 2.3.2.1. The carbon composites were fabricated using the CVI 
parameters listed at the end of 3.3.1.3: acetylene as the reactive gas, Tr = 580 C, qig = 800 
sccm and mg,∞ = 0.155. The exposure times were 90 and 120 min, which yielded carbon 
composites with LC = 22 and 33 wt.%. The activated carbon composites initially had LC = 
25, 29 and 54 wt.% and were activated at Tr = 500 C, qg = 100 sccm, qig = 500 sccm and 
te = 60 min, which yielded activated carbon composites with LA = 16, 20 and 37 wt.%. 
 

The following set-up was the same for each sample: The set-up for the nitrogen 
adsorption isotherm used to calculate the specific surface area of the sample is identical 
to that described in 2.3.2.1. In order to determine the pore size distribution of the sample, 
a nitrogen adsorption isotherm was measured on a Micromeritics ASAP 2020 porosity 
analyzer. The ASAP 2020 is a more sensitive instrument than the Micromeritics TriStar 
3000, which was used to determine the pore size distributions in 2.3.2, because it has a 
smaller gas reservoir and reaches a lower vacuum. The increased sensitivity allows for 
greater resolution in the micropore and mesopore regimes, which are the regimes 
expected to contain the nano-scale fissures in the activated carbon phase. For the ASAP 
2020 nitrogen adsorption isotherm, 100 to 200 mg of monolithic sample was broken into 
fine pieces with a characteristic dimension of 0.5 mm using a razor blade and loaded into 
a glass sample holder. The sample was baked at 300 C for 180 min under vacuum to 
remove any water that had adsorbed after fabrication, which typically amounted to 20% 
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of the mass of the sample. After evacuation, the sample was insulated and loaded into the 
ASAP 2020. The warm and cold free volumes of the sample were measured by low-
pressure helium gas expansion. The sample was then reevacuated and the nitrogen 
adsorption isotherm was constructed by immersing the sample in liquid nitrogen and 
measuring the adsorption of nitrogen at partial pressures ranging from 0.01 to 1.0 with 
varying discretization. For each partial pressure, the nitrogen was allowed sufficient time 
to equilibrate and nitrogen saturation pressure was measured continuously to maximize 
testing accuracy and efficiency. The uncertainty associated with collecting the nitrogen 
adsorption isotherm was 5%. 
 

Skeletal volume was measured on a Hy-Energy PCTPro-2000 gas adsorption 
analyzer. The monolithic sample was broken into small pieces and 250 to 350 mg of 
sample was loaded into a 316L stainless-steel sample holder with an interior volume of 
6.15 cm3. The sample was baked at 300 C for 180 min under vacuum to remove any 
adsorbed gases and vapors prior to analysis. The sample was dosed using a 5 cm3 gas 
reservoir that was maintained at 30 C. A real gas equation of state was used to calculate 
sample holder volume. The same process was repeated for the empty sample holder and 
the skeletal volume was calculated as the difference between the two volumes. 
 

4.3.3 Results and Discussion 
Table 4-1 lists the bulk densities, porosities and specific surface areas of silica 

aerogel and the composites with LC = 22 and 33 wt.% and LA = 16, 20 and 37 wt.%. The 
bulk density of silica aerogel is 0.1116 g/cm3, which is within the range specified in 
literature5, and the increased bulk density in the composites is directly related to carbon 
and activated carbon loading. The maximum bulk density of 0.1793 g/cm3 for LA = 37 
wt.% is still low compared to most physisorption media.53 The porosity of silica aerogel 
is measured to be 0.9531, which is again within the range specified in literature.5 Porosity 
drops 0.13% for every wt.% of loading, with standard deviations of 4.2% for carbon and 
14.6% for activated carbon. The relatively small decrease in porosity with loading 
suggests that carbon is deposited on the periphery of silica aerogel’s pores, where it 
would least affect low-pressure helium gas expansion. 
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Loading 
[wt.%]

Bulk denisty 
[g/cm³] Porosity

SSA 
[m²/g]

SA 0.1116 0.9531 1075.63
1094.62

LC = 22 0.1444 0.9278 707.99
690.39

LC = 33 0.166 0.9118 601.82
657.02

LA = 16 0.1362 0.9356 709.53
864.92

LA = 20 0.1436 0.9293 669.48
675.87

LA = 37 0.1793 0.8966 671.77
676.86 

Table 4-1. Bulk density, porosity and specific surface area for silica aerogel and composites with LC = 
22 and 33 wt.% and LA = 16, 20 and 37 wt.%. 

 
The specific surface area of silica aerogel is approximately 1085 m2/g, as 

measured in 2.3.2. Specific surface area decreases 35% for LC = 22 wt.% and 41% for LC 
= 33 wt.% when compared to silica aerogel. The specific surface areas of the activated 
carbon composites decrease as well, dropping 27% for LA = 16 wt.%, 38% for LA = 20 
wt.% and 38% for LA = 37 wt.%. The significant drop in specific surface area for both 
carbon and activated carbon composites with loading further supports the conclusion that 
carbon is deposited on the periphery of the pores. If carbon is deposited as independent 
nano-structures in the pores, little to no drop in specific surface area would be expected 
because the carbon nano-structures would increase surface area without covering the 
silica nano-particles. 
 

The pore size distributions of silica aerogel and the composites are plotted in 
Figure 4-16. The peak pore size of silica aerogel measured by the ASAP 2020 is 36 nm, 
which is roughly twice the peak pore size measured by the TriStar 3000 in 2.3.2. The 
exact cause of the difference is unclear; the same silica aerogel sample was used in both 
instruments, which suggests that it is likely due to the different processes by which the 
instruments collect nitrogen adsorption isotherms. Although the pore size distribution of 
silica aerogel varies across instruments, it is still instructive to compare the pore size 
distribution of silica aerogel to those of the composites as measured by the ASAP 2020. 
Peak pore size decreases with loading: the peak pore sizes of LC = 22 and 33 wt.% are 28 
and 36 nm respectively and the peak pore sizes of LA = 16, 20 and 37 wt.% are 28, 34 and 
34 nm respectively. The pore size distributions of the samples are more homogeneous 
than the pore size distributions of x1/1 and x1/2 silica aerogel and comparable to those of 
x1/4 , x1/8 and x1/16 silica aerogel. 
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Figure 4-16. Pore size distributions of silica aerogel and composites with LC = 22 and 33 wt.% and LA 
= 16, 20 and 37 wt.%. Loading decreases peak pore size, most pronouncedly in LC = 22 wt.% and LA 
= 16 wt.%.  

 
It is entirely logical that carbon deposition decreases the size of the pores in silica 

aerogel: carbon deposited on the silica nano-particle surfaces encroaches into the free 
volume of the pores and in turn decreases their size. It stands to reason that encroachment 
increases with loading and that peak pore size should be smaller for composites with 
higher loading. This is not the case for the composites: the smallest peak pore size in 
Figure 4-16 is 28 nm for the composites with LC = 22 wt.% and LA = 33 wt.%. It is 
difficult to explain the counterintuitive peak pore size results. One possibility is that the 
solid silica network strains under increased loading, which could lead to deformation in 
the network and potentially larger pores. There is also no evidence of nano-scale fissures 
in the activated carbon composites in Figure 4-16, which are predicted by carbon 
activation theory. Their absence might be due to limitations in the resolution of the BJH 
analysis at the micropore and mesopore regimes. 
 

4.4 Summary 
The physical characterization of silica aerogel and the composites via 

transmission electron microscopy, X-ray diffraction and porosimetry clearly shows their 
nano-structuring. In summary, transmission electron microscopy confirms the string-of-
pearls arrangement of nano-particles from sol-gel theory and the scale of nano-structuring 
in silica aerogel. It also indicates that carbon is deposited on the periphery of the pores 
due to the lack of independent carbon nano-structures such as multi-walled nano-tubes 
and shows what appear to be graphitic planes covering the silica nano-particles of 
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activated carbon composite. The X-ray diffraction results indicate that there is no long-
range crystallinity in either silica or carbon phases, which is consistent with the lack of 
independent carbon nano-structures found during transmission electron microscopy. 
Finally, porosimetry shows no evidence of nano-scale fissures in the activated carbon 
phase and that carbon deposition decreases the porosity, specific surface area and peak 
pore size of the composites with respect to silica aerogel. 
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5 Best Practices in Hydrogen Storage 
Characterization 

Chapter 5 focuses on best practices in hydrogen storage characterization and two 
innovations in specific that improve the accuracy and efficiency of characterization of 
low-bulk density media like silica aerogel and the composites. First, the types of 
measurements and measurement variables are introduced. The volumetric method, the 
measurement method used in this work, is then presented along with its considerations 
and corrections; alternative methods including the gravimetric method, temperature 
programmed desorption and differential scanning calorimetry are briefly presented. 
Lastly, two innovations associated with the volumetric method are presented. The 
majority of the text in this chapter is reprinted with permission from the author’s prior 
work on best practices in hydrogen storage characterization.54 
 

5.1 Introduction 
The purpose of measuring hydrogen storage metrics is to gain a better 

understanding of sorption/desorption phenomena and identify specific media with 
potential for application. There are three primary levels of hydrogen storage 
measurement: the macroscopic system level, the microscopic material level, and the 
fundamental science level. Testing the performance of a functional storage system, 
comparing storage metrics across media and gaining insight into the underlying science 
of hydrogen storage are levels of measurement that require different experimental 
protocols and conclusions made from measurements at one level cannot necessarily be 
applied to other levels. 
 

The macroscopic system level is concerned with the performance of an 
operational hydrogen storage system. The primary difference between experimentation at 
the system level versus other levels is the importance of application-specific 
considerations. Depending on the utilization of the hydrogen storage system, any 
combination of metrics may be most important for performance optimization. Metrics 
such as capacity, cycle-life and safety at standard operating conditions are some of the 
primary ‘real world’ considerations. For example, one metric central to a portable 
hydrogen storage system like that envisioned for transportation is capacity because the 
system must be transported. Generator design, in contrast, is less concerned with capacity 
because of the stationary nature of the application. 
 

To gain useful system performance information, enough sample should be tested 
to provide results representative of the medium’s behavior in a full-sized operating 
storage system. In general, this means between 10 grams and 1 kilogram of sample. In 
general, 100 g is a good tradeoff between the practical issues of synthesis and handling of 
the sample and a characteristic uninterrupted volume of sample that would be found in a 
large-scale system. If the medium’s performance is already well characterized, it may be 
possible to use flow meters to study sorption/desorption at a system level. However, flow 
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meters generally have fairly narrow dynamic measurement ranges. This is a severe 
limitation when sorption/desorption rates may vary over several orders of magnitude 
depending on hydrogen concentration, temperature and pressure. 
 

The purpose of experimentation at the microscopic material level is to develop 
media with desirable hydrogen storage performance. The storage metrics of a medium 
can be influenced by any number of medium properties including total chemical 
composition and distribution and microscopic and macroscopic structure. Parametric 
studies are used to compare the effects of various properties in order to develop media 
with specific hydrogen storage performance. Examples of medium properties that can be 
specified during fabrication and have a profound effect on hydrogen storage performance 
include doping and nano-structuring. For example the effect of doping in the LaNi5 
family (LaNi5-xAx) is demonstrated in Figure 5-1.55 LaNi5 can be doped with tin or 
aluminum to form different media with decidedly different hydrogen storage 
performance. In this case, the composition of the compound affected the thermodynamic 
properties of the medium. 

 
Figure 5-1. Van’t Hoff diagram representing the thermodynamic properties of several different 
LaNi 5-based media.55 

 
In order to conduct instructive parametric studies, it is exceptionally important 

that measurements are conducted under identical conditions (e.g. pressure, temperature, 
sample size) using identical instrumentation. This minimizes the number of free variables 
and allows for the accurate determination of the effect of a specific property. The effect 
of some properties on hydrogen storage can be quite small and easily masked by variation 
in testing conditions and instrumentation if proper precautions are not taken. 
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As its name suggests, the fundamental science level is concerned with identifying 
and understanding the physics and chemistry that govern hydrogen storage. This 
fundamental knowledge can be used in research at the system and material levels to 
validate models that describe hydrogen-medium interactions and make enlightened 
decisions during experimentation and medium fabrication. Without some level of 
fundamental understanding, system- and material-level measurements would be 
conducted solely by trail and error. Applying knowledge gained from the fundamental 
science level can eliminate much of the inefficiencies associated with trial and error. 
 

5.1.1 Types of Measurements 
There are two primary types of hydrogen storage measurements: kinetics 

measurements and pressure-composition-temperature (PCT) measurements. Kinetics 
measurements can be considered the fundamental measurement of hydrogen storage 
because other types of measurement, including pressure-composition-temperature 
measurements, are collections of several individual kinetics measurements. In addition to 
the two primary measurements, alternative hydrogen storage measurements such as 
scanning temperature desorption have value in screening for potential hydrogen storage 
media. 
 

5.1.1.1 Kinetics 
Kinetics measurements track the rate of change of hydrogen concentration in a 

sample after the sample has been perturbed from quasi-equilibrium. Because hydrogen 
storage measurements can only approximate thermodynamic equilibrium, equilibrium is 
used synonymously with quasi-equilibrium. Perturbation from equilibrium is 
accomplished by changing the thermodynamic state of the sample’s environment, which 
causes the sample to sorb/desorb hydrogen in an attempt to restore equilibrium. In the 
volumetric method, kinetics measurements are almost always conducted under isothermal 
conditions, with changes in pressure used to perturb equilibrium. This is done partly for 
compatibility with pressure-composition-temperature measurements and partly because 
of the profound effect of temperature on the kinetic character of almost all media. 
 

It is instructive to introduce a few features common to almost all kinetics 
measurements. The degree of perturbation from equilibrium is the driving force behind 
sorption/desorption in hydrogen storage media: large perturbations cause larger rates of 
change in concentration while smaller perturbations cause smaller rates of change. The 
rate of change of hydrogen concentration in a sample is largest at the beginning of a 
kinetics measurement, when the sample is furthest from equilibrium. The distance from 
equilibrium diminishes as hydrogen is sorbed by the sample, slowing the sorption rate. 
This process continues until the sample reaches equilibrium with its environment and the 
hydrogen concentration remains constant indefinitely. These effects are evident in the 
representative sorption kinetics measurement in Figure 5-2. At the beginning of the 
experiment, the concentration changes quickly because the sample is furthest from 
equilibrium. As hydrogen is sorbed, the rate of change of concentration decreases until it 
becomes effectively zero, corresponding to equilibrium. 



 103

 
Figure 5-2. Representative kinetics measurement of a physisorption medium. 

 

5.1.1.2 Pressure-Composition-Temperature 
Pressure-composition-temperature (PCT) measurements are the most reported 

hydrogen storage measurements in academic literature (composition in this context is 
synonymous with hydrogen concentration). A PCT is a collection of data points that 
represents the pressure, concentration and temperature of a sample in equilibrium and 
relates the influence of the thermodynamic variables on concentration. PCTs are also 
commonly referenced as pressure-composition isotherms, because they are taken under 
isothermal conditions. This minimizes the number of free variables and allows the 
relationship between concentration and pressure to be presented in two-dimensions. The 
effect of temperature on hydrogen storage metrics can be determined by comparing PCTs 
at various temperatures. Because PCTs represent a sample in equilibrium, they can also 
be used to determine the thermodynamic properties of a hydrogen storage medium. 
 

It is instructive to conceptualize the relationship between PCTs and kinetics 
measurements as follows: a sample is perturbed from equilibrium by a change in the 
pressure of the system and is allowed to reach equilibrium through the dynamic process 
represented by a kinetics measurement. The last data point of the kinetics measurement 
most-closely represents hydrogen concentration, pressure and temperature at equilibrium. 
This process is repeated at one temperature until there are enough equilibrium data points 
collected to construct a full PCT. In this sense, the PCT measurement can be 
conceptualized as a cumulative series of small kinetics measurements. In Figure 5-3, the 
volumetric method is used to conduct a series of kinetics measurements to construct a 
PCT of a physisorption medium. In each kinetics measurement, the final data point 
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represents the equilibrium pressure and concentration in the sample. Because the kinetics 
measurements are taken using the volumetric method, concentration is determined from 
pressure and an equation of state. 

 
Figure 5-3. Representative measurement of a physisorption medium. The last point of each kinetics 
measurement provides the equilibrium pressure and concentration under isothermal conditions. 

 

5.1.1.3 Differential Concentration and Pressure Measurements 
Hydrogen storage measurements can be divided into differential concentration 

(dC) and differential pressure (dP) measurements. In dC measurements, hydrogen is 
introduced or removed from the system in aliquots that contain a fixed amount of gas. In 
dP measurements, hydrogen is introduced through a variable flow or pressure regulator 
that maintains the system at a set pressure. dC testing allows for more control over the 
amount of hydrogen exposed to the sample, while dP testing is more useful for evaluating 
a medium’s hydrogen storage performance for application; for example, fuel cells require 
hydrogen at constant pressure for operation. The terms dC and dP originate from their 
relationship to PCTs; dC measurements step along the concentration axis while dP 
measurements step along the pressure axis. Figure 5-4 shows the relationship between dC 
and dP measurements and a PCT of a representative chemisorption medium. dC and dP 
measurements provide different information on the thermodynamic properties of the 
medium. 
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Figure 5-4. PCT of a representative chemisorption medium with plateau. dC data points are white 
squares and dP data points are red circles. 

dC measurements can provide much greater information across plateaus in chemisorption 
media and in the saturation regimes of physisorption media. A common complaint in 
hydrogen storage testing is incomplete or uninformative investigation due to dP 
measurement. In some chemisorption cases where the plateau is very flat, it may be 
missed altogether (Figure 5-5). 

 
Figure 5-5. Example of PCT with missing plateau information due to inherent limitation of dP 
measurement. 

 

5.1.2 Measurement Variables 
All storage metrics are defined by the relationships between the hydrogen storage 

variables: concentration, weight, temperature, pressure, cycling and time. The 
concentration of hydrogen in a sample is not measured directly; it is indirectly 
determined by measuring the other variables with traditional measuring devices such as 
balances, thermocouples and transducers. Weight, temperature, pressure, cycling and 
time are direct variables because they can be directly measured; concentration is 
considered an indirect variable because it cannot be directly measured and must be 
correlated with a direct variable through the use of an empirical relation. 
 

The direct variables present problems in accurately collecting and interpreting 
data. Weight, temperature and pressure are difficult to accurately measure because errors 
can be introduced by data acquisition hardware, instrument design and secondary effects 
such as buoyancy. Errors associated with measuring direct variables affect the results of 
experiments at all levels. The following are the direct variables that are typically 
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measured to determine the hydrogen storage metrics of a medium. At this point, it may be 
beneficial to briefly review the measurement methods to become familiar with the 
nomenclature and general principles of each method. 
 

5.1.2.1 Weight 
Weight is often considered a direct measurement of concentration; however this is 

not the case. The balance used to measure the weight of the sample actually measures the 
resultant force of a number of discrete forces: the weight of the sample, the buoyancy 
force arising from the displaced gas and the forces associated with mechanical 
disturbance and convection. The resultant force is often termed the apparent weight in 
order to differentiate between the measured weight and the actual weight of the sample. 
In order to determine actual weight, it is necessary to account for and minimize the 
extraneous forces acting on the balance. The buoyancy force is dependent on the skeletal 
volume of the sample while proper vibration damping minimizes mechanical forces. 
Forced and free convective forces are caused by pressure changes during dosing and 
thermal gradients respectively, and are transient in nature; patience is essential to 
minimize convective forces. Alternative methods such as the gravimetric method are 
often dP measurements, with constant gas flow past the sample. In these cases, the drag 
forces must also be known and taken into account. Generally the drag force changes with 
gas density, and therefore is a function of both temperature and pressure. Proper 
calibration is necessary if the gas flow forces are significant in the instrument design. 
 

In addition to the considerations discussed above, the accuracy and precision of 
measuring weight depends on the balance system. A common weight-measuring system 
is an electronic strain gauge attached to a cantilever. The accuracy and precision of the 
strain gauge and cantilever system is based on their material properties. Deflection varies 
with the modulus of elasticity of the cantilever and the weight of the sample; a low 
modulus of elasticity leads to greater deflection and a more sensitive instrument but one 
that is more susceptible to noise due to external forces. 
 

5.1.2.2 Pressure 
Pressure influences several important aspects of hydrogen storage characterization 

including correlating concentration, capacity and kinetics. In the volumetric method, 
pressure is commonly used as the direct variable in correlating concentration and is 
therefore of practical interest to the measurement of hydrogen storage metrics. Pressure is 
also used to control sorption/desorption during both testing and practical operation. 
Isothermal measurements such as PCTs use pressure variation to drive 
sorption/desorption during characterization. Pressure variation can also be used to control 
sorption/desorption in functioning storage systems, depending on the application. In fuel 
cell applications, hydrogen supplied at isothermal conditions and elevated pressure is 
used to charge the storage system at the pump. 
 

Pressure profoundly affects capacity in addition to kinetics. Among the many 
capacity definitions are two based on thermodynamic considerations, reversible and 
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usable capacity. Reversible capacity is of concern at the material level and is the measure 
of hydrogen concentration available under feasible conditions, making it particularly 
important to chemisorption media. Usable capacity is the capacity defined by the 
thermodynamic restrictions placed on the storage system by the environment and the end 
application. The range of temperatures and pressures accessible to charge/discharge a 
storage system are restricted; in fuel cell applications, this translates to ambient to 
operating temperatures and roughly ambient pressures. It is probable that the maximum 
capacity of a given storage system is not available within this limited thermodynamic 
range; therefore it is important to quantify usable capacity. 
 

Electronic pressure transducers are the most common means of measuring 
pressure in instrumentation. The accuracy limitations of transducers are related by two 
types of error bands, those based on a percent of the actual reading and those based on a 
percent of the full scale (see Figure 5-6). Percent reading error bands are more accurate at 
low pressures while percent full-scale error bands are more accurate at high pressures 
relative to the rating of the transducer. For hydrogen storage characterization, the low-
pressure range (0-15 bar) is the most critical range for investigating capacity and 
thermodynamics, which makes the percent reading error band the preferred error band. 

 
Figure 5-6. Depiction of the two types of pressure transducer error bands.56 

For maximum accuracy, several percent reading transducers rated to different pressures 
are often used. The sensitivity of pressure transducers requires that the pressure change 
from all other sources, including transducer sensitivity, zero drift, mis-calibration and 
hysteresis effects, be minimized. It is conceivable to account for these other pressure 
changes and correct data for their influence, but in practice it is more fruitful to minimize 
pressure signals from other sources. 
 

5.1.2.3 Temperature 
Temperature has many of the same utilities as pressure in the context of hydrogen 

storage; it can be used to determine hydrogen concentration, drive sorption/desorption in 
measurement methods and applications, and influence a number of different definitions 
of capacity. For example, temperature is varied in order to release hydrogen after initially 
charging a fuel cell because of the relatively limited pressures available. Temperature 
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also affects capacity in much the same way as pressure. The two capacity definitions 
derived from thermodynamic considerations are based on temperature considerations as 
well as pressure considerations. Although their association is intimately linked, pressure 
and temperature measurements have their own unique measurement considerations. 
 

Temperature-related error is the most common error in hydrogen storage 
measurements, particularly kinetics measurements. The accuracy of temperature 
measurements is typically limited to the accuracy of the thermocouples and the heat 
transfer characteristics of the sample and sample holder. Like pressure transducers, the 
accuracy of a thermocouple depends on its type and temperature range, with smaller 
ranges providing greater accuracy. Because most hydrogen storage experiments are 
conducted under isothermal conditions, limited-range thermocouples offer the greatest 
accuracy. Heat transfer between the sample, sample holder and thermocouple is one of 
the primary sources of error in hydrogen storage measurements.57 Sorption/desorption 
reactions can be highly exothermic and endothermic and the energy loads must be 
transferred efficiently to maintain isothermal conditions. Insufficient heat transfer can 
lead to pockets of sample at higher temperature than the temperature read by the 
thermocouple, effectively invalidating the isothermal assumption and conclusions based 
on that assumption. Thermocouples that are not in intimate contact with the sample, or 
perhaps not even in contact with the sample holder, can produce very large inaccuracies 
with respect to the actual sample temperature. On a system level where kilograms of 
storage medium may be used, excellent heat transfer characteristics are required to 
thermally manage the medium. 
 

5.1.2.4 Cycling 
The desire for reusable hydrogen storage systems necessitates the ability to charge 

and discharge repeatedly without loss of performance. The variation in capacity and 
kinetics with cycling can have a profound impact on system efficacy, especially for 
chemisorption media. Considerations for cycling are primarily aimed at minimizing 
activation and gas stream impurity effects and are not testing method-specific. For 
activation effects, cycling a sample at least ten times is advised in order to measure its 
true properties. It is also critical to evaluate the effects of poisoning and retardation on 
performance. During application, storage systems will commonly be charged with 
hydrogen gas that contains impurities like CO2, H2O and NH3. The impurities adsorb to 
the sample, occluding catalytic sites and diffusion pathways, and are difficult to desorb 
because of their high thermodynamic affinity. As cycling increases with impure hydrogen 
gas, the impurity levels build and negatively affect capacity and kinetics.58 It is therefore 
important to develop media that can withstand the affects of gas stream impurities. 
 

Several other phenomena occur when cycling a medium. In chemisorption media, 
decrepitation, self-pulverization due to shear stress caused by lattice expansion upon 
sorption, and disproportionation, dissociation of a compound into its fundamental 
components during repeated cycling (e.g. LaNi5 + La2Mg17 → 3La+ 5Mg2Ni + 7Mg), 
cause variation in hydrogen storage metrics and system performance.59 Decrepitation and 
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disproportionation are generally considered activation phenomena and initial cycling 
accounts for their effects. 
 

5.1.2.5 Time 
The effect of time is manifested by the rate at which data is collected. Data is 

collected in two distinct steps: data acquisition hardware converts the continuous analog 
output from a measuring device (e.g. thermocouple, pressure transducer) to a digital 
value at rate R1 and computer software samples the digital value from the data acquisition 
hardware at another rate R2. As Figure 5-7 illustrates, information is exchanged but not 
necessarily at the same rate (i.e. R1 ≠ R2). 

 
Figure 5-7. Schematic of a typical hardware/software set-up and the flow of information in a 
hydrogen storage instrument. The data acquisition hardware samples the measuring devices at rate 
R1 and the computer software samples the DAQ hardware at rate R2. 

The sampling rate of the data acquisition hardware can be faster or slower than the 
sampling rate of the computer software. The difference between the rates may lead to the 
collection of multiple data points at the same value of the measured variable. This effect 
is most pronounced at small time steps that approach the limits of the sampling rates and 
are an artifact of data collection. The average result of the measured variable is still 
representative of the change in the variable. Figure 5-8 illustrates just such a data 
collection artifact. At the beginning of the measurement, R2 is faster than the analog-to-
digital conversion rate R1. Therefore, the computer software samples the data acquisition 
hardware several times before the hardware updates. This leads to several consecutive 
data points collected at the same concentration, a phenomenon that disappears as R2 
decreases R1. 



 110

 
Figure 5-8. Example of a multiple-data point artifact. 

 

5.2 Methods of Measurement 
There are a number of measurement methods that can be used to investigate 

hydrogen storage media and systems. The volumetric method is the method used in this 
work and is one of the most robust; the gravimetric method, temperature-programmed 
desorption, differential scanning calorimetry, and thermal gravimetric analysis are 
alternative methods. All methods quantify a change in a direct variable to indirectly 
calculate the hydrogen concentration of a medium. 
 

One assumption shared by almost every testing method is that the change in the 
direct variable used to calculate concentration is due to hydrogen sorption/desorption. 
This is not always valid however. During desorption, it is possible to evolve gases other 
than hydrogen by chemical reaction of the sample itself. The evolved gases can affect 
pressure and weight measurements and the conclusions drawn from experimental data. 
One way to test for non-hydrogen gas evolution is to use a mass spectrometer to 
determine the composition of the desorbed gas. The mass spectrometer is connected to 
the outlet line of the instrument and tests a representative sample of the desorbed gas, 
outputting the relative composition of the individual species. For example, the gas 
evolved from an alanate-amide chemisorption medium contains trace amounts of water 
and ammonia, as shown in Figure 5-9. 
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Figure 5-9. Residual gas analysis of an alanate-amide medium. 

 

5.2.1 Volumetric Method 
The volumetric method, also known as the Sieverts method, uses an equation of 

state to determine the hydrogen concentration of a medium. A generalized volumetric 
instrument with commonly employed components in shown in Figure 5-10. 

 
Figure 5-10. Representative volumetric method instrument. 

The instrument consists of a gas reservoir connected to a sample holder separated by an 
isolation valve. The volumetric method correlates concentration to pressure using an 
equation of state; therefore the volumes and temperatures of the reservoir and the sample 
holder must be known in advance. The system volumes are carefully pre-calibrated using 
low-pressure helium gas expansion and the reservoir and sample holder are maintained at 
constant but not necessarily equal temperatures using external temperature control. 
 

The volume of the sample holder must be calibrated while filled with sample in 
order to get an accurate measurement. Although a generally straightforward procedure for 
chemisorption media, calibration can be tricky for physisorption media at low 
temperatures due to helium adsorption. However, it is unlikely that even high-surface 
area physisorption media will have significant helium adsorption below 5 bar at -196 C 
and certainly not at significantly higher temperatures. It can be verified that helium 
adsorption does not occur by measuring the volume of the filled sample holder as a 
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function of the helium expansion pressure. A constant sample holder volume as a 
function of pressure indicates no helium adsorption. 
 

Volumetric testing requires accurate measurement and control of the instrument 
and sample holder temperatures and the associated temperature gradients. The 
temperature of the instrument should be maintained slightly above ambient by a PID 
controller in order to minimize temperature fluctuations due to external sources such as 
heating, ventilation and air-conditioning. The temperature of the sample can be precisely 
controlled below room temperature by cryogenic cooling accompanied by PID heating or 
above room temperature by PID heating and insulation. 
 

To construct a dC PCT, a sample initially under vacuum at -196 C is dosed with a 
known mass of hydrogen gas. Hydrogen is sorbed by the sample until an equilibrium 
pressure is reached. The mass of hydrogen sorbed by the sample is the difference 
between the known mass of hydrogen initially in the gas reservoir and the mass of 
hydrogen in the gas reservoir and sample holder combined after equilibration. The 
sample is isolated from the gas reservoir and is dosed again with a known mass of 
hydrogen gas at a pressure higher than the previous equilibrium pressure. This process is 
repeated until the equilibrium pressure is outside of the experimental range. dP testing 
allows the slow and continuous introduction of hydrogen to maintain isobaric conditions 
in the sample holder. Hydrogen gas from the gas reservoir flows into the sample holder 
via the flow controller while continuous pressure readings are taken by the pressure 
gauges attached to the reservoir and sample holder. The pressure, temperature and 
volume data are analyzed to generate a dP PCT. 
 

5.2.1.1 Considerations 
Accurate characterization of hydrogen storage media with the volumetric method 

requires cognizance of a number of considerations. The following list highlights some of 
the most important. 
 

5.2.1.1.1 Gas Impurities 
Gas impurities can be introduced into a volumetric instrument through the use of 

impure hydrogen gas and leaks in the instrument’s manifolds. In the volumetric method, 
the sample’s hydrogen concentration is determined by measuring the pressure 
drop/increase due to sorption/desorption. Since the partial pressures of any impurities are 
a minute fraction of the measured pressure, the impact on concentration due to impurities 
is essentially negligible. The impurities may still impact capacity and kinetics in the 
volumetric method through surface effects such as poisoning and retardation, which 
inhibit hydrogen sorption/desorption and the rates of reaction respectively. However, the 
measurement will be truly representative of the sample’s performance in the presence of 
impurities. 
 

5.2.1.1.2 Gas Compressibility 
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The volumetric method uses an equation of state to determine the mass of 
hydrogen gas based on pressure, temperature and volume. An equation of state can be 
written generally as 

Equation 5-1 

( )TPmRTzPV ,=  
where z(P,T) is the compressibility factor that accounts for non-ideality at a given 
temperature and pressure. For an ideal gas, the compressibility factor is unity and 
Equation 5-1 simplifies to the ideal gas law. The compressibility factor for hydrogen can 
be taken from data such as the NIST12 database for fluid properties and applied as a 
function of temperature and pressure (Figure 5-11). 

 
Figure 5-11. Compressibility factor z for hydrogen as a function of temperature and pressure.60 

 

5.2.1.1.3 Instrument Temperature 
The temperature of the instrument is an often-overlooked consideration. In most 

volumetric instruments, the gas reservoir is inside the body of the instrument and is not in 
thermal equilibrium with the sample holder. Therefore, knowledge of the instrument 
temperature and the temperature gradient between the instrument and the sample holder 
is necessary to accurately relate the equilibrium pressure reading on the transducer, which 
is typically inside the instrument, to the equilibrium hydrogen gas concentration in the 
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sample holder. The instrument temperature is most often managed by a PID controller 
inside the instrument housing and is typically slightly over ambient conditions. 
 

5.2.1.1.4 Leaks 
Hydrogen can be leaked to the environment and across valves inside the 

instrument during hydrogen storage testing. Both types of leaks cause unexpectedly high 
capacities and strange kinetic behavior. During sorption testing above ambient pressures, 
gas leaked to the environment is mistakenly thought to be sorbed by the sample. Leaks 
during sub-ambient desorption also affect capacity by increasing the amount of gas 
thought to be desorbed. In kinetic testing, sorption/desorption profiles are linear if a leak 
is present, as opposed to true sorption profiles that are curved. Leaks also expose the 
sample and system to gas impurities. 
 

5.2.1.1.5 Reverse Joule-Thompson Heating 
An important temperature effect is reverse Joule-Thompson gas expansion. 

Hydrogen is unusual in that it exhibits reverse Joule-Thomson behavior depending on the 
pressure difference. In other words, if the pressure difference is large enough, hydrogen 
will actually expand exothermally. This effect can often be seen in the initial part of a 
kinetics measurement when hydrogen is dosed at high pressure from the gas reservoir to 
the sample. There is a small temperature spike in the gas that is seen as a pressure spike 
and consequently what appears to be initial sorption. The gas expansion effect impacts 
desorption kinetics measurements in a similar manner: as the hydrogen desorbs from the 
sample and expands into the evacuated gas reservoir, the temperature and pressure spike 
can be mistaken as increased desorption. These transient effects usually last only a few 
seconds and disappear as the gas comes into thermal equilibrium with its surroundings. 
 

5.2.1.1.6 Sample Size 
During single-aliquot kinetics measurements, the size of the gas reservoir limits 

the amount of sample that can be tested. It is therefore important to maximize the 
pressure change associated with sorption/desorption by minimizing the volume of the gas 
reservoir and sample holder. There are several techniques that minimize the volume in 
the system, such as low internal-volume components, small tubing and space fillers. 
 

5.2.1.1.7 Skeletal Volume 
The low skeletal volume of porous media can cause difficulties in accurately 

determining hydrogen storage metrics. This is primarily due to two factors. First, 
knowledge of the amount of gas displaced by the sample is required to determine the 
volume of the sample holder. This can be difficult to quantify for samples with low 
skeletal volume that have the potential to adsorb helium. Helium adsorption during 
volume calibration leads to unexpectedly large volumes, an effect that becomes 
pronounced at cryogenic temperatures. Second, low skeletal volume makes it difficult to 
test a sufficient mass of sample for accurate measurement. Small sample mass leads to 
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small pressure changes that are difficult to accurately quantify due to pressure transducer 
sensitivity. 
 

When the skeletal volume of the sample is very low and difficult to calibrate, the 
two factors discussed above lead to opposite conclusions regarding the amount of sample 
necessary for accurate testing. On the one hand, it is desirable to minimize the error 
associated with the volume of the sample holder by using a small sample volume 
compared to the overall volume of the sample holder. This suggests using as small a 
sample as possible. Recent literature supports this view and finds that the volume 
calibration error associated with skeletal volume is proportional to the square of the 
volume of the sample.61 On the other hand, pressure transducer sensitivity suggests a 
larger sample will lead to more accurate measurements due to the larger pressure changes 
associated with sorption/desorption. These opposing conclusions engender a tradeoff 
between small and large sample sizes; one possible solution is to test both small and large 
samples and compare the results. 
 

5.2.1.1.8 Volume Dilatation 
Some hydrogen storage media, especially chemisorption media, undergo volume 

dilatation/contraction during hydrogen sorption/desorption. The volume of the sample 
holder is typically calibrated with helium before or after experimentation when the 
sample is uncharged. Changes in the skeletal volume of the sample during 
characterization are not accounted for and have the potential to cause errors in 
measurement. Volume dilatation and contraction of a sample is often negligible when 
compared to the overall volume of the system. However, dilatation effects must be 
considered when testing media that exhibit large volume expansion coefficients. 
 

5.2.1.2 Temperature and Volume Corrections 
The volumetric method determines the concentration of hydrogen in a sample 

from changes in the pressure in the gas reservoir/sample holder system. Pressure changes 
are measured on a pressure transducer connected to the gas reservoir that is at instrument 
temperature. Ideally, the gas reservoir and sample holder volumes are calibrated and the 
temperature is known and constant throughout the system so that the pressure measured 
by the pressure transducer is directly related to the concentration of hydrogen gas in the 
system. Unfortunately, temperature can vary both spatially and temporally inside the 
system and the corresponding temperature gradients can be difficult to measure. A 
common approach to solving the temperature problem is to divide the instrument into 
isothermal regions (Figure 5-12). For example, the pressure is constant in the system if 
the instrument region is at 25 C and the sample holder region is at -196 C. However, 
hydrogen gas is more concentrated in the sample holder region because of its lower 
temperature. 
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Figure 5-12. Schematic of isothermal regions in a volumetric instrument. The volumes of gas at 
instrument and sample holder temperature vary depending on the instrument design and the sample 
holder. 

There are two data correction techniques that are used to account for temperature 
variation; both involve calculating the ‘apparent’ volume of the sample holder region to 
determine the concentration of hydrogen gas in the system. 
 

5.2.1.2.1 Temperature Correction 
The temperature correction technique uses an empirically determined temperature 

correction factor CT to calculate the apparent volume of the sample holder region. In 
calculation, the temperature correction factor does not affect the temperatures used in the 
equation of state; it is based on the volume fraction of the system at sample holder 
temperature χ:  

Equation 5-2 

( )ISHT TTfC ,,χ=  
where TI and TSH are the instrument and sample holder temperatures respectively. The 
temperature correction factor is used to define the apparent volume VSH,app, which is the 
volume of the sample holder VSH calibrated at instrument temperature corrected by CT: 

Equation 5-3 

( ) SHTappSH VCV 1, +=  

The apparent volume is then applied to the equation of state. 
 

The process for applying the temperature correction technique is straightforward. 
An inert medium with physical properties similar to those of the sample is tested under 
identical circumstances in order to establish a baseline with which to compare 
performance. For example, silica beads 0.24 cm in diameter are an appropriate inert 
medium for determining CT for silica aerogel. Identical testing circumstances are 
important because they minimize the number of free variables. For example, it is 
important that χ for the sample and inert medium are approximately equal, which 
necessitates that the sample and inert medium have approximately equal skeletal 
volumes. To continue with the above example, if silica aerogel is being characterized at -
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196 C, silica beads should be tested at -196 C with the same gas reservoir and sample 
holder volumes. 
 

Theoretically, hydrogen concentration should be zero at all pressures for the inert 
medium. In practice, this is not the case due to the temperature and concentration 
gradients in the system (see Figure 5-13). 

 
Figure 5-13. PCT data for silica bead inert medium. The linear relationship between pressure and 
hydrogen concentration is due to the difference between instrument and sample holder temperatures. 
The temperature-corrected PCT data for the silica beads is in the zoom box. 

The temperature correction factor is applied to the raw data of the inert medium and 
varied until it yields concentration as close to zero as possible across the pressure range 
of interest. A traditional temperature correction factor is constant, which assumes the 
ideal gas law holds in the system, and can be conceptualized as 

Equation 5-4 
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The traditional temperature correction factor does not typically yield zero concentration, 
as shown in the zoom box in Figure 5-13. A least-squares fit is applied to determine the 
temperature correction factor that yields concentration closest to zero across the pressure 
range of interest, which is then applied to the raw data of the sample. Figure 5-14 is an 
example of raw and temperature corrected-data for silica aerogel at -196 C. The 
temperature correction factor is the same as the one applied in the zoom box in Figure 
5-13. 
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Figure 5-14. Excess capacity of silica aerogel at -196 C showing raw and data corrected with the 
traditional temperature correction factor. 

 

5.2.1.2.2 Volume Correction 
The volume correction technique is based on an apparent volume equal to the 

sample holder volume calibrated at TSH. Volume calibration software typically assumes 
the sample holder region is at instrument temperature when applying the equation of 
state. However, this is not the case when the temperatures of the regions are different. 
The apparent volume is equal to the volume required to contain the same amount of 
hydrogen gas as the sample holder volume at TSH (assuming the ideal gas equation of 
state): 

Equation 5-5 
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To apply a volume correction, the apparent volume is used along with pressure and gas 
reservoir temperature data in the equation of state. Figure 5-15 shows the same data as 
that of Figure 5-14 with both the temperature and volume correction techniques applied 
to the data. Note that the very low bulk density of silica aerogel combined with the 
extreme temperature difference between regions causes a very large correction to the 
data. 
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Figure 5-15. PCT of silica aerogel at -196 C showing raw data, temperature-corrected data and 
volume-corrected data. The raw data is the same as that in Figure 5-14. 

 

5.2.2 Alternative Methods 
There are a number of alternative methods to characterize media in the context of 

hydrogen storage. They typically use weight as the indirect variable with which to 
calculate hydrogen concentration and temperature as the direct variable with which to 
initiate sorption/desorption. 
 

5.2.2.1 Gravimetric Method 
The gravimetric method of measurement measures weight change to determine 

hydrogen concentration. A schematic of a gravimetric method instrument is shown in 
Figure 5-16. The sample is first placed on one end of a symmetric balance in a sample 
holder and the weight of the sample is measured under vacuum. In more advanced 
gravimetric systems, an inert tare with the same weight and comparable density to the 
sample is placed on the other end of the balance to provide a counterbalance. The tare is 
designed to minimize the effects of buoyancy caused by the displaced hydrogen gas and 
must be inert in a hydrogen atmosphere. 
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Figure 5-16. Schematic of counterbalanced gravimetric method instrument. 

After the chamber containing the balance is evacuated and the sample mass is measured, 
the sample in the sample holder is dosed with hydrogen from an external source. The 
balance is typically equipped with an electronic strain gauge that measures the strain in 
the balance that is related to the increase in the hydrogen concentration of the sample. 
The weight of the sample, the pressure in the chamber and the temperature measured by a 
thermocouple located next to the sample holder are used to construct kinetics 
measurements and PCTs. 
 

5.2.2.2 Temperature-Programmed Desorption 
Temperature-programmed desorption (TPD) refers to a wide range of 

experimental methods that rely on temperature variation and mass spectroscopy to initiate 
and quantify desorption. The technique can be used for both reversible and irreversible 
processes, with the latter referred to as temperature-programmed reaction spectroscopy 
(TPRS). The general set-up for TPD techniques is shown in Figure 5-17. The sample is 
loaded into the instrument and charged with hydrogen at low temperature until it is fully 
charged. After the remaining gas has been drawn off, the computer-controlled heater 
slowly raises the temperature of the sample, which releases hydrogen to vacuum. A mass 
spectrometer connected to the evacuation line analyzes the relative composition of the 
desorbed gas and quantifies the amount of hydrogen desorbed by the sample. TPD has a 
unique advantage over most other testing methods in that it can distinguish between 
hydrogen and other constituents in the evacuated stream, those in the volumetric and 
gravimetric methods. 

 
Figure 5-17. Schematic of typical TPD experimental set-up. 

 
Concentration, temperature and time data is obtained during TPD and is used to 

determine the capacity and kinetics of a medium. A common data representation format 
for TPD experiments is shown in Figure 5-18. The area under the peak at approximately 
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475 K in Figure 5-18 is proportional to the amount of hydrogen originally sorbed by the 
sample. In the case of full charging, it represents the capacity of the sample. Kinetic 
information is obtained from the contour of the spectroscopic peak and knowledge of the 
relationship between temperature and time. Lastly, the temperature associated with the 
peak is related to the enthalpy of reaction. Unfortunately TPD is only done at vacuum due 
to instrument limitations, which limits access to the thermodynamic properties of the 
sample. 

 
Figure 5-18. Typical data representation of single-component TPD experiment with CO.62 

 

5.2.2.3 Differential Scanning Calorimetry 
Differential scanning calorimetry (DSC) is a thermal analysis technique used to 

investigate the thermodynamic properties of a medium by measuring the energy 
necessary to maintain a sample and an inert reference at the same temperature over a 
range of temperatures.63 The relative heat flow to the sample as a function of temperature 
can be used to determine thermodynamic properties such as the specific heat of the 
medium and the enthalpy of reaction. A typical DSC diagram is shown in Figure 5-19. 

 
Figure 5-19. Typical DSC diagram with glass transition, crystallization and melting phase 
transitions. 

 
Temperature variation in DSC is controlled by a computer and is typically linear 

in order to simplify calculation, although nonlinear temperature variation can be used as 
well. The specific heat of the sample cp(T) as a function of temperature is determined by 
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Equation 5-6 
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Heat flow is taken from experimental data and the temperature is computer-controlled. 
The enthalpies of reactions can also be determined from Figure 5-19. The enthalpy of 
crystallization is calculated by integrating cp(T) between the temperatures at which the 
heat flow varies (e.g. Tc,1 and Tc,2): 

Equation 5-7 

∆Hcrys = cp T( )dT
Tc,1

Tc,2∫  

The two most commonly used methods for conducting DSC measurements are power 
compensation DSC and heat flux DSC. In power compensation DSC, the sample and 
reference are placed in independent, identical furnaces. The furnaces are maintained at 
the same temperature over a range of temperatures by varying the power input, and 
power input and temperature are used to construct the DSC diagram. The dependent and 
independent variables in power compensation DSC are flipped in heat flux DSC. The 
sample and the reference are placed in one furnace and exposed to the same heat flux. 
The variation in temperature between the sample and reference is used to determine the 
relationship between heat flux and temperature. 
 

In the context of hydrogen storage, DSC is primarily used for desorption testing 
because DSC equipment is not designed to handle the high pressures required for 
sorption. One of the limitations for testing hydrogen storage using DSC is that there is no 
way to determine the amount of hydrogen desorbed by a sample, only the total enthalpy 
of a given reaction. For instance, DSC would be unable to distinguish between a sample 
that desorbs 0.1 mol of hydrogen gas with an enthalpy of reaction of 30 kJ/mol from one 
that desorbs 1 mol of hydrogen gas with an enthalpy of reaction of 3 kJ/mol. It is 
important to have an understanding of the enthalpy of reaction in order to compare 
thermodynamics across media. DSC is probably best used as a coarse test to determine 
whether or not a sample reacts with hydrogen at all. 
 

5.2.2.4 Thermal Gravimetric Analysis 
Thermal gravimetric analysis (TGA) is a thermal analysis technique often used in 

conjunction with DSC to determine the hydrogen storage properties of a sample.64 TGA 
is experimentally similar to DSC but instead of measuring the heat flow as function of 
temperature, TGA measures sample weight as a function of time or temperature. This is 
accomplished by placing the sample in an environment that is heated or cooled at a 
controlled rate and measuring the weight change. 
 

The equipment necessary to perform TGA consists of a balance, a programmable 
furnace, a reaction chamber and a data collection system. As the temperature inside the 
furnace and reaction chamber changes, the balance measures the variation in weight due 
to various chemical reactions including desorption. TGA is affected by many of the same 
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issues as the gravimetric method such as buoyancy and mechanical disturbances. The 
buoyancy force exerted on the sample by the displaced hydrogen gas varies with 
temperature and must be taken into account either during experimentation with a tare or 
during data analysis; mechanical disturbances must be minimized through leveling and 
anti-vibration supports. Another complication TGA shares with the gravimetric method is 
measurement of the sample temperature. Using a thermocouple to directly measure the 
temperature of the sample affects the weight of the sample. Consequently, care must be 
taken to place the thermocouple in such a way that it accurately reads the sample 
temperature but does not affect the weight of the sample. 
 

5.3 Temperature Correction Innovations 
For high-surface area physisorption media like silica aerogel and the composites, 

the temperature correction is the preferred data correction for the volumetric method. The 
primary reason is that helium might to adsorb to the sample during volume calibration at 
TSH, which would yield a larger apparent volume than expected and underestimate the 
hydrogen concentration of the sample. Therefore focus was placed on improving the 
accuracy and efficiency of the temperature correction technique for high-surface area 
physisorption media. Two innovations made by the author that improved the accuracy 
and efficiency of the temperature correction technique are presented here. One innovation 
is related to the determination of the temperature correction factor and improves the 
accuracy of the technique while the other improves its efficiency. 
 

5.3.1 Pressure-Dependent Temperature Correction Factor 
The traditional temperature correction factor used for physisorption media is 

based on the ideal gas law, which yields a constant CT. Unfortunately the relatively large 
volume fractions for high-porosity media and the non-ideality of hydrogen gas make the 
traditional temperature correction factor less than ideal for characterizing high-porosity 
media like silica aerogel and the composites. In order to improve the accuracy of the 
temperature correction technique for silica aerogel and the composites, the author 
developed a pressure-dependent temperature correction factor CT(P) that accounts for the 
non-ideality of hydrogen gas and can be conceptualized as 

Equation 5-8 
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where z(P,TI) and z(P,TSH) are the compressibilities of hydrogen gas at instrument and 
sample holder temperatures respectively. 
 

In order to construct a PCT with the volumetric method, the change in hydrogen 
concentration in the sample ∆C for each aliquot is determined from an equation of state, 
the temperatures and volumes of the system, and the initial and equilibrium pressures: 
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Equation 5-9 

( ) ( ) ( )appSHGRIeqGRIiSHeq VVTPEoSVTPEoSTPC ,,,,,, +−=∆  

where Peq and Pi are the equilibrium and initial gas reservoir pressures of the aliquot 
respectively and VGR is the volume of the gas reservoir. For the traditional temperature 
correction factor, the apparent volume in Equation 5-9 is a constant and is chosen by 
tentation such that ∆C is as close to zero as possible for every aliquot. The pressure-
dependent temperature correction factor, in contrast, is empirically determined by setting 
∆C to zero and backsolving Equation 5-9 for CT for each aliquot. A polynomial curve fit 
is applied to the (Peq,CT) data points to determine CT(P): 

Equation 5-10 
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As an example, the pressure-dependent temperature correction factor for the silica 

bead data in Figure 5-13 is shown in Figure 5-20a. The (Peq,CT) data points were 
determined by applying Equation 5-9 to the raw data and CT(P) was determined by 
applying a polynomial curve fit. The effect of CT(P) and the traditional temperature 
correction factor on the inert sample PCT are contrasted in Figure 5-20b; CT(P) yields 
nearly zero concentration across the pressure range of interest while the traditional 
temperature correction factor varies significantly in comparison. 

a)  
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b)  

Figure 5-20. a) CT(P) for the silica bead data in Figure 5-13. CT(P) is determined by a polynomial 
curve fit to the experimental data. b) Comparison of the effect of CT(P) and the traditional 
temperature correction factor on the inert sample PCT. 

The effect of the pressure-dependent temperature correction factor on the silica aerogel 
data in Figure 5-14 is also pronounced when compared to the effect of the traditional 
temperature correction factor. The excess capacity nex(P,T) of silica aerogel corrected 
with CT(P) is shown in Figure 5-21a. In contrast to the nex profile of silica aerogel 
corrected with the traditional temperature correction factor, the profile corrected with 
CT(P) is consistent with the nex profiles of other physisorption media, which increase 
quickly at low pressure, begin to plateau around 10 to 20 bar and reach a maximum at a 
saturation pressure between 40 and 60 bar, as seen in Figure 5-21b. 
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a)  

b)  

Figure 5-21. a) PCT of silica aerogel at -196 C showing data corrected with CT(P) from Figure 5-20a 
and the traditional temperature correction factor. b) Excess capacities for some common 
physisorption media. The CT(P)-corrected excess nex capacity of silica aerogel is consistent with the 
typical nex profile of physisorption media.65 
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5.3.2 Temperature Correction Interpolation 
The sample holder and gas reservoir volumes must be as close as possible in the 

sample and inert medium measurements in order to accurately apply the temperature 
correction technique. This condition can be expensive, time-consuming and tricky to 
meet in practice because the skeletal volume of a high-porosity medium is often unknown 
or difficult to accurately measure. 
 

In order to reduce the errors associated with the volume equivalency condition 
and increase the efficiency of the temperature correction technique, the author devised an 
interpolation scheme based on a correlation between CT(P) and sample holder volume. 
The following steps were taken to establish the correlation. First, the sample holder 
volumes for a small silica aerogel sample and a large carbon composite sample were 
measured via low-pressure helium gas expansion in order to determine a range for the 
correlation. Next, the sample holder volumes of six silica bead samples that spanned the 
range of the correlation were calibrated twice. Finally, two PCTs per sample were 
constructed of the six silica bead samples and analyzed in order to determine CT(P). This 
yielded twenty-four combinations with which to correlate CT(P) and sample holder 
volume. Table 5-1 lists the CT(P) coefficients and sample holder volumes for each 
combination. The range of the correlation as determined by the silica aerogel and carbon 
composite samples was VSH = 8.8455 to 8.9673 cm3. 

Sample PCT VSH [cm3] C0 [cm3] C1 [cm3/bar] C2 [cm3/bar2] C3 [cm3/bar3]

1 1 9.0099 4.33E-01 4.61E-03 -5.86E-05 1.33E-07
9.0051 4.34E-01 4.61E-03 -5.86E-05 1.33E-07

2 9.0099 4.29E-01 4.56E-03 -6.09E-05 1.48E-07
9.0051 4.30E-01 4.56E-03 -6.09E-05 1.48E-07

2 1 8.9329 4.34E-01 4.59E-03 -5.86E-05 1.34E-07
8.9589 4.31E-01 4.58E-03 -5.85E-05 1.34E-07

2 8.9329 4.34E-01 4.53E-03 -6.04E-05 1.47E-07
8.9589 4.31E-01 4.51E-03 -6.02E-05 1.47E-07

3 1 8.8712 4.27E-01 4.60E-03 -5.92E-05 1.38E-07
8.883 4.26E-01 4.60E-03 -5.91E-05 1.37E-07

2 8.8712 4.23E-01 4.47E-03 -5.98E-05 1.48E-07
8.883 4.22E-01 4.46E-03 -5.98E-05 1.48E-07

4 1 8.8772 4.30E-01 4.87E-03 -6.41E-05 1.63E-07
8.8788 4.30E-01 4.87E-03 -6.41E-05 1.63E-07

2 8.8772 4.28E-01 4.45E-03 -5.93E-05 1.45E-07
8.8788 4.28E-01 4.45E-03 -5.93E-05 1.45E-07

5 1 8.8291 4.22E-01 4.47E-03 -5.59E-05 1.32E-07
8.8199 4.23E-01 4.48E-03 -5.59E-05 1.32E-07

2 8.8291 4.18E-01 4.55E-03 -6.15E-05 1.71E-07
8.8199 4.19E-01 4.55E-03 -6.15E-05 1.71E-07

6 1 8.7829 4.14E-01 4.42E-03 -6.03E-05 1.59E-07
8.7993 4.12E-01 4.41E-03 -6.01E-05 1.58E-07

2 8.7829 4.13E-01 4.50E-03 -6.15E-05 1.64E-07
8.7993 4.12E-01 4.49E-03 -6.14E-05 1.64E-07 

Table 5-1. Combinations of CT(P) coefficients and sample holder volumes for six silica bead samples. 
CT(P) for any sample can quickly be determined by interpolating with respect to VSH. 
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After it is correlated to sample holder volume, CT(P) can be quickly determined 
for any sample by interpolating Table 5-1 with respect to the sample’s VSH. The pressure-
dependent temperature correction factor can then be applied to the sample’s raw data to 
quickly determine the temperature-corrected nex of the sample. For example, CT(P) of the 
first PCT of the second silica bead sample with VSH = 8.9589 cm3 is shown in Figure 
5-22a. This CT(P) is likely the one that would be used to correct the silica aerogel sample 
with VSH = 8.9673 cm3 if no interpolation scheme existed. CT(P) as determined from 
interpolating Table 5-1 with VSH = 8.9673 cm3 is also shown in Figure 5-22a. There is no 
discernible difference between the two pressure-dependent temperature correction factors 
across the pressure range of interest. The silica aerogel raw data is shown in Figure 5-22b 
along with nex corrected with the correction factors in Figure 5-22a. Once again, there is 
minimal difference between the temperature-corrected nex. 

a)  
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b)  

Figure 5-22. a) CT(P) of the first PCT of the second silica bead sample with VSH = 8.9589 cm3 and 
CT(P) as determined from interpolating Table 5-1 with VSH = 8.9673 cm3. b) Silica aerogel 
temperature-corrected nex calculated by applying the two pressure-dependent temperature 
correction factors from (a). 

 

5.3.3 Application of Innovations to a High-Surface Area 
Standard 
The hydrogen storage performance of a high-surface area standard is 

characterized using the temperature correction innovations and compared to literature in 
order to test the innovation’s accuracy. The high-surface area standard, 
[Cu3(TMA)2(H2O)3]n, known colloquially as HKUST-1 or Cu-BTC, is a well-
characterized porous metal organic framework.66,67 Silica beads were used as the inert 
sample and the correlation between CT(P) and sample holder volume was determined 
from Table 5-1. Two Cu-BTC samples were measured; the first with mCu-BTC,1 = 0.935 g 
and VSH,1 = 8.6887 cm3 and the second with mCu-BTC,2 = 0.766 g and VSH,2 = 8.5617 cm3. 
Because the sample holder volumes of the Cu-BTC samples were out of the range of 
Table 5-1, CT(P) of a silica bead sample with VSH = 8.5577 cm3 was determined in order 
to confirm the CT(P) extrapolated from Table 5-1 (Figure 5-23). There is no discernible 
difference between the correction factors across the pressure range of interest. 
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Figure 5-23. CT(P) as extrapolated from Table 5-1 with VSH,2 = 8.5577 cm3 and from the silica bead 
sample with VSH = 8.5577 cm3. There is minimal difference between the two pressure-dependent 
temperature correction factors across the pressure range of interest. 

 
The excess capacities of the Cu-BTC samples corrected with CT(P) derived from 

Table 5-1 are shown in Figure 5-24a. Both Cu-BTC samples were measured with dosing 
pressures of 10, 20 and 30 bar. The samples showed the same nex profile regardless of 
dosing pressure, with excess capacities from 3.2 to 3.6 wt.% at 10 bar, 3.4 to 3.8 wt.% at 
50 bar and 3.2 to 3.5 wt.% at 77 bar and a maximum of 3.5 to 3.9 wt.% at 30 bar. The 
excess capacities are consistent with Cu-BTC measurements in literature, which report 
excess capacities of 3.6 wt.% at 10 bar68, 3.6 wt.% at 50 bar69 and 3.3 wt.% at 70 bar65. A 
representative profile of excess capacity corrected with the traditional temperature 
correction factor is shown in Figure 5-24b and varies from literature more greatly than 
that corrected with CT(P). The difference between the corrected capacities is not as 
significant for Cu-BTC as it is for silica aerogel because the bulk density of Cu-BTC is 
relatively large and therefore χ is relatively small. The sensitivity of the temperature-
corrected excess capacity to sample holder volume is also shown in Figure 5-24b. 
Volume calibration of the sample holder yields a mean value and a standard deviation; 
varying the mean value by one standard deviation has a minimal effect on temperature-
corrected excess capacity at this sample holder volume range. The results of the Cu-BTC 
standard confirm the accuracy and efficiency of the two temperature correction 
innovations leading in to the hydrogen storage characterization of silica aerogel and the 
composites. 
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a)  

b)  

Figure 5-24. a) The CT(P)-corrected excess capacities of the two Cu-BTC samples with dosing 
pressures of 10, 20 and 30 bar. The excess capacities are consistent with literature reports for 10, 50 
and 77 bar. b) A representative excess capacity profile corrected with the traditional temperature 
correction factor is not consistent with literature; variation in sample holder volume has a minimal 
effect on temperature-corrected excess capacity. 
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6 Hydrogen Storage Characterization of Silica 
Aerogel and Its Nano-Structured Composites 

Chapter 6 presents the hydrogen storage performance of silica aerogel and the 
composites. Hydrogen storage data is collected by the volumetric method and analyzed 
using the temperature correction innovations introduced in 5.3. First, the capacities of 
silica aerogel are presented and compared to other physisorption media. A geometric 
model is then developed to calculate the adsorption capacity of silica aerogel. Finally, the 
excess and total capacities of carbon and activated carbon composites are presented and 
correlated to carbon and activated carbon loading. 
 

6.1 Silica Aerogel 
The hydrogen storage metrics of two silica aerogel samples are characterized with 

the volumetric method and the two innovations introduced in 5.3. The gravimetric and 
volumetric excess capacities of silica aerogel as well as total capacity are presented, in 
addition to three geometric models of hydrogen adsorption that enable the determination 
of adsorption capacity. The sensitivity of excess capacity with respect to measurement 
parameters and instrument limitations are discussed. 
 

6.1.1 Experimental Set-up and Analysis 
Sol-gel samples were prepared using the Silbond H5 recipe discussed in detail in 

2.3.1.1 with x1/16. The sol-gels were substituted, dried into aerogel, and baked in the 
manner described in 2.3.2.1. The following set-up was the same for each sample: The 
monolithic sample was broken into small pieces and 250 to 350 mg of sample was loaded 
into a stainless-steel sample holder with an interior volume of 6.15 cm3. The sample 
holder was then connected to a Hy-Energy PCTPro-2000 gas adsorption analyzer. The 
sample was baked at 300 C for 180 min under vacuum to remove any adsorbed gases and 
vapors prior to analysis. The sample holder volume was determined using low-pressure 
helium gas expansion as in 4.3.2 and then evacuated to remove helium from the system. 
The sample holder was immersed in a liquid nitrogen bath and allowed to equilibrate for 
one hour in order to ensure isothermal conditions at -196 C; the liquid nitrogen bath was 
contained in a large dewar to minimize the change in liquid nitrogen level due to 
evaporation. Three PCTs were constructed by dosing the initially evacuated sample with 
aliquots of hydrogen across the pressure range of interest. During each dose, the sample 
was allowed to equilibrate with its environment such that the sample’s measured rate of 
change in concentration was less than 0.0005 wt.%/min. The uncertainty associated with 
collecting the raw data was 3%. The raw data was corrected with the pressure-dependent 
temperature correction factor interpolated from Table 5-1.  
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6.1.2 Results and Discussion 
The excess capacity nex(P,T) of silica aerogel is shown in Figure 6-1a. In both 

samples, nex reaches a maximum of 2.4 wt.% at 80 bar with a profile consistent with other 
physisorption media (see Figure 5-21b). The author’s silica aerogel, which has an average 
specific surface area of 1085 m2/g, outperforms the Chahine rule by 10.6% and the older 
LBNL silica aerogel from 2.1 by 45%. These results support the use of specific surface 
area as a proxy for nex during optimization of silica aerogel for hydrogen storage. 
Compared to the maximum nex of other physisorption media, silica aerogel slightly 
outperforms MOF-74, which has comparable specific surface area, but falls well short of 
higher-specific surface area physisorption media such as MOF-177 and IRMOF-20, 
which have specific surface areas above 4500 m2/g. In terms of volumetric concentration, 
nex of silica aerogel reaches a maximum of 2.7 g/L. This is in stark contrast to the 
physisorption media from Figure 5-21b, whose volumetric maximum nex are shown in 
Figure 6-1b. Silica aerogel’s relatively poor volumetric maximum nex is due to its 
extremely low bulk density, which is 0.11 g/cm3 for the samples tested. 

 
Figure 6-1. a) nex of silica aerogel at -196 C. Maximum nex of 2.4 wt.% and 2.7 g/L is realized at 80 
bar, which is consistent with that predicted by the Chahine rule and significantly better than the 
maximum nex of the older LBNL samples. b) Volumetric nex of the common physisorption media in 
Figure 5-21b. Specific surface area is inversely proportional to bulk density for most physisorption 
media, which tends to cluster volumetric maximum nex. 

 
The hydrogen storage kinetics of silica aerogel, shown in Figure 6-2 for three 

different equilibrium pressures, is characteristic of a physisorption medium. Due to the 
nature of dipole-dipole interactions, the intrinsic kinetics of physisorption is almost 
instantaneous. The rate-limiting mechanism at the material level is typically the transfer 
of hydrogen through the pores of the medium or the transfer of heat from the hydrogen 
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gas, which is initially at room temperature in the gas reservoir, to the sample holder at -
196 C. Heat and mass transfer within the medium is invariably much faster than the 
overall rate-limiting mechanism at the systems level, for example the external cooling 
system of the hydrogen storage system. Therefore the kinetics of physisorption media is 
not considered an applications challenge, and silica aerogel is no exception. 

 
Figure 6-2. Kinetics of hydrogen uptake in silica aerogel at Peq = 20, 40 and 60 bar, which are 
consistent with other physisorption media and very fast compared to chemisorption media. 

 
The total amount of hydrogen a medium can store within its macroscopic 

boundaries is a useful capacity measure for application. Shown as the sum of the dark 
gray, light gray and checkered gray regions in Figure 1-7, total capacity nt(P,T) is the 
sum of nex and the hydrogen gas in the free volume of the sample Vfree: 

Equation 6-1 

( ) ( ) ( ) ( ) freeeqext VTPTPndxxSTPn ,,,
0

ρρ +== ∫
∞

 

where ρeq is the equilibrium density of hydrogen gas. nt is determined experimentally 
with measurement of nex and Vfree. nt of silica aerogel is shown in Figure 6-3, with an 
overwhelming majority of the maximum nt of 35 g/L at 110 bar stored as high-pressure 
hydrogen gas in Vfree. Silica aerogel provides a slight advantage over pure hydrogen gas 
across the pressure range of interest because its surface area allows for physisorption. 
Silica aerogel is unique among physisorption media because Vfree contributes significantly 
to nt. This is due to its very small particle size and very high porosity. It is important to 
note the effect of geometry on nt. Hydrogen is more efficiently stored in the adsorption 
layer than in Vfree (qualitatively shown in Figure 1-7), which suggests that increasing the 
adsorption layer volume to free volume ratio of a medium through pore size optimization 
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could enhance nt. Taken to its logical extreme, optimal nt would be found in an 
adsorption medium with pore size equal to twice the adsorption layer thickness, so that 
all gas is contained in the adsorption layer. 

 
Figure 6-3. nt of silica aerogel. At -196 C and 110 bar, silica aerogel stores 35 g/L and provides a 
slight advantage over pressurized gas across the pressure range of interest. 

 

6.1.2.1 Geometric Model of Hydrogen Adsorption 
In addition to nex and nt, adsorption capacity nad(P,T) is a capacity measure used 

to study adsorption in physisorption media.54 Shown as the sum of the dark gray and light 
gray regions in Figure 1-7, nad is the amount of hydrogen stored in the adsorption layer 
volume Vad(P,T), which has a thickness of tad(P,T): 

Equation 6-2 
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nad cannot be determined experimentally because it requires knowledge of Vad, which 
depends on the structure of the surface of the physisorption medium and the interaction 
between hydrogen and the medium.70 Vad can be represented as the adsorption layer 
volume fraction φad(P,T): 

Equation 6-3 

( ) ( ) freeadad VTPTPV ,, φ=  

Combining Equation 6-2 and Equation 6-3 yields 
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Equation 6-4 

( ) ( ) ( ) ( ) freeadeqexad VTPTPTPnTPn ,,,, φρ+=  

 
Three geometric models based on two regular, repeating unit cells are used to 

determine φad and nad of silica aerogel. The unit cells replace the amorphous silica aerogel 
structure to provide useful average results and the dimensions of the unit cells are 
determined by the measured physical properties of silica aerogel. After the dimensions 
associated with the unit cells are determined, φad for each model is calculated as a 
function of tad, which can be represented by the number of adsorbed monolayers of 
hydrogen ηml(P,T) and the van der Waals diameter of hydrogen gas dvdW: 

Equation 6-5 

( ) ( ) vdWmlad dTPTPt ,, η=  
 

The first unit cell is a cubic array of intersecting spheres of diameter ds placed on 
the edges of a unit cell of length Ds in the string-of-pearls arrangement seen in Figure 
6-4a. This unit cell assumes each silica nano-particle can be represented by a hard sphere 
connected by an infinitesimal bridge to adjacent spheres. The cell dimensions ds and Ds 
are calculated from the theoretical porosity Π and specific surface area S of the sphere 
unit cell: 

Equation 6-6 
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Using Equation 6-6 and the specific surface area, porosity and bulk density of the silica 
aerogel sample from 4.3.3, the cell dimensions are ds = 2.3 nm and Ds = 12.4 nm. With 
this information, the free volume of the sphere unit cell Vfree,s can be determined: 

Equation 6-7 

33
, 6

2
3

s
s

s
ssfree d

d

D
DV

π








−−=  

 
The connections between silica nano-particles are finite in size and can vary 

depending on the fabrication parameters and the degree of post-fabrication sintering. The 
second unit cell, a cubic array of intersecting cylinders, assumes the silica nano-particles 
can be represented by a continuous cylinder, implying the connections between nano-
particles are equal in size to the nano-particles themselves. This corresponds to a very 
high degree of sintering. Cylinders of diameter dc are placed on the edges of a unit cell of 
length Dc as in Figure 6-4b. The cell dimensions dc and Dc are calculated from the 
theoretical Π and S of the cylinder unit cell: 

Equation 6-8 
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Using Equation 6-8 and the specific surface area, porosity and bulk density of the silica 
aerogel sample from 4.3.3, the cell dimensions are dc = 1.5 nm and Dc = 10.0 nm. With 
this information, the free volume of the cylinder unit cell Vfree,c can be determined: 

Equation 6-9 

( ) 323
, 222

4

3
cccccfree dDdDV −+−=

π
 

The dimensions of both unit cells are slightly smaller than what would be suggested by 
TEM observation (4.1.3) and porosimetry measurements (4.3.3), but provide useful 
averages with which to determine φad. 

 
Figure 6-4. Two regular, repeating unit cells used to average the random silica aerogel structure: (a) 
cubic array of intersecting spheres. (b) cubic array of intersecting cylinders. 

 
In the first adsorption model based on the sphere unit cell, hydrogen is assumed to 

adsorb evenly on the surface of the silica nano-particles as a spherical annular shell. As a 
function of ηml, the adsorption layer volume Vad,s-s(P,T) is derived from the geometry of 
the sphere-sphere (s-s) model: 

Equation 6-10 
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as is the adsorption layer volume fraction for the s-s model φad,s-s(P,T): 

Equation 6-11 
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The s-s model has two significant shortcomings. First, it ignores the presence of adjacent 
spheres and the obvious overlap of Vad,s-s, as seen in Figure 6-5. Second, it is highly 
unlikely that hydrogen is evenly distributed across the surface of the spherical silica 
nano-particles. It is probably more accurate to assume that hydrogen preferentially 
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adsorbs in the crevices between nano-particles (Figure 6-5) because less free energy is 
lost in establishing the interface of the adsorbed phase; hydrogen then spreads across the 
more exposed surfaces as the amount of adsorbed hydrogen increases. These two 
shortcomings are addressed in the sphere-cylinder (s-c) model. 

 
Figure 6-5. The overlap inherent in the s-s model is indicated by the dark gray regions. The black 
arrows indicate likely regions of preferential adsorption. 

 
The s-c model assumes hydrogen is preferentially adsorbed in the crevices 

between nano-particles and then spreads across the more exposed surfaces. This is 
accomplished by placing a cylinder of diameter greater than ds along the string-of-pearls 
axis and removing the volume of the cylinder occupied by the spherical nano-particles, as 
shown in Figure 6-6. 

 
Figure 6-6. Schematic of the s-c model. The light gray shell represents adsorbed hydrogen and 
accounts for preferential adsorption in the crevices between nano-particles. 

This geometry also eliminates overlap in Vad,s-s between adjacent spheres. At the vertices 
of the unit cell, the redundant volume created by overlapping cylinders is also removed. 
The adsorption layer volume Vad,s-c(P,T) is derived from the geometry of the s-c model 
and tad: 

Equation 6-12 
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The adsorption layer volume fraction for the s-c model φad,s-c(P,T) is also derived from 
the geometry of the s-c model: 

Equation 6-13 
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The third geometric model is based on the cylinder unit cell, with hydrogen 

assumed to adsorb evenly on the surface of the silica nano-particles as a cylindrical 
annular shell. The cylinder-cylinder (c-c) model is mathematically similar to the s-c 
model and effectively eliminates the overlap issue in the s-s model, as seen in Figure 6-7. 
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Figure 6-7. Schematic of the c-c model. The light gray shell represents hydrogen adsorbed to the 
silica cylinder. 

The adsorption layer volume Vad,c-c(P,T) is derived from the geometry of the c-c model 
and tad: 

Equation 6-14 
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The adsorption layer volume fraction for the c-c model φad,c-c(P,T) is also derived from 
the geometry of the c-c model: 

Equation 6-15 
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In order to calculate nad, tad is assumed to equal one monolayer of hydrogen (ηml = 

1) for the three models at all temperatures and pressures due to the weak interactions 
between the silica nano-particles and hydrogen gas.71 Under this assumption, Equation 
6-11, Equation 6-13, Equation 6-15 reduce to φad,s-s = 0.092, φad,s-c = 0.099 and φad,c-c = 
0.076. For comparison, two monolayers of adsorbed hydrogen yields φad,s-s = 0.258, φad,s-c 
= 0.192 and φad,c-c = 0.180, which correspond to nad that are too high to be meaningful. 
Figure 6-8 shows nad of the three geometric models assuming one monolayer of coverage. 
nad of the s-c model increases monotonically, reaching about 5.2 wt.% at 110 bar, with 
comparable profiles and slightly lower maximum nad for the s-s and c-c models. The 
three models show good agreement at pressures below 20 bar, when nex dominates nad. 
There is slight variation in nad between the models due to the difference in ρeqφad at 
elevated pressures. 
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Figure 6-8. nad of the s-s, s-c and c-c geometric models. nad of all three models monotonically increase, 
reaching 4.5 to 5.2 wt.% at 110 bar. 

 
The noticeable absence of an nad plateau for each model indicates that the 

contribution of hydrogen gas in the adsorption layer (light gray region in Figure 1-7) is 
greater than the decrease in nex above the pressure Psat corresponding to maximum nex. 
This phenomenon is illustrated conceptually in Figure 6-9. Compared to the hydrogen 
density profile at a sub-saturation pressure P1 (Figure 6-9a), both nex and the hydrogen 
gas in the adsorption layer are greater at Psat (Figure 6-9b). At pressures above Psat (P3 in 
Figure 6-9c), nex actually decreases but the decrease is more than offset by the increase in 
hydrogen gas in the adsorption layer: 

Equation 6-16 

( ) ( ) ( ) ( ) freeadsateqfreeadeqexsatex VTPVTPTPnTPn φρφρ ,,,, 33 −<−  

 
Figure 6-9. Conceptualization of nad as a function of pressure. Density profile of H2 at: (a) sub-
saturation pressure P1. (b) saturation pressure Psat. (c) super-saturation pressure P3. As in Figure 1-7, 
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the dark gray region is nex and the light gray region is hydrogen gas in the adsorption layer (nad is the 
sum of the two). 

 

6.1.2.2 Sensitivity of Temperature-Corrected Excess Capacity 
Unlike Cu-BTC, temperature-corrected nex of silica aerogel is strongly influenced 

by dosing pressure and sample holder volume. Figure 6-10 shows the temperature-
corrected nex of silica aerogel for dosing pressures of 5, 10, 20 and 30 bar. nex presented 
in Figure 6-1a is for a dosing pressure of 5 bar, and corresponds to a maximum nex of 2.4 
wt.% at 80 bar. In contrast, maximum nex is 2.1 wt.% at 45 bar for a dosing pressure of 10 
bar, 1.7 wt.% at 40 bar for a dosing pressure of 20 bar and 1.4 wt.% at 40 bar for a dosing 
pressure of 30 bar. 

 
Figure 6-10. nex of silica aerogel for dosing pressures of 5, 10, 20 and 30 bar. Maximum nex and Psat 
decrease with increasing dosing pressure. 

The obvious trend is that maximum nex and Psat decrease as dosing pressure increases. 
The cause of this trend is unclear, however. One possible explanation is that the hydrogen 
gas in the system does not achieve thermal equilibrium as dosing pressure is increased. 
For each aliquot, the hydrogen in the gas reservoir is initially at instrument temperature 
and a given pressure Pi while the hydrogen in the sample holder is at sample holder 
temperature TSH and Peq-1 from the previous aliquot, with the difference between Pi and 
Peq equal to the dosing pressure ∆P: 

Equation 6-17 

PPP eqi ∆+= −1  

Therefore dosing pressure is directly related to the amount of hydrogen that must cool to 
TSH in order to achieve thermal equilibrium. If the dosing pressure is too high and thermal 
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equilibrium is not achieved, then the equilibrium pressure in the system is greater than it 
would be at true equilibrium. It is clear from Equation 5-9 that an increase in Peq would 
decrease the calculated amount of hydrogen stored during each aliquot, and yield a lower 
nex. 
 

The sensitivity of temperature-corrected nex to sample holder volume VSH is 
shown in Figure 6-11. In contrast to Cu-BTC, nex is strongly influenced by sample holder 
volume. Figure 6-11 shows nex of silica aerogel based on the mean calibrated VSH, and the 
mean plus and minus one standard deviation σ; for the sample shown in Figure 6-11, VSH 
= 8.9673 cm3 and σ = 0.04 cm3. Maximum nex varies from 2.8 wt.% at 100 bar for VSH - σ 
to 2.0 wt.% at 60 bar for VSH + σ, a change of 40% for a 0.9% change in sample holder 
volume. VSH - σ results in a higher maximum nex because volume is proportional to moles 
in an equation of state and VSH (in the form of apparent volume VSH,app) is in the 
subtracted term in Equation 5-9. The variation in maximum nex with respect to sample 
holder volume is attributable to silica aerogel’s bulk density and porosity, which are well-
known sources of error in hydrogen storage characterization.61 Bulk density limits the 
amount of sample that can be loaded into a sample holder and affects the pressure change 
associated with sorption/desorption. For example, two samples with identical nex adsorb 
different amounts of hydrogen if their bulk densities are different. This means that the 
pressure change in the system associated with adsorption is less for the lower-density 
sample and can on occasion approach the sensitivity of the pressure transducer. Silica 
aerogel, as one of the lightest solids, is especially susceptible to the effects of bulk 
density. The bulk density of the silica aerogel sample in Figure 6-11 is 0.11 g/cm3 while 
the bulk density of Cu-BTC is 1.22 g/cm3, which can in part explain the difference in the 
sensitivity to sample holder volume.66 Porosity is the second physical property that 
causes variation in maximum nex with respect to VSH. The volume fraction of the system 
at sample holder temperature is dependent on the porosity of the sample; the higher the 
porosity, the larger the volume fraction at TSH. CT(P) is designed to account for non-
ideality in the system due to TSH, but it can only correct for so much. If the porosity of the 
sample is too high, then temperature-corrected nex varies with VSH. This idea can be 
illustrated by comparing the variation in nex for silica aerogel and Cu-BTC. The porosity 
of the silica aerogel sample is 0.9531 and nex varies significantly with VSH. In contrast, 
Cu-BTC has a porosity of 0.407 and its nex varies little with VSH (see Figure 5-24b).66 
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Figure 6-11. Variation in nex with respect to sample holder volume. Maximum nex varies 40% with 
only a 0.9% change in sample holder volume. 

 
There are few opportunities to decrease the sensitivity of temperature-corrected 

nex of silica aerogel because of silica aerogel’s extraordinary physical properties and 
limitations on the accuracy of the volumetric method. Even with the pressure-dependent 
temperature correction factor introduced in 5.3.1, the variation in nex with respect to 
dosing pressure and sample holder volume is significant. Additional innovations in 
instrument design and/or data analysis are required to further reduce variation. 
 

6.2 Carbon and Activated Carbon Composites 
The hydrogen storage metrics of carbon and activated carbon composites are 

characterized with the volumetric method and the two innovations introduced in 5.3. The 
gravimetric and volumetric excess capacities of the composites as well as their total 
capacities are compared to silica aerogel. The effects of dosing pressure and sample 
holder volume on excess capacity are also briefly discussed. 
 

6.2.1 Experimental Set-up and Analysis 
Sol-gel samples were prepared using the Silbond H5 recipe discussed in detail in 

2.3.1.1 with x1/16. The sol-gels were substituted, dried into aerogel, and baked in the 
manner described in 2.3.2.1. The carbon composite was fabricated using the CVI 
parameters listed at the end of 3.3.1.3: acetylene as the reactive gas, Tr = 580 C, qig = 800 
sccm and mg,∞ = 0.155. The exposure times were 90 and 120 min, which yielded carbon 
composites with LC = 22 and 33 wt.%. The activated carbon composites initially had LC = 
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29 and 54 wt.% and were activated at Tr = 500 C, qg = 100 sccm, qig = 500 sccm and te = 
60 min, which yielded activated carbon composites with LA = 16, 20 and 37 wt.%. The 
samples were characterized in the manner described in 6.1.1. 
 

6.2.2 Results and Discussion 
The excess capacities of the composites are shown in Figure 6-12a. Maximum nex 

of the carbon composites are 2.1 wt.% at 85 bar for LC = 22 wt.% and 1.8 wt.% at 85 bar 
for LC = 33 wt.% and both have nex profiles that are consistent with silica aerogel and 
other physisorption media. The maximum capacities and profiles of the activated carbon 
composites with higher loading levels are comparable to those of the carbon composites, 
with 1.9 wt.% at 80 bar for LA = 20 wt.% and 1.4 wt.% at 70 bar for LA = 37 wt.%. Based 
on the specific surface areas in Table 4-1, the carbon and activated carbon composites 
outperform the Chahine rule by approximately 45%, with the exception of the LA = 37 
wt.% composite, which outperforms the Chahine rule by 4%. The consistent over-
performance of the composites is probably due to a combination of two factors. It is 
likely that BET theory does not account for some of the specific surface area available to 
hydrogen because the van der Waals diameter of hydrogen gas is 23% less than that of 
nitrogen gas. Second, it is possible that the interactions between composite and hydrogen 
gas lead to increased density in the adsorption layer, although this factor is less likely 
given the near-universal nature of dipole-dipole interactions. 

 
Figure 6-12. nex of the carbon and activated carbon composites at -196 C. Maximum nex are 2.1 wt.% 
at 85 bar for LC = 22 wt.%, 1.8 wt.% at 85 bar for LC = 33 wt.%, 1.9 wt.% at 80 bar for LA = 20 wt.% 
and 1.4 wt.% at 70 bar for LA = 37 wt.%. The profiles of the above composites are consistent with 
silica aerogel and other physisorption media. The composite with LA = 16 wt.% shows a unique nex 
profile that increases monotonically within the pressure range of interest. 
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In contrast to the other composites, the composite with LA = 16 wt.% shows a 
unique nex profile, one that increases monotonically and does not reach a maximum 
within the pressure range of interest; its nex is 2.5 wt.% at 60 bar, 2.8 wt.% at 85 bar and 
2.9 wt.% at 110 bar. It is difficult to determine the cause of the unique capacity profile of 
the LA = 16 wt.% composite. It is possible that the profile is an artifact of data collection 
and/or analysis. For example, an error in calibrating the sample holder volume of the LA = 
16 wt.% composite could potentially cause the unique capacity profile. Figure 6-13a 
shows the sensitivity of nex to VSH: a sample holder volume within one standard deviation 
of the calibrated volume yields an nex profile that is consistent with silica aerogel and the 
other composites. The effect of dosing pressure could also cause the unique capacity 
profile, as shown in Figure 6-13b: changing the dosing pressure from 5 bar to 10 bar 
yields an nex profile that is consistent with other physisorption media. However the data 
for the LA = 16 wt.% composite was collected and analyzed using the exact same 
experimental set-up and analysis as that of silica aerogel and the other composites so 
there is no reason to suspect that its calibrated sample holder volume or nex are any less 
accurate. In fact, a second activated carbon composite sample with LA = 16 wt.% had an 
identical nex profile as the original LA = 16 wt.% sample when characterized using the 
same set-up and analysis, as shown in Figure 6-13c. Therefore, it is possible that the LA = 
16 wt.% composite outperforms silica aerogel and the other composites in the context of 
hydrogen storage due to its unique nano-structuring or a novel hydrogen storage 
mechanism, although these scenarios are still less likely than an artifact of data collection 
and/or analysis. 

a)  
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b)  

c)  

Figure 6-13. Variation in nex of the LA = 16 wt.% composite with respect to: a) sample holder volume. 
b) dosing pressure. VSH within one standard deviation of the measured volume or a higher dosing 
pressure yields an nex profile that is consistent with other physisorption media. c) Confirmation of the 
unique nex profile of LA = 16 wt.% composite by means of a second LA = 16 wt.% sample. 

 
The capacities of the composites in volumetric units are shown in Figure 6-14a. 

Maximum nex of the carbon composites are 2.9 g/L at 85 bar for LC = 22 wt.% and 2.6 
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g/L at 85 bar for LC = 33 wt.%. Maximum nex of the activated carbon composites with 
higher loading levels are 2.8 g/L at 80 bar for LA = 20 wt.% and 2.4 g/L at 70 bar for LA = 
37 wt.%. The difference in relative performance of the samples for nex in gravimetric and 
volumetric units is due to the inverse relationship between bulk density and specific 
surface area. To convert from gravimetric to volumetric units, nex is multiplied by bulk 
density. Since nex is proportional to specific surface area and specific surface area is 
inversely proportional to bulk density, nex capacity in volumetric units converges, which 
is evident in Figure 6-1b and Figure 6-14a. The approximate maximum nex on which the 
composites converge is 2.7 g/L. nex of the composite with LA = 16 wt.% in volumetric 
units reaches a maximum of 4.0 g/L and 110 bar and remains independent of the other 
composites because its nex is too great to be mitigated by bulk density. Figure 6-14b 
shows the total capacities of the composites, which outperform hydrogen gas across the 
pressure range of interest. nt of the composites are comparable to that of silica aerogel 
because the overwhelming majority is stored as high-pressure hydrogen gas in the free 
volume of the composites. 

a)  
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b)  

Figure 6-14. a) nex in volumetric units of the carbon and activated carbon composites at -196 C. The 
capacities are grouped more closely than those in gravimetric units because of the inverse 
relationship between specific surface area and bulk density. b) nt of the composites. At -196 C and 
110 bar, the composites store 35 g/L and provide a slight advantage over hydrogen gas across the 
pressure range of interest. 

 
The carbon and activated carbon composites share the same nex sensitivities as 

silica aerogel because they have comparable bulk densities and porosities (see Table 4-1). 
This is evident for the LA = 16 wt.% composite in Figure 6-13a and b. The effects of 
dosing pressure and sample holder volume on nex are apparent for the other composites as 
well and are shown in Figure 6-15a and b. The composites with LC = 22 wt.% and LA = 
20 wt.% are representative of the effects of dosing pressure and sample holder volume. It 
is important to note that comparing silica aerogel and the composites is appropriate as 
long as the conclusions are based on measurements with the same parameters. 



 149

a)  

b)  

Figure 6-15. Variation in nex for representative composites with respect to: a) dosing pressure. b) 
sample holder volume. 

 
 The capacities of silica aerogel and the composites are listed in Table 6-1 for 
comparison. It is clear from the results that silica aerogel, carbon composite and activated 
carbon composite have different advantages in the context of hydrogen storage. Silica 
aerogel has the highest maximum gravimetric nex of the three sample types with the 
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exception of the LA = 16 wt.% activated carbon composite, with which it is also tied for 
highest maximum nt. Carbon composite slightly outperforms activated carbon composite 
in terms of maximum gravimetric nex; the opposite is true for maximum volumetric nex 
due to activated carbon composite’s greater capacity per unit of loading. Activated 
carbon composite also reaches its maximum nex at the lowest saturation pressure of the 
three sample types. Given their different advantages, the selection of silica aerogel, 
carbon composite and activated carbon composite should be based on application-specific 
considerations. For example, if an application places a premium on the volume of the 
hydrogen storage system and there is only a limited pressure range available, activated 
carbon composite is the most appropriate storage medium. On the other hand, silica 
aerogel is most appropriate if the mass of the system is of primary importance to the 
application. 

Sample nex [wt.%] nex [g/L] Psat [bar] nt [g/L]

Silica aerogel 2.4% 2.7 80 35
LC = 22 wt.% 2.1% 2.9 85 34
LC = 33 wt.% 1.8% 2.6 85 34
LA = 16 wt.% 2.9% 4 n/a 35
LA = 20 wt.% 1.9% 2.8 80 34
LA = 37 wt.% 1.4% 2.8 70 34 

Table 6-1. Summary of capacities for silica aerogel and the composites. 

 

6.3 Summary 
The characterizations detailed in 6.1.2 and 6.2.2 clearly show the hydrogen 

storage performance of silica aerogel and the class of composites for which it provides 
the foundation. In summary, the excess capacity of optimized silica aerogel is 2.4 wt.% at 
80 bar, which is 10.6% better than the amount predicted by the Chahine rule and a 45% 
improvement over the older ‘un-optimized’ LBNL silica aerogel samples. Adsorption 
capacity based on three geometric models is between 4.5 to 5.2 wt.% at 110 bar. The 
carbon and activated carbon composites also outperform the Chahine Rule substantially, 
with the exception of the LA = 37 wt.% composite. Arguably the most interesting result of 
Chapter 6 is the hydrogen storage performance of the LA = 16 wt.% composite, which has 
a unique excess capacity profile that monotonically increases. While the profile is likely 
due in some part to limitations associated with the volumetric method for low-bulk 
density, high-porosity media, it suggests that the hydrogen storage performance of silica 
aerogel can be improved by fabricating composites with increased nano-structuring. 
Given the different advantages of the three media, the selection of silica aerogel, carbon 
composite and activated carbon composite as a hydrogen storage medium should be 
based on application-specific considerations. 
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7 Conclusion 
This dissertation focused on the development and characterization of a novel class 

of solid-state nano-structured composites for hydrogen storage based on silica aerogel. It 
was organized sequentially around the experiments conducted to fabricate, optimize and 
characterize silica aerogel and the composites for hydrogen storage. Chapter 1 provided a 
basic introduction to nano-structured media, an overview of silica aerogel technology and 
some key concepts of solid-state hydrogen storage. Chapter 2 described in detail the 
fabrication and optimization of silica aerogel for hydrogen storage. The key result from 
the second chapter is that decreasing catalyst concentration during silica aerogel 
fabrication improved the physical properties of the resultant aerogel in the context of 
hydrogen storage. Chapter 3 concentrated on the fabrication of solid-state nano-structured 
composites using chemical vapor infiltration. A series of experiments was used to 
parameterize the deposition and activation processes and resulted in a collection of 
parameters that minimized variation and structural damage in the composites. A back-of-
the-envelope calculation was then used to establish a range of interest for composite 
loading. In Chapter 4, silica aerogel and composites within the specified range were 
physically characterized using transmission electron microscopy, X-ray diffraction and 
porosimetry in order to investigate their nano-structuring. The investigations found 
evidence of unique nano-structuring in the composites’ activated carbon phase. Chapter 5 
focused on hydrogen storage characterization and two innovations developed by the 
author that improved the accuracy and efficiency of hydrogen storage characterization of 
low-bulk density media like silica aerogel and the composites. Finally, in Chapter 6, these 
innovations were applied to silica aerogel and the composites to characterize their 
hydrogen storage performance. Silica aerogel and the composites were found to 
outperform the most common benchmark in physisorption media, and one composite in 
particular showed unique hydrogen storage performance. 
 

7.1 Future Work 
There are several avenues for future work in the fabrication and optimization of silica 
aerogel and the composites in the context of hydrogen storage. The first is to continue 
optimizing the physical properties of silica aerogel that affect hydrogen storage and 
composite fabrication, primarily specific surface area and pore size distribution. The 
experiments in this dissertation focused exclusively on catalyst concentration, but there 
are several other fabrication parameters that affect physical properties including the ratio 
of ethanol, water and tetraethyl orthosilicate in the sol-gel, aging time and supercritical 
extraction. The second focuses on the additional development and physical 
characterization of composites based on silica aerogel for hydrogen storage. There are 
alternative methods of depositing carbon in silica aerogel, for example as carbon ink 
during the sol-gel process, and activating deposited carbon. There are also a number of 
other composites available for hydrogen storage characterization including elemental 
metal and metal hydride composites. For example, iron nano-particles can be deposited in 
silica aerogel by chemical vapor infiltration of iron pentacarbonyl (Fe(CO)5). The nano-
particles can then be characterized for hydrogen storage or used to catalyze the formation 
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of carbon nano-structures such as single- and multi-walled nano-tubes. One very 
intriguing possibility is the deposition and subsequent nano-structuring of metal hydrides 
in order to alter the kinetics and thermodynamics of hydrogen sorption/desorption. The 
third is to increase the accuracy of hydrogen storage characterization of low-bulk density 
media by improving aspects of the volumetric method or developing better data analysis 
techniques. Finally, there are adjacent research fields in which silica aerogel and the 
composites show potential, specifically the storage of methane, ammonia and carbon 
dioxide.  
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