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ABSTRACT: A Li,(Ni,Mn,Co,)O, cathode materials library
was fabricated by combinatorial magnetron sputtering. The
compositional analysis of the library was performed by a new
high-throughput approach for Li-content measurement in thin
films, which combines automated energy-dispersive X-ray
spectroscopy, Deuteron-induced gamma emission, and Ruth-
erford backscattering measurements. Furthermore, combining
this approach with thickness measurements allows the
mapping of density values of samples from the materials
library. By correlating the obtained compositional data with
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structural data from high-throughput X-ray diffraction measurements, those compositions which show a layered (R3m) structure
and are therefore most interesting for Li-battery applications (for cathode (positive) electrodes) can be rapidly identified. This
structure was identified as being most pronounced in the compositions Lij¢(Nig;sMng35C0g.45)O2, Lig7(Nig10Mng3,C0g51) O,
Lig 6(Nig23Mng 33C00.43) 05, Lig 3(Nig 6sMng 05C00.26) 02y Lig3(Nig63Mng05C00.29)Os,  Lig 4(Nig s6Mnyg 09C0034) O,

Lio‘s(Nio.45Mn0‘13C00.42)02: and Lio.s(Nio.34Mno‘14C°0‘52)Oz-
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B INTRODUCTION

The development of better Li-based batteries requires the
optimization of key battery components, that is, the cathode, the
anode, and the electrolyte. For both cathode and anode materials
development, combinatorial and high-throughput methods have
been used.'™"! Next to investigations based on powders, thin film
methods have been used, with the main focus on anode materials
such as Si, Sn, Sn-M, and Si-M (M: transition metal).3_5’12_15 An
early combinatorial investigation of Li-ion battery electrode
materials was conducted by Watanabe et al. where layered Li—
Co—Mn—O powder mixtures were synthesized using a
combinatorial robot system.9 In 2003, Sponge et al. fabricated
64 Li,Mn,0,-based powder composites by an automated parallel
synthesis technique."' Extensive research on combinatorial
fabrication and characterization of anode materials has been
conducted by Dahn et al, who investigated various material
systems such as Mo—Sn, Mn—Si—Fe, Si—Al—Mn, and Si—Sn
using a combinatorial magnetron sputtering approach and
characterized them with a combinatorial electrochemical
cell**'>'3 A survey conducted by Todd et al. on the structural
and electrochemical properties of sputtered Sn-M (M = Ti, V,
Mn, Cr, Ni, Fe, Co, Cu) thin films showed that the specific
capacitysolf these battery electrodes drops with the increase in M
content.™ "
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While anode materials have been already extensively studied
with the combinatorial approach, only few studies exist on
combinatorial screening of thin film cathode materials. Whitacre
et al. fabricated (via sputtering) and characterized
LiMnNi,_,O, solid-state batteries, and LiMn,,Nips0, was
identified to possess the highest specific capacity.'’

A general problem in these combinatorial investigations is the
determination of the Li content of the samples within a materials
library. While this is not easy for powder materials, it is even more
challenging for thin film materials libraries. For nonhigh-
throughput approaches, Habrioux et al. presented a non-
destructive approach for the characterization of bulk LiFePO,
cathodes, which could be adapted for the measurement of Li-
containing films.'® They used Proton-Induced X-ray Emission
(PIXE), Rutherford Backscattering Spectroscopy (RBS), and
Proton-Induced Gamma-ray Emission (PIGE). A potential
weakness of this approach is that the absolute Li content
measurement using PIGE is more fallible in thin films than in
bulk samples and needs a complex data analysis. Whitacre et al."°
used a combination of energy-dispersive X-ray spectroscopy
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(EDX) and RBS measurements, along with Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) to measure the Li/Mn
ratio. However in this method the signal is retrieved from an area
of 2 to 3 cm”. This measurement area is too large for materials
libraries of a practical size, which have significant concentration
gradients on such a scale.

The main focus of this paper is to establish a reliable high-
throughput method for the compositional analysis of Li-Metal-
Oxide thin films. This is based on a combination of the methods
EDX, Deuteron Induced Gamma Emission (DIGE), and RBS:
further referred to as E-D-R approach. DIGE is used to measure
the Li/O ratio in thin film materials libraries of the system
Li,(Ni,Mn,Co,)O, (NMC). NMC was chosen as it is one of the
promising cathode materials systems and was fabricated by
combinatorial sputtering. The chemical compositions obtained
by E-D-R are correlated with structural data from X-ray
diffraction (XRD) experiments. As a result we identify
compositions with promising structure for battery applications.

B RESULTS AND DISCUSSION

E-D-R Methodology for High-Throughput Composi-
tional Analysis of NMC Materials Libraries. Reported
composition characterization techniques for thin films are either
destructive and unsuitable for material libraries with high
composition %radients10 or not conveniently adaptable to thin
film samples.’® Therefore this paper attempts to establish a
suitable methodology for the complete compositional character-
ization of thin film libraries such as Li,(Ni,Mn,Co,)O,. The
combination of EDX, DIGE, and RBS (E-D-R) is proposed as a
promising method. An overview of the E-D-R approach is given
in Figure 1. First, automated EDX (JEOL JSM 5800 SEM
equipped with an Oxford Inca system) was performed on the
materials library. The transition metals (M) along with O and Si
(from the substrate) were mapped; however, only the
distribution of the transition metals, M, across the library was
considered in the EDX data analysis. Only the K shell signals of
the transition metals were used in the EDX data analysis to avoid
errors from overlap of the L shell signal of the transition metals
with the K shell signal of O. The accelerating voltage and
measurement time during the EDX measurement were 20 kV
and 60 s, respectively. In total 20 X 21 points with step
increments of 4.5 mm were measured in the mapping process.
The error of the EDX measurement is estimated to be about 1%.
The EDX measurement of two identical materials libraries
deposited on both Si/SiO, and Si substrates yielded also similar
results. While O might be measured by EDX with a limited
accuracy, Li cannot be quantified with EDX.

Therefore, in a second step DIGE was performed in the center
of 64 measurement regions to obtain the content of the light
elements (L) in the thin films; the measurement time was ~15
min per measurement region. Because of the low nuclear charge
of light elements such as Li and O, they have relatively high
reaction cross sections for the reaction with deuterons. Therefore
DIGE is especially sensitive to light elements, but cannot be used
for heavy elements. DIGE is not depth-sensitive and cannot
distinguish between O in the film and in the substrate. Hence it is
necessary to perform DIGE measurements on oxide-free
substrates, that is, Si(100) with only a native oxide on top. In
the DIGE measurement, the samples (20° tilt) were irradiated
with a 1 MeV ?D'* beam (beam spot size ~4 mm”). A gamma
spectrum was measured with a HPGe detector at 90° with
respect to the beam. A peak at 478 keV results from the reaction
SLi(d,py)’Li and a peak at 871 keV results from '°O(d,py)'70."”
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Figure 1. Flowchart illustrating the E-D-R approach. (a) EDX, DIGE,
RBS, and profilometry are combined with (b) data processing for
composition determination. L and M represent light elements (i.e., Li
and O) and transition metals (Ni, Mn, Co) respectively. AE, Y, and I
represent energy loss calculated for each measurement region, yield for
Li or O, and theoretical signal intensity calculated for each measurement
region, respectively.

A bulk reference sample with known composition (Li,TisO,)
was used to calibrate the ratio of Li and O peaks with respect to
each other. Since EDX and DIGE (as used in the E-D-R
approach) only yield relative composition values, an additional
RBS measurement is needed to determine the L/M ratio and
therefore the absolute concentration of each constituent. A 2
MeV *He'* beam (Cornell geometry, scattering angle 160°, tilt
angle 7°) was used for the RBS measurements (beam spot size 1
mm?). The measured spectra were subsequently fitted using the
RBX code."”” The combined results from these three measure-
ments lead to a preliminary estimate of the composition of the
films. However, further data processing is needed to get to
accurate values of the content of all constituents of the thin films.

The results from the first step of the E-D-R approach, EDX
high-throughput measurements for the elements Mn, Co, and Ni
are visualized in Figure 2. Since only Mn, Co, and Ni in these thin
films can be measured accurately with EDX, their relative
concentrations were calculated with the assumption that the thin
film library consists only of these three constituents. The X-ray
energies of these transition metals are in the same energy range,
therefore the systematic measurement error caused is negligible.

In a second step, the Li/O ratio was determined using DIGE. A
typical sample spectrum is shown in Figure 3(a) (red curve), with
(b) and (c) showing the peaks of Li and O. The shaded area is the
actual gamma peak used for further analysis. The background
signal mainly results from Compton scattering of higher
energetic y rays inside the detector and thus varies for different

dx.doi.org/10.1021/c04000166 | ACS Comb. Sci. 2013, 15, 401-409
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Figure 2. Visualization of EDX results for (a) Ni, (b) Mn, and (c) Co content in a Li,(Ni,Mn,Co,)O, thin film library on the wafer level. The dotted
squares indicate the area of the materials library. Arrows indicate increasing elemental content and the colors blue, green, and red represent low,
intermediate and high element contents respectively. (d) A ternary diagram of M.
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Figure 3. (a) Example of gamma spectra for region #53 and a Si reference (blank). The (b) Liand (c) O signals are shown in detail: the shaded gray area
gives the actual peak area.

samples. The detector can only be partially shielded and is 3 (a) by the black line, had to be performed on an uncoated
influenced by y rays produced on other parts of the beamline Si(100) substrate. As Figure 3 (b) and (c) demonstrate, no
(such as apertures) or the substrate (i.e., native oxide). Therefore corrections are necessary for Li, and only minor corrections are
an additional reference (blank) measurement as shown in Figure needed for the O signal.
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Figure 4 shows the results of a RBS measurement in region #53
of the NMC materials library. In the spectrum, three plateaus can
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Figure 4. Example RBS measurement of region #53 from the
Li,(Ni,Mn,Co,)O, materials library (black). A simulation taking into
account only Ni—Mn—Co ratios excluding Li and O content is shown in
red. Another simulation considering a L/M = 1 is depicted in blue. The
final simulation for L/M = 2.17, fitting the measured spectrum, is shown
in green.

be identified which relate to the signal from the transition metals
M, O, and the Si(100) substrate. The M signal is detected as a
single plateau in the spectrum because of the similar masses of Nj,
Mn, and Co. The O plateau does not have a good signal to
background ratio, since it is situated on top of the Si substrate
signal. Because of its low mass, Li is not detectable as a plateau.
Thus only the M plateau was used for fitting the spectra. If the fit
is performed only with the M content from EDX (Figure 4, red
line), the simulated transition metal signal is too high in
comparison to the measured spectrum. Increased amounts of
light elements would reduce the probability of scattering on the
transition metals and therefore the height of the plateau is
reduced as seen in the simulation, blue line in Figure 4. Since the
Li/O ratio is known from DIGE, and the ratio of the transition
metals to each other is known from EDX, this leaves only the L/
M ratio as a free parameter for fitting the spectrum. By an
iterative fitting process, this ratio is adjusted until the simulation
matches the measured spectrum (Figure 4, green line). This
results in a preliminary estimate for the composition of a
measurement region which would be correct for a bulk sample.
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Figure 5. Distribution of elements across the Lia(NianyCOZ)O, combinatorial materials library as determined by E-D-R: (a) Li- (b) O-, (c) Ni-, (d)
Mn-, (e) Co-content. The color bars indicate the content of each element in at.%.: blue represents the low-end and red the high-end of the measured
values. The 64 measurement regions are represented as numbered squares.
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Figure 6. (a) Thickness map across the sample where the dotted box corresponds to the Liu(NianyCOZ)O, combinatorial materials library. (b) The
numbered squares indicate the 64 (10 mm X10 mm) measurement regions along with corresponding density. The color bars correspond to the
thickness (nm) and density (g/cm?) respectively: blue represents the low-end and red the high-end of the measured values.

Subsequent iterations as shown in Figure 1 (b) are necessary
to sequentially adapt this estimate to the thin films. Because of
energy-dependent changes in the reaction cross-section, the
expected Li/O signal varies with sample thickness. These
thicknesses of the materials library vary from ~100 to 840 nm
and are in an intermediate range for the measurement beam
energy, with 30—100 keV energy loss inside the film. For
correction of the thickness effects, cross-section data and a fit
function (eq 1) from Elekes et al. were used.'®

Y =Yy (E - Ep)" 1)

Yy, Eq, and a are empirical fit parameters. E is the beam energy,
and Y is the resulting thick target yield for Li or O, respectively.
Since for this work, only the energy range of up to 1 MeV was
relevant, a recalculation of the fit parameters was conducted to
focus on that energy range.

Li:

Yy = 3.715 X 10°N,/(st X uC);  E, = 0.1472 MeV;

a="762
O:

Yy = 9836N,/(st X uC);  E, = —0.56 MeV;

a = 10.96

The signal intensity, I, from each measurement region can then
be calculated by eq 2.

I=Y(1MeV) — Y(1 MeV — AE) )

For each sample the Y values for O and Li can be obtained from
eq 1. The energy loss AE inside each measurement region was
calculated via SRIM 2008 using the preliminary composition data
obtained before."® Using this, the fit of the RBS spectra was
slightly adjusted, and the final sample composition was
determined.

Because of statistical fluctuations in the measurement signal as
well as in the Compton background, the DIGE analysis shows
count statistic error of up to 10%. The systematic error of the
applied thickness correction is assumed to be ~5% because of
imperfections in the gamma yield data as well as in the fit function
used for this correction. This leads to a measurement error of
~15% for the Li/O ratio. However, because of a limited effect of
the L composition on the RBS analysis, the absolute M
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concentration analysis is not heavily affected by different Li/O
ratios (15% error in the Li/O ratio equals ~1 atomic %
systematic error in the absolute M concentration). The accuracy
of the absolute measurement of M is also limited by the accuracy
of EDX (which could be improved by using appropriate
standards) as well as the accuracy of the beam current
measurement during RBS and can be estimated as ~5%.

The RBS measurements show that the M/O ratios in the thin
film Li,(Ni,Mn,Co,)O, library vary between 0.5 and 0.7 and the
Li/O ratios between 0.2 and 0.S. The variation of the O-content
across the materials library is not significant (52—55 at.%). The
Co distribution across the library is 10—18 at. %, while it is 3—
11% for Mn, 2—19% for Ni, and 10—21% for Li. The distribution
of each element across the materials library as determined by E-
D-R is shown in Figure S.

Furthermore, it is also possible to calculate the mean densities
of all thin film samples, since RBS spectra also contain
information on the areal densities. For this, the film thickness
data obtained by profilometry was used. The measurement error
for these densities is estimated to be 10%. However, it has to be
stressed that the measured density is a mean value for the film at
each measurement region. A map of thickness and density across
the materials library is shown in Figure 6 () and (b) respectively.
Since not all measurement regions were fully characterized, the
concentrations and densities of the nonmeasured regions were
calculated using a two-dimensional linear interpolation and
extrapolation.

Density is an important value for thin film electrode materials.
To determine the charge or applied current for galvanostatic
measurements, the mass of active material has to be known. For
thin films, even-though the geometry and hence the volume can
be precisely calculated, the mass is usually derived from
theoretical densities which exclude factors such as film porosity,
introducing what can be a significant error. Knowledge of the
correct value of density at each region across the library allows for
a more accurate electrochemical measurement. The densities
determined for the measurement regions across the library vary
from 4 to 5.5 g/cm?; however in measurement region #64, the
density reaches the maximum value of 7.3 g/cm®.

High-Throughput Structural Evaluation of a
Lio(Ni,Mn,Co,)O, Thin Film Library. After having determined
the compositions in the NMC library using the E-D-R approach,
and using automated XRD measurements for the determination
of structural data, composition-structure relations in the library

dx.doi.org/10.1021/c04000166 | ACS Comb. Sci. 2013, 15, 401-409
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can be established. The aim is to identify compositions showing a
layered structure (R3m). XRD spectra of the annealed materials
library were measured at 64 regions, corresponding to the areas
analyzed by E-D-R. Four major Bragg diffraction peaks were
observed at 20 values of approximately 19°, 37°, 45°, and 65°,
corresponding to (003), (101) along with (012)/(006), (104),
and (110) reflections of the layered hexagonal structure (R3m)
respectively, where the “/” sign indicates peak splitting. Figure
7(a) shows a color-coded map summarizing all the observed
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Figure 7. Color map indicating key diffractions observed in each
measurement region across the NMC library, the 64 measurement
regions are represented as numbered squares (a). Correlation of
composition with (b) (101), (012), (006), (c) (003), (d) (104), and (e)
(110) reflections of the layered (R3m) structure are shown. The symbol
“O” denotes measured regions which do not show the corresponding
diffraction. The regions with highest possibility of having the layered
structure are circled in red.

reflections from the materials library. The correlation between
the XRD reflections and the composition is shown in Figure 7
(b), (c), (d) and (e).

Good cation ordering in the hexagonal structure can be
confirmed by a higher intensity of the (003) peak compared to
the (104) peak.”® Another confirmation of the presence of the
layered hexagonal structure is a distinct peak splitting between
(006) and (012), which is the result of the distortion of the
oxygen sublattice in the R3m structure in the hexagonal c-
direction.”®*' Partial interchange of the occupancy of Li and
transition metal oxides among the 3b (i.e., Li) sites and 3a (i.e,
transition metal) sites results in cation mixing. This cation mixing
results in the absence of distortion in the hexagonal c-direction
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and causes the (006)/(012) peaks to merge into single
peaks 22+

The (104) reflection of the R3m is present almost throughout
the entire library, the exceptions being in regions where the
(003) reflection was most pronounced. As Figure 7 (a) shows,
measurement regions #1, #7, #8 (cyan) and measurement
regions #6, #13 and #57—#62 (orange) show the (003)
reflection at 26 &~ 19° along with a distinct peak splitting of
(006) and (012) at 20 = 37°. These observations are in
agreement with reports by Yoshio et al. where Co-doping of
LiMn,Nj, O, stabilized the layered hexagonal structure.”
However, in this study, the (003) reflection in the XRD spectra
of these measurement regions is not the most intense peak
compared to the other reflections. From this it is still likely that
the hexagonal layered structure (R3m) is present in these
measurement regions.

XRD spectra of measurement regions #1 and #6 are shown as
an example in Figure 8(a). In measurement regions #1, #8, #57,
and #64, a peak at 20 ~ 41—42° corresponding to the (200)
reflection of the cubic-NaCl type-structure (Fm3m),* indicated
by “e”, is observed (Figure 8 (2) and (d)). Measurement regions
#1 and #8 also demonstrate the (003), (101), and (012)/(006)
reflections of the layered hexagonal (R3m) structure. Coex-
istence of the hexagonal layered structure and cubic structure in
these samples can be concluded. These sample regions are shown
by cyan color in Figure 7 (a). However, the XRD spectrum of
measurement region #7 (“cyan” color group) shows the presence
of only a hexagonal layered structure. Figure 8(b) and (c)
demonstrate XRD spectra of selected measurement regions
having reflections at 20 = 65° and 20 &~ 45°. Some of the dark
blue color-coded measurement regions shown in Figure 8(a)
with reflections at 20 ~ 45° ((104) reflection)) show a
“shoulder” as marked by “*” in Figure 8(c). This shoulder
could be due to the coexistence of (400) reflection of cubic
(Fd3m) phase along with the (104) reflection of the hexagonal
layered structure.>” Another possibility for this shoulder could be
peak splitting. It is known that the (104) reflection in R3m is a 3-
fold degenerate of (104), (014) and (114) reflections and is
observed as one reflection splitting of the other two overlapped
reflections. This phenomenon is a result of basal plane
distortions in the hexagonal layered structure.”® However when
there are basal plane distortions in the hexagonal layered (R3m)
structure, peak splitting of the (110) reflection should also be
observed.”® Inspection of the (110) reflection of the (R3m)
phase shows no sign of peak-splitting (Figure 8(b) and (c));
leading to the conclusion that basal plane distortion in these films
is not significant.

If the material possesses a layered structure, the r value for
oxygen in Li,(Ni,Mn,Co,)O, can be set to 2.'° Accordingly, the
compositions corresponding to each of the measured regions are
listed in Supporting Information, Tables S1 and S2. Correlation
of composition and structural analysis demonstrates that the
compositions Lig ¢(Nig 6Mng 35C04.45)0,,
Lig 7(Nig,10Mng 3;C00.51) O, Lig¢(Nig23Mng33C00.43) Oy,
Lig 3(Nig,6sMn 05C00.26) O3, Lig 3(Nig.63Mng.05C00.29) O,
Li.4(Nip.s6Mng,00C0034) Oz, Lig.s(Nip4sMng13C00.42) O, and
Lig 6(Nig34Mng 1,Co0q5,) O, have the layered hexagonal structure.
Hence these compositions are promising candidates for Li-ion
battery cathode materials. Further electrochemical analysis is
necessary to confirm this, and is the subject of continuing
investigations.
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Figure 8. XRD patterns of selected measurement regions in the library. (a) regions indicating the hexagonal layered structure with distinct peak splitting
observed at 26 = 37°, (b) example of diffraction patterns of some measurement regions with the (110) reflection at 20 = 65°, (c) some diffraction
patterns of measurement regions with reflections at 20 = 44—45°; peak-shoulders are shown with *. (d) In measurement regions #1, #8, #57, and #64 a
peak belonging to (200) reflection of Fm3m cubsic structure, (indicated by blue solid circles) at 26 = 42° is observed along with previously mentioned

reflections of hexagonal layered structure (R3m).

B CONCLUSION

Li,(Ni,Mn,Co,)O, thin film combinatorial libraries were
fabricated by magnetron sputtering. A high-throughput
approach, E-D-R, for Li-content measurement was introduced.
High-throughput study of the structural evolution across the
composition spread demonstrated that small changes in
transition metal content significantly affect the materials’
structure. A layered hexagonal structure was observed for several
compositions (making them possible candidates for cathode
materials).

B EXPERIMENTAL PROCEDURES

Fabrication and Structural Characterization of Materi-
als Libraries. NMC thin film materials libraries were fabricated
using a combinatorial sputter system (AJA International) similar
to the system described by Dahn et al.*® The system had a typical
base pressure of approximately 2.6 X 10~ Pa prior to deposition.
The sputter chamber is equipped with a 40 cm diameter water-
cooled turn-table (rotation speed 18 rpm) with S subtables (76
mm X76 mm), which enable the simultaneous fabrication of S
identical libraries. Continuous composition spread materials
libraries were fabricated using commercial, 2-in. diameter,
compound targets of LiCoO,, and LiMn,0, (99.9% pure, AJA
International, U.S.A.) along with an elemental Ni target (99.9%
pure, KJ. Lesker, UK.). The deposition atmosphere was
99.9999% pure Ar with a flow rate of 30 sccm and a working
pressure of 2 Pa. The formation of wedge-type films is achieved
with masks in front of each target.29 The materials libraries of this
investigation were deposited by approximately 8640 repetitions
of 3 wedge type layers, leading to a thin film materials library with
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thickness varying from ~100 nm in the thin end to ~840 nm in
the thick end. LiCoO, and LiMn,O, were deposited as opposing
wedges, whereas a Ni wedge was deposited perpendicular to the
other two wedges. In individual terms, the LiCoO,, LiMn,0,,
and Niwedges have thickness ranging from 30 nm, 25 nm, and 10
nm in the thin end and 610 nm, 290 nm, and 135 nm in the thick
end, respectively. Oxides were deposited with 200 W rf. Ni was
sputtered at 20 W dc. The use of a Ni target instead of a
compound target (e.g., LiNiO,) was due to limitations on the
number of available rf power supplies for this sputter system. The
minimum dc power at which Ni could be kept ignited throughout
the sputtering process was 20 W; even at this low power the Ni
deposition rate is higher than that of LiMn,0, and LiCoO,,
leading to the observed distribution of elements shown in Figure
2, with some compositions showing high Ni content. Two types
of substrates were used: (a) 100 mm diameter Si(100) wafer with
native oxide (for RBS and DIGE measurements), (b) 100 mm
diameter Si(100) wafer with a 1.5 ym thick SiO, layer acting as a
diffusion barrier (for materials libraries to be postdeposition
annealed). A materials library consists of the 76 mm X 76 mm
area of the substrate directly in front of the sputter masks. Si/
SiO, substrates patterned with 342 crosses by a lift-off process
(photolithography, photoresist spinning, exposure, and develop-
ment) were used for thickness measurements. After film
deposition, the photoresist was stripped in acetone and
isopropanol, and the step heights of the 342 crosses were
measured with an automated XP2 stylus profilometer. The NMC
library, deposited on patterned Si/SiO, substrates for thickness
measurements, was annealed in air at 600 °C for S h. After
annealing, the 64 measurement regions (each 10 mm X 10 mm,

dx.doi.org/10.1021/c04000166 | ACS Comb. Sci. 2013, 15, 401-409



ACS Combinatorial Science

Research Article

see Figure 7 (a)) were characterized by automated XRD
measurements (Bragg—Brentano), using a Panalytical X’pert
Pro-MRD system with a Cu target X-ray tube. The materials
library was placed on an x-y translation stage, and the
measurements and movement operations were sequentially
programmed. The diffraction patterns were collected between 26
angles of 10° to 90° with a step size of 0.026° and a time per step
of 100 s. A PIXcel solid state detector (allowing data to be
gathered from 255 points simultaneously) was used and
therefore a typical measurement time was 20 min per
measurement region in the library. Visualization and data
management of the diffraction data were conducted using the
“XRD-suite” software.'” Pearson’s crystal structure database for
inorganic compounds was used as a reference source for phase
analysis.>

B ASSOCIATED CONTENT

© Supporting Information

Detailed description of composition of all 64 measurement
regions and composition structure correlation (Tables S1 and
S2). This material is available free of charge via the Internet at

http://pubs.acs.org.
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B NOTE ADDED AFTER ASAP PUBLICATION

This paper was published on the Web on June 5, 2013, with an
error in Figure 3. The corrected version was reposted on July S,
2013.
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