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In situ techniques are essential to understanding the behavior of electrocatalysts
under operating conditions. When employed, in sifu synchrotron grazing-
incidence X-ray diffraction (GI-XRD) can provide time-resolved structural

in situ; solid electrolyte interphase. information of materials formed at the electrode surface. In situ cells, however,

often require epoxy resins to secure electrodes, do not enable electrolyte flow,
or exhibit limited chemical compatibility, hindering the study of non-aqueous
electrochemical systems. Here, a versatile electrochemical cell for air-free in situ
synchrotron GI-XRD during non-aqueous Li-mediated electrochemical N,
reduction (Li-N,R) has been designed. This cell not only fulfills the stringent
material requirements necessary to study this system but is also readily
extendable to other electrochemical systems. Under conditions relevant to non-
aqueous Li-N,R, the formation of Li metal, LiOH and Li,O as well as a peak
consistent with the o-phase of Li;N was observed, thus demonstrating the
functionality of this cell toward developing a mechanistic understanding of
complicated electrochemical systems.

Supporting information: this article has
supporting information at journals.iucr.org/s

1. Introduction

The electrochemical production of fuels and other products is
receiving significant attention as the world transitions away
from fossil-fuel-driven processes. Among the reactions of
interest, focus has been placed on the electrochemical
reduction of N, to NH; (Giddey et al., 2017; Westhead et al.,
2021), which, when coupled to renewable electricity, promises
an environmentally sustainable alternative to the energy-
intensive CO,-emitting industrial Haber-Bosch process
(Erisman et al., 2008; MacFarlane et al., 2020). Non-aqueous
Li-mediated electrochemical N, reduction (Li-N,R) has been
identified as a promising route toward sustainable point-of-use
NHj; synthesis, and gaining a mechanistic understanding of this
reaction will be invaluable in developing a system that oper-
ates at commercially relevant conditions and product yields.
Understanding how the formation of intermediates and other
species involved in Li-N,R relates to system parameters and

Cell mount

screw descriptors (e.g. proton source, Li salt identity, applied

potential, organic solvent, Faradaic efficiency toward NH;)
would provide insight into the mechanisms by which these
components interact to convert Li;N to NH;. However, the air
reactivity of Li-based system components complicates such
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measurements as it renders ex situ characterization of the
electrode surface unrepresentative of the electrode surface,
even immediately after a reaction (Tsuneto er al, 1994;
Lazouski et al., 2019; Suryanto et al., 2019).

In situ methods are thus required to obtain information
related to catalyst structure and electronic state under elec-
trochemical reaction conditions. However, such measurements
are often challenging, with each characterization technique
often requiring specific electrochemical cell and sample
geometries (Bak et al., 2018; Farmand et al., 2019; Sottmann et
al., 2019; Liu et al., 2016). Furthermore, electrochemical cells
designed for such purposes often suffer from a lack of
reusability or incompatibility with certain system materials
(Farmand et al., 2019). For example, 3D-printed materials are
often incompatible with organic solvents, limiting the use of
such materials to only a subset of aqueous electrochemical
reaction systems.

In this work, we present the design of a versatile, chemically
resistant, reusable electrochemical cell for in situ synchrotron
grazing-incidence X-ray diffraction (GI-XRD) under non-
aqueous Li-N,R conditions that is readily deployable for
myriad electrochemical systems beyond Li-N,R, such as the
aqueous electroreduction of O,, NO3 and CO,. The cell
provides flow capability and can be operated in an air-free
environment at synchrotron beamlines, enabling air-sensitive
experiments. Furthermore, we present GI-XRD measure-
ments in which we demonstrate the applicability of the cell
toward observation of the formation of Li-containing species
under air-excluded conditions relevant to non-aqueous

Li-N,R.
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2. Electrochemical cell design

A schematic of the electrochemical cell is presented in Fig. 1.
The cell body and end plates were computer-numerical-
control machined from polyether ether ketone (PEEK), which
is chemically compatible with a wide range of organic solvents,
including tetrahydrofuran (THF) (da Silva Burgal et al., 2015).
A 35 mm x 5 mm working electrode was placed on the bottom
of the chamber, while a counter electrode of the same size was
placed at the top [Figs. 1(a) and 1(b)]. Both electrodes were
secured using Pt rods that extended through ports in the cell
body and were tightened into place using PEEK IDEX
ferrules and nuts screwed into threaded ports in the cell body.
The use of these rods to hold the electrodes in place and
provide electrical contact to the electrodes eliminated the
need for epoxy in the cell. Alligator clips were secured to the
portion of the Pt rods extending out of the cell to make
electrical contact with the potentiostat. To minimize contact of
the Pt rods with the electrolyte and to avoid Li electroplating
onto the Pt rod rather than the working electrode, each rod
was sheathed in insulating fluorinated ethylene propylene
(FEP) tubing cut to the length of the rod extending into the
electrolyte chamber [Fig. 1(b)]. When FEP sheaths were not
used, it was possible to visually observe the accumulation of
plated material at the rod as well as the preferential deposition
of material at the end of the working electrode near the Pt rod.
However, the use of sheaths allowed for uniform material
deposition across the entire length of the working electrode.
The width of the electrolyte chamber in the direction of the
X-ray beam was limited to 5 mm to minimize attenuation of

FEP-encapsulated

!

Cell mount
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A schematic of the GI-XRD cell. The main body of the cell is presented in (a), with a photograph of the cell body in the opposite orientation before the
cell has been fully assembled presented in (b). An exploded schematic of the cell parts is presented in (c). Although here the Pt counter electrode bends
slightly toward the working electrode, giving a distance of 7.4 mm between electrodes at its closest, it would be trivial to use a thicker Pt foil to allow for a

fully straight electrode.
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the beam by the electrolyte, while still allowing for a wide
enough sample to provide an easily detectable sample signal
and easy sample alignment for a 17 keV incoming X-ray. The
dimensions of the cell electrolyte chamber were 47 mm X
10 mm x 5 mm, while the total cell length was 37.5 mm. This
resulted in an electrolyte chamber volume of 2.3 ml. A larger
size in the transversal direction was employed to maximize
total sample size to facilitate ammonia quantification in future
studies. The cell additionally allows for experiments using
either a two- or three-electrode configuration. For a three-
electrode electrochemical cell configuration, a leakless PEEK
Ag/AgCl reference electrode was inserted into the second
threaded port in the top of the cell body and tightened into
place using PEEK IDEX ferrules and nuts [Fig. 1(a), upper
left]. This port is plugged with a PEEK IDEX plug nut for
cell use in a two-electrode configuration. Finally, Kapton
film windows (1 mil, 0.0254 mm) were compressed onto
FEP-encapsulated silicone O-rings on either side of the main
cell body between two end plates, which were secured by
tightening nuts onto screws that passed through holes in the
end plates and cell body [Fig. 1(¢)].

The inlet electrolyte flow channel was positioned on the
side of the electrochemical cell midway up from the bottom
of the chamber [Fig. 1(a), left]. To allow the cell to be filled
completely, ensuring contact of the counter electrode with
the electrolyte, the outlet stream exits the cell body through
the top of the cell [Fig. 1(a), right]. The assembled cell was
then screwed onto a mounting plate via a threaded hole
placed in the bottom corner of the cell body [Fig. 1(c)]. This
entire cell setup was isolated in an inert environment by
flowing He gas into a 3D-printed cap [Fig. S1 of the
supporting information (SI)] through which inlet/outlet
electrolyte tubing was passed (Cao et al., 2016). This cap was
required to ensure an air-free sample environment, and to
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facilitate air-free transport of the cell between the Ar
glovebox and the beamline end station.

3. Validation experiments of the electrochemical cell
for non-aqueous Li-N,R

3.1. Air-free setup of the electrochemical cell at a
synchrotron GI-XRD beamline

In situ GI-XRD measurements in an out-of-plane geometry
were performed at BL 2-1 at the Stanford Synchrotron
Radiation Lightsource (SSRL) with an X-ray energy of
17 keV. The flux of the incident X-ray was ~10'? photons s .
The beam was relatively unfocused [spot size 150 pm (hori-
zontal) x 50 pm (vertical)]. Thus, with this large volume of
electrolyte being irradiated as the electrolyte was flowing
continuously through the cell and the relatively low photon
flux, minimal damage to the electrolyte was expected (Swallow
et al.,2022; Qiao et al., 2012). Experiments carried out at open-
circuit conditions did not show appreciable electrolyte damage
leading to the formation of crystalline phases prior to appli-
cation of a potential. It is possible that the X-ray beam results
in some solvent breakdown, causing the formation of a solid
electrolyte interphase (SEI) layer consisting of non-crystalline
material phases. However, it is difficult to distinguish the
formation of an amorphous SEI layer resulting from X-ray
damage and that resulting from known degradation of THF
associated with the presence of electroplated Li (Koch, 1979;
Aurbach et al., 1988; Zhuang et al., 1998). Such a determina-
tion would require extensive further study and was conse-
quently considered out of scope of this cell-design work. High-
purity N, and Ar cylinders (99.999% ) were connected to a gas
purifier using a three-way valve, after which the gas flowed
into a gas pre-saturation vessel (Fig. 2, Figs. S2 and S3, full

= 1/8" stainless steel tubing
M 2-way Swagelok valve
3-way Swagelok valve
=== 1/8" FEP gas/electrolyte flow tubing

P 2-way IDEX valve
mes1/8" FEP vent tubing

GI-XRDcellin He cap Syringe pump

Electrolyte
sparging vessel

A schematic of the air-free GI-XRD setup. Electrolyte lines to the right of V1 were assembled in an Ar glovebox, where V1 and V2 were closed before
transfer to the beamline. A three-way valve can be added between the cylinder and the three-way valve to the vacuum pump for ease of alternating

between two gas sources.
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setup details in the SI). Pre-saturation of the gas was
performed to prevent evaporation of the volatile non-aqueous
solvent (THF), which would otherwise affect electrolyte
component concentrations. The THF-saturated gas then
flowed directly into the electrolyte (THF, 0.5 M LiClO,) in
the electrolyte sparging vessel. This electrolyte was sparged
continuously throughout the duration of the experiment while
being pumped back and forth through the GI-XRD cell at a
rate of 0.5 ml min~"' via a 10 ml glass syringe and syringe pump
(Fig. 2, Fig. S3, see the SI for additional details). To avoid
exposure of the general sample environment assembly to air,
the electrochemical cell and portions of the setup presented in
Fig. 2 were assembled in an Ar glovebox before being brought
to the beamline (see the SI), such that setup components
were always in an inert environment. Once at the beamline
end station, the cap encasing the cell was attached to a He line
and purged continuously (Fig. S1).

3.2. GI-XRD measurements during chronopotentiometry
for observation of Li-containing species

To confirm the suitability of this cell design for in situ
GI-XRD measurements with the aim of observing product
formation during air-free non-aqueous Li-N,R, we performed
preliminary GI-XRD measurements under galvanostatic
conditions in an electrolyte of THF, 0.5 M LiClO,, sparged
with purified N,. The working electrode was a 50 nm Mo
film deposited onto a 35 mm x 5 mm degenerately doped
conductive Si wafer via physical vapor deposition (see Fig. S1),
the counter electrode was a Pt foil of the same size and the
reference electrode was a leakless PEEK Ag/AgCl electrode
(eDAQ, ET072). The junction of this reference electrode has a
resistance under 10 k€2, and the junction potential is expected
to be independent of the solvent used, according to docu-
mentation for the electrode. Because of this junction potential,
we refrain from converting the reported potential to other

commonly used references. Fig. 3 presents GI-XRD
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measurements that were executed at 6 = 0.2° for various
quantities of charge passed under varying applied current
conditions between —5 and —0.5 mA cm > (see Fig. S4 for
GI-XRD diffractograms before background subtraction). A
proton source was excluded from the electrolyte for these
preliminary measurements to maximize the likelihood of
observing Li;N, which would otherwise be expected to react
with the proton source to form NHj. Over the course of the
experiment, the applied current density was decreased until a
current density at which the working electrode potential was
stable was reached [Fig. 3(a)].

Because the strongest peaks of the Li-containing species
of interest are located below 20 = 30° (Fig. S5), data were
collected primarily in the 26 range of 10-33°. Ex situ GI-XRD
measurements of the working electrode show Mo peaks at
26 = 18.5° and 26 = 26.9° (Fig. S6); the peak at 20 = 18.5° was
used for normalization of all measured diffractograms. At an
incident angle of 0.2°, 17 keV X-rays are expected to be nearly
completely reflected from Mo, although they would be
expected to entirely penetrate through a thin (~3 nm) MoO;
surface layer, reducing sensitivity to the oxide (Fig. S7). While
the absence of a MoOj; signal could be due to a lack of crys-
tallinity of this phase, the presence of this phase in other
studies using this cell (Blair et al, 2023) at open-circuit
conditions suggests that it is likely present in the Mo cathode
samples, and therefore the lack of signal may be due to the low
incident angle used. Over the course of the measurement, the
Mo peak at 20 = 18.5° was observed to shift toward higher
values. Peak shifting in XRD can be associated with either
compressive or tensile strain within films, with such strain
introduced by a variety of factors, including voids and impu-
rities or changes in film structure (Khatri & Marsillac, 2008).
Here, the cathode thin film begins as a mixture of Mo and
oxidized Mo, with the oxide being reduced over the course of
the chronopotentiometry (Blair e al., 2023), as well as the
known tendency of Li to be intercalated into MoO; (Lee et al.,
2008). Thus, given the dynamic nature of the surface of the
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Electrochemical behavior over time of the thin-film Mo cathode in the electrochemical cell is presented in (a). The electrolyte consisted of N,-saturated
THF with 0.5 M LiClO,. Current density is normalized by the geometric surface area of the working electrode (1.75 cm?). Potentials were measured
versus a leakless PEEK Ag/AgCl reference electrode. The measured uncompensated resistance of the cell was 1233.5 Q2 and was corrected using
standard methods (see the SI). XRD measurements performed during the electrochemical measurements shown in (a) are presented in (b), with each
diffractogram labeled with the quantity of charge passed at the time of measurement. These timepoints are indicated in corresponding colors in (a).
Purified N, was sparged into the electrolyte continuously while the electrolyte was pumped back and forth through the cell.
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thin film, there are many factors that likely introduce strain
into the Mo thin film and contribute to the observed shift in
the Mo peak toward larger 26 values. As charge was passed at
the cathode, multiple additional peaks that can be attributed
to a variety of Li-containing species appeared. Despite the
increasing roughness of the sample surface as these species
were deposited onto the Mo electrode, we remained able to
observe significant signal related to these compounds. Within
the first —2.6 C of charge passed [Fig. 3(b), blue], a small sharp
peak at 20 = 16.9° corresponding to Li metal appeared
[Fig. 3(b), Fig. S5]. The sharpness of this peak is indicative of
single large crystallites of Li and is consistent with studies of Li
plating in the Li-ion battery literature (Wang et al., 2020; Zhao
et al., 2021). Between —5.2 and —23.6 C, additional peaks
appear. We attribute the peaks at 20 = 12.3,15.2, 16.7 and 25.7°
as likely belonging to LiOH, while the appearance of a peak
that merges into a shoulder at 260 = 15.2° at 260 = 15.7-15.8°
would be consistent with Li,O. The peaks at 260 = 23.65, 21.3
and 31.2° are more difficult to identify, and we thus cannot
confidently attribute these peaks to specific species, although
it is possible that they arise from crystalline SEI components
resulting from the degradation of THF due to either the
presence of Li-containing species at the cathode surface or
some amount of X-ray beam damage (Koch, 1979; Aurbach et
al., 1988; Zhuang et al., 1998). However, they are not consis-
tent with most Li-containing or possible solvent degradation
species that we hypothesized could be present (Fig. S5) or the
PEEK material of the cell (Fig. S8), and future work will aim
to assign these peaks to chemical species.

A peak of particular interest appears at —23.6 C at 20 =
10.98° and quickly grows in intensity by the final GI-XRD
measurement at —25.9 C. This peak is close to the peak largest
in intensity that would be expected for o-Li;N, which is located
at 260 = 10.795° at an X-ray energy of 17 keV (Fig. S5).
Although this peak is slightly shifted, the presence of an
additional small peak at 26 = 13.3° in the diffractogram after
—259 C charge was passed [Fig. 3(b), red, inset] further
supports the assignment of Li;N at the Mo electrode surface.
The presence of a single clear peak at the 26 value at which the
highest-intensity peak of o-Liz;N is expected is consistent with
studies of the cathode surface in Li-N, batteries, which have
often been unable to detect LisN peaks at higher 26 values
(Ma et al., 2017; Markowitz & Boryta, 1962).

This apparent Li;N peak appears only after a significant
quantity of charge has been passed. This suggests that the
formation of Li3N in this system is either slow, which could
be related to the low solubility of N, in THF limiting the
quantity of N, that reaches the plated Li to form Li3N, or that
the layer of crystalline Li;N present at the cathode surface is
too thin to be detected via GI-XRD at smaller amounts of
charge passed. These preliminary measurements conse-
quently suggest that a mixture of LiOH, Li,O and Li forms
readily at the cathode surface upon application of a negative
current density under these non-aqueous conditions, but it
takes a much longer time for a species consistent with LizN
to accumulate and crystallize such that it is observable via
GI-XRD.

Our preliminary results demonstrate that this cell enables
observations related to the formation of Li;N under condi-
tions relevant to non-aqueous Li-N,R. Given the demon-
strated viability of this cell under such stringent conditions, it
could readily be adapted to the study of catalyst materials in
electrochemical systems that are less air and water sensitive,
such as aqueous O, reduction and evolution systems, as well as
CO, and NOj reduction systems.

4. Conclusions

We have presented the design of an electrochemical cell for
air-free in situ GI-XRD measurements under non-aqueous Li-
N,R conditions with the added features of electrolyte flow
capability and chemical compatibility without requiring the
use of epoxy or other adhesives. The functionality of the cell
for in situ non-aqueous Li-N,R experiments revealed that
several Li-containing species formed during the application of
a N,R-relevant current density to a cathode consisting of a Mo
film deposited onto a Si wafer. More specifically, we observed
Li metal along with oxidized forms of Li such as LiOH and
Li,O. Additionally, we measured the formation of a peak
consistent with the o-phase of Li;N. We have demonstrated
the applicability of this electrochemical cell in working toward
gaining a mechanistic understanding of species at the elec-
trode—electrolyte interface in a complex electrochemical
system. This provides important foundations for further in situ
synchrotron and electrochemical studies.

5. Related literature

The following references, not cited in the main body of the
paper, have been cited in the supporting information: Giants
(1994); Landers et al. (2021); Toney & Brennan (1989).

Funding information

This work was supported by the Villum Foundation V-
SUSTAIN Grant 9455 to the Villum Center for Science of
Sustainable Fuels and Chemicals. Part of this project was
supported by the US Department of Energy, Office of Science,
Office of Basic Energy Sciences, Chemical Sciences, Geos-
ciences, and Biosciences Division, Catalysis Science Program
through the SUNCAT Center for Interface Science and
Catalysis. This material is based upon work supported by the
National Science Foundation Graduate Research Fellowship
under Grant No. DGE-1656518. Any opinion, findings, and
conclusions or recommendations expressed in this material
are those of the authors and do not necessarily reflect the
views of the National Science Foundation. Use of the Stanford
Synchrotron Radiation Lightsource (SSRL), SLAC National
Accelerator Laboratory, is supported by the US Department
of Energy, Office of Science, Office of Basic Energy Sciences
under Contract No. DE-AC02-76SF00515.

J. Synchrotron Rad. (2023). 30, 917-922

Sarah ). Blair et al. -

921

Electrochemical cell for X-ray diffraction during nitrogen reduction



research papers

References

Aurbach, D., Daroux, M. L., Faguy, P. W. & Yeager, E. (1988).
J. Electrochem. Soc. 135, 1863-1871.

Bak, S. M., Shadike, Z., Lin, R., Yu, X. & Yang, X. Q. (2018). NPG
Asia Mater. 10, 563-580.

Blair, S. J., Doucet, M., Niemann, V. A., Stone, K. H., Kreider, M. E.,
Browning, J. F, Halbert, C. E., Wang, H., Benedek, P,, McShane,
E. J, Nielander, A. C. & Jaramillo, T. F. (2023). Energy Environ.
Sci. https://doi.org/10.1039/D2EE03694K.

Cao, C., Steinriick, H. G., Shyam, B., Stone, K. H. & Toney, M. F.
(2016). Nano Lett. 16, 7394-7401.

Erisman, J. W,, Sutton, M. A., Galloway, J., Klimont, Z. & Winiwarter,
W. (2008). Nat. Geosci. 1, 636-639.

Farmand, M., Landers, A. T., Lin, J. C., Feaster, J. T., Beeman, J. W.,
Ye, Y., Clark, E. L., Higgins, D., Yano, J., Davis, R. C., Mehta, A.,
Jaramillo, T. F, Hahn, C. & Drisdell, W. S. (2019). Phys. Chem.
Chem. Phys. 21, 5402-5408.

Giants, T. (1994). IEEE Trans. Dielect. Electr. Insul. 1, 991-999.

Giddey, S., Badwal, S. P. S., Munnings, C. & Dolan, M. (2017). ACS
Sustainable Chem. Eng. 5, 10231-10239.

Khatri, H. & Marsillac, S. (2008). J. Phys. Condens. Matter, 20,
055206.

Koch, V. R. (1979). J. Electrochem. Soc. 126, 181-187.

Landers, A. T., Koshy, D. M., Lee, S. H., Drisdell, W. S., Davis, R. C.,
Hahn, C., Mehta, A. & Jaramillo, T. F. (2021). J. Synchrotron Rad.
28, 919-923.

Lazouski, N., Schiffer, Z. J., Williams, K. & Manthiram, K. (2019).
Joule, 3, 1127-1139.

Lee, S.-H., Kim, Y.-H., Deshpande, R., Parilla, P. A., Whitney, E.,
Gillaspie, D. T., Jones, K. M., Mahan, A. H., Zhang, S. & Dillon,
A. C. (2008). Adv. Mater. 20, 3627-3632.

Liu, H., Allan, P. K., Borkiewicz, O. J., Kurtz, C., Grey, C. P,
Chapman, K. W. & Chupas, P. J. (2016). J. Appl. Cryst. 49,
1665-1673.

Ma, J. L., Bao, D., Shi, M. M., Yan, J. M. & Zhang, X. B. (2017). Chem,
2, 525-532.

MacFarlane, D. R., Cherepanov, P. V., Choi, J., Suryanto, B. H. R.,
Hodgetts, R. Y., Bakker, J. M., Ferrero Vallana, F. M. & Simonoyv,
A. N. (2020). Joule, 4, 1186-1205.

Markowitz, M. M. & Boryta, D. A. (1962). J. Chem. Eng. Data, 17,
586-591.

Qiao, R., Chuang, Y. D., Yan, S. & Yang, W. (2012). PLoS One, 7,
e49182.

Silva Burgal, J. da, Peeva, L. G., Kumbharkar, S. & Livingston, A.
(2015). J. Membr. Sci. 479, 105-116.

Sottmann, J., Pralong, V., Barrier, N. & Martin, C. (2019). J. Appl.
Cryst. 52, 485-490.

Suryanto, B. H. R., Du, H. L., Wang, D., Chen, J., Simonov, A. N. &
MacFarlane, D. R. (2019). Nat. Catal. 2, 290-296.

Swallow, J. E. N,, Fraser, M. W., Kneusels, N. H., Charlton, J. F.,, Sole,
C. G, Phelan, C. M. E., Bjorklund, E., Bencok, P, Escudero, C,,
Pérez-Dieste, V., Grey, C. P, Nicholls, R. J. & Weatherup, R. S.
(2022). Nat. Commun. 13, 6070.

Toney, M. F. & Brennan, S. (1989). Phys. Rev. B, 39, 7963-7966.

Tsuneto, A., Kudo, A. & Sakata, T. (1994). J. Electroanal. Chem. 367,
183-188.

Wang, X., Pawar, G, Li, Y., Ren, X., Zhang, M., Lu, B., Banerjee, A.,
Liu, P, Dufek, E. J., Zhang, J.-G., Xiao, J., Liu, J., Meng, Y. S. &
Liaw, B. (2020). Nat. Mater. 19, 1339-1345.

Westhead, O., Jervis, R. & Stephens, I. E. L. (2021). Science, 372,
1149-1150.

Zhao, Q., Deng, Y., Utomo, N. W., Zheng, J., Biswal, P, Yin, J. &
Archer, L. A. (2021). Nat. Commun. 12, 6034.

Zhuang, G. R., Wang, K., Chen, Y. & Ross, P. N. (1998). J. Vac. Sci.
Technol. A Vac. Surf. Film. 16, 3041-3045.

922

Sarah ). Blair et al. -

Electrochemical cell for X-ray diffraction during nitrogen reduction

J. Synchrotron Rad. (2023). 30, 917-922


http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB1
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB1
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB2
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB2
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB3
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB3
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB3
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB3
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB4
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB4
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB5
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB5
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB6
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB6
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB6
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB6
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB8
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB9
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB9
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB10
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB10
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB11
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB12
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB12
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB12
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB13
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB13
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB14
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB14
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB14
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB15
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB15
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB15
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB16
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB16
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB17
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB17
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB17
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB18
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB18
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB19
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB19
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB20
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB20
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB21
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB21
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB22
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB22
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB23
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB23
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB23
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB23
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB24
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB25
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB25
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB26
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB26
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB26
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB27
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB27
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB29
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB29
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB30
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=vy5012&bbid=BB30

