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1)  Gas adsorption studies, and !
2)  Motions of ions and molecules in crystals and !
         on nanostructured surfaces!
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1) Gas Physisorption	


    nanostructured surfaces, gases at high pressure	


    technical comments about measurements	


	


2) Jump Mechanisms — use pressure to determine VA	


    transient structure for the jump	


    polarons, ions, and molecules	





Sorption Methods for Hydrogen Storage	


	


 ABsorption (chemisorption)      ADsorption (physisorption)  

Something new in bcc VTiNiCr	

 Graphene from graphite oxide	


Nanostructured surfaces	





Equilibrium: chemical potential of adsorbed molecule equals !
that of a molecule in the gas. Get chemical potential of ideal gas:!

Adsorption Isotherms f(T,P)!





A porous material surface enhanced non-ideal gas interactions 
between methane molecules at high pressures. 	



Zeolite NaY 	

  NaY-PFA 	

    NaY-C	

           ZTC	



150 °C 	

          800 °C                       HF	



Tuning Physisorption Thermodynamics with 
Nanostructured Surfaces	





Adsorbent Properties!
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Methane Intermolecular Interactions on Nanostructured Surface!
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Methane Shows Anomalous Isosteric Heat for ZTC!

Together Methane and Ethane account for ~98% of natural gas.!



Ethane Data Fitted with !
Superposition of Langmuir Isotherms!

Fit data with:	





Isosteric Heat of Ethane Adsorption!

Calculated with the Clapeyron Equation:	





Entropy of the Adsorbed Phase (Ethane)!



Ongoing Work: Krypton Adsorption!

ZTC	
  MSC-­‐30	
  

Similari3es	
  
Between	
  
Methane	
  
and	
  
Krypton	
  



Volumetric Adsorption Measurements!
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For	
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  of	
  ~1000	
  m2	
  signal	
  to	
  noise	
  ≈	
  100:1	
  
For	
  Sample	
  of	
  ~100	
  m2	
  signal	
  to	
  noise	
  ≈	
  10:1	
  
100	
  m2	
  is	
  minimum	
  for	
  adsorp3on	
  measurements	
  



Activation Volumes of Kinetic Mechanisms	



Classical: Ion or atom	


Li+ senses only initial state and 
transition state	



Quantum: Polaron	


Electron (hole) samples both 	


initial and final states.	



Measure I(E,P,T) à Γ(P,T) à VA Get Activation Volume	


Activation volume gives a picture of atoms in transition state	





Activation Volume in LixFePO4!
Originates from the local atomic distortions that bring the electron 

levels of the initial and final states into coincidence, facilitating 
electron transfer!

!
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Is V>0 or V<0 ?!
Va is determined by measuring 
the effect of applied pressure on 
the polaron hopping frequency!
!
Electrical conductivity of oxides 
showed: Va = –0.2 Å3!
We found: Va = +6 Å3!

!
!



Originates from the local atomic distortions that bring the electron 
levels of the initial and final states into coincidence, facilitating 

electron transfer!
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Is V>0 or V<0 ?!

Li+	
  

Activation Volume in LixFePO4!

Va is determined by measuring 
the effect of applied pressure on 
the polaron hopping frequency!
!
Electrical conductivity of oxides 
showed: Va = –0.2 Å3!
We found: Va = +6 Å3!

!
!



Dynamical Effects in Mössbauer Spectra	



  

€ 

τM =

EHF

•  Observe 57Fe spectral 
relaxations from Fe2+–Fe3+	



•  Account for the time 
correlations of a fluctuating 
Hamiltonian with Blume-
Tjon model. 	



	
  



beams are focused by two apochromatic objective lenses (L1, f ¼ 100 mm). An upstream
beryllium mirror coated with gold (M1U) and a downstream carbon mirror coated with
silver (M1D) are used to guide the laser beam onto the sample in a DAC. These two
mirrors also reflect the images of samples from both sides back to the top tier to two
charged-coupled-devices (CCD), CCD1 and CCD2. The thermal radiation from the upstream
of the heated sample is reflected back to the top tier by M1U for spectral radiometric temp-
erature measurements using a spectrograph and a CCD. A He-Ne laser is aligned to be
coaxial with the Nd:YLF laser and serves as an alignment laser. Two achromatic lenses
(L2, f ¼ 1000 mm) are used to focus the sample images to CCD cameras. For the upstream
beam, a 50/50 beam splitter (BS3) is used to reflect part of the radiation into the spectro-
graph. In order to minimize the influence on the detector and high-resolution monochromator
(HRM), the laser, the beam stop, and the DAC are water cooled. The DAC is attached to
copper plates cooled by water (10 8C). The temperature of the DAC stays below 310 K
during data collection, which ensures mechanical stability.

The sample is loaded in a drilled hole in a Be gasket with NaCl or KCl on both sides to
act as thermal insulator and pressure medium. The use of a beryllium gasket insures low
absorption of the Fe K-fluorescence radiation. Small ruby chips are used as an internal
pressure calibrant.

The laser beam size on the sample is adjusted to be around 40 mm, so that the heating spot
is bigger than the X-ray beam size (6 mm ! 6 mm) but smaller than the sample size (50–
100 mm in diameter). After the system spectral response was calibrated using a reference
with known radiance, gray-body temperatures were determined by fitting the thermal radi-
ation spectrum between 670 and 830 nm to the Planck radiation function [19]. In addition
to this spectral radiometric method, average temperatures of the laser-heated sample are
determined by detailed balance principle of the energy spectra obtained from NRIXS [21].

X-RAY OPTICS AND DETECTORS

Figure 3 shows the schematic setup of the NRS experiment. The insertion devices at 3-ID
consist of two 2.7-cm period undulators with a total length of 4.5 m. These devices
produce 14.4-keV X-rays in the first harmonic. The high heat-load monochromator consists
of two flat diamonds (1 1 1) in a (þ,2) arrangement, giving an energy adjustable range of
7–28 keV. The diamonds are indirectly cooled by water. One of the major components
for NRS studies is the HRM. Various HRMs have been built at 3-ID for experiments with

FIGURE 3 Experimental setup for NRIXS under high pressure and high temperature. HHLM: diamond high-heat-
load monochromator; HRM: high-resolution monochromator; M1U and M1D: laser mirrors; DAC: diamond anvil
cell; APD: Avalanche photodiode detector. The X-ray from the undulator is monochromatized by HHLM and
HRM, focused by the K–B mirror, impinging on the sample in a DAC with a beam size of 6 mm in both
dimensions and energy bandwidth of 1 meV. The signal is collected by APDs.
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Nuclear Forward Scattering at APS 16ID-D (HPCAT)���
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Heating HPCAT Block "
For Symmetric DAC!

Uniform heating up to 500C!
!
Good temperature stability!
!
Integrated membrane pressure control!
!
Remote Temperature & Pressure Control!
!
Front plate has access holes for the 
symmetric cell bolts!
!
back side plate constrains a membrane for 
remote pressure control!



Spectra at 0 GPa show large 
distortions, consistent with the 
polaron dynamics reported by 
conventional Mössbauer!
!
At elevated pressure these large 
spectral distortions do not occur 
until higher temperature!
!
Spectral Distortions appear to be 
more pronounced at low Lithium 
concentration!

LixFePO4 !
Nuclear Forward Scattering!

120100806040

Li.8FePO4

120100806040

25C
100
115
130
145
160
175
190
205
220
235
250
265
280
295

Li.8FePO4

120100806040

Li.66FePO4

120100806040

Li.66FePO4

120100806040
Delay [ns]

Li.4FePO4

120100806040

Li.4FePO4

0 GPa 4 GPa



Estimates of 
Concentration 
Dependence of 
Activation Volume!

Li.4FePO4  VA~ 9Å3!

Li.66FePO4 VA~ 6Å3!

Li.8FePO4  VA~ 3Å3!

120100806040

Li.4FePO4
 130C 0 GPa 
 310C 4 GPa 

∆180C VA~9Å3

120100806040

Li.66FePO4
 220 C 4 GPa
 115 C 0 GPa 

∆ 105 C   VA~6Å3

 
 

120100806040

Li.8FePO4
 190C 0 GPa
 250C 4 GPa 

∆ 60C VA~3Å3

Activation volume has a 
roughly linear increase as 
lithium concentration is 
reduced!



Compressibility and Activation Volume	



Destabilization of an electron polaron centered at a Fe2+ ion because the 
compressibility of ferrous-oxygen bonds is greater than for ferric-oxygen bonds!
!
The Fe3+-oxygen bonds are shorter and stiffer than the Fe2+-oxygen bonds!
à we expect a larger the effect of pressure on the ferrous Fe-O bonds  !

Overall reduction of activation volume should be greater at low Li concentrations!
!
Opposite trend seen in experimental results à not dominant effect!
!
Perhaps the dominant effect is how pressure alters the activation volume for Li+ 
ions in materials with higher Li concentration?!



Quasielastic Scattering (Neutrons and Hydrogen)!

Incoherent scattering, analysis of diffusion is good (diffraction is not).   !
1H has neutron scattering cross section σ~80 barns !
       (10 barns is big for other isotopes)!
For inelastic scattering, σ/m of  1H is unbeatable!
Neutron scattering from pressure cells can be less than from 1H  !

Bove, et al, "Translational and Rotational 
Diffusion in Water in the Gigapascal Range," 
PRL 111, 185901 (2013).	





Calculate the Van Hove function for diffusion (different atoms are uncorrelated)!

Quasielastic Scattering (General)!

Van Hove function G(r,t)!



Quasielastic Scattering and Pressure	





Quasielastic Scattering and Pressure	



Klotz, et al., "Quasi-elastic neutron scattering in the multi-GPa range 
and its application to liquid water", APL 103, 193504 (2013).	



Activation volume:	


My estimate is +2 Å3 for 
translational diffusion of 
water molecule in liquid.	


(T-Dependence?)	





Activation Volume for 1H Diffusion!

•  Activation volume is of interest for both 
physisorption and chemisorption.!

•  Plans at the SNS to do inelastic scattering under 
pressure. !

•  If the activation volumes are several Å3, pressure of 
only 1 GPa are required for measuring VA.!

•  Coordination with the SNS needs thought. !




