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Abstract: Surface area measurements are important for characterizing porous solids, but
commonly used methods such as Brunauer—Emmett-Teller (BET) gas adsorption and computed
nanotomography are lacking for certain applications such as the development of solid oxide fuel
cell electrodes, which often have absolute surface areas <1 m? and contain nanoscale features.
Presented is a novel method for the surface area determination of samples with total measurable
areas of 1-1000 cm? with a standard deviation =1 cm?, utilizing the atomic layer deposition (ALD)
of ALL,O; over microstructurally complex internal porosity. The volume of alumina is then
quantified using plasma spectroscopy and converted to an area using the known ALD layer
thickness. Under the modest ALD reactor soak times used (8.5 s), the precursor penetration depth
is found to be ~50 um, exceeding the requirement for uniformly coating SOFC functional layers.
A model system, (Lag gSrg2)0.9sMnOs_5 / CeoGdg 10195 (LSM/GDC) scaffolds of ~2.7 m?/g, was
measured using the technique and compared against the BET method, and comparable results were
obtained but with 1,000 times less material needed. The technique is demonstrated for
measurements in two example areas of active SOFC research: exsolved (Ni,Fe) nanoparticles on
an Sr(Ti,Fe,N1)Os_; electrode and PrOy catalyst nanoparticles infiltrated onto LSM/GDC scaffolds.
The technique may be broadly useful wherever the accurate surface area determination of small
absolute quantities of porous ceramic structures on the order of 0.1-50 m?/g is sought.

Introduction

Surface area determination is a characterization tool that is widely used in the field of
heterogeneous and electro- catalysis to quantify normalized activity and performance. For powders
and high specific surface area materials (>100 m?/g) like zeolites and metal-organic frameworks,

this need is largely met by the ISO-standard Brunauer, Emmett and Teller (BET) method in which
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surface area is calculated from a linear portion of a gas isotherm physisorption experiment. The
practical lower limit for absolute total surface area is ~1 m? with lower vapor pressure krypton
isotherms.*! However, solid oxide fuel cell (SOFC) electrodes are sintered ceramic oxides for
which both average particle size and mass of material are relatively low, especially for laboratory-
scale samples. Typical electrode specific surface areas are ~ 1-10 m?/g, which for lab-scale
electrode masses will result in only 0.01-0.1 m?. BET setups also have the disadvantage that the
dimensions of the tube usually constrain the sample to be no larger than 1 cm in width. As a result,
BET methods have not been widely applied to characterize SOFC electrodes.

Nonetheless, surface area is an important parameter determining electrode performance:
for MIEC materials, the Adler-Lane-Steele model shows a direct relationship between polarization
resistance and surface area,> whereas for composite electrodes, three-phase boundary density can
be related directly to particle size and hence surface area.® Full explorations of the structure-
property-performance relationship have been conducted for a wide variety of SOC materials but
usually involve time-intensive tomographic methods, such as focused ion beam (FIB)-assisted
scanning electron microscopy (SEM) or synchrotron X-ray computed nanotomography (nano-CT).

The result of either is a 3D-reconstruction stitched from interpolated 2D images with extensive

* For example, in the Micromeritics 3Flex analyzer with 12mm tubes, >1.55 m? is needed for <1% uncertainty and
>0.3 m? is needed for <5% uncertainty
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microstructural information, but neither can resolve the features found in solid oxide cells
incorporating infiltrated or exsolved nanoparticles. FIB-SEM offers the better voxel size of ~30
nm, which requires particle sizes to be ~450 nm for error to be <5%. This poses a problem for
nanostructured hierarchical systems; for example particles infiltrated on a scaffold can be <50 nm
and some metal exsolution systems give rise to particles as small as 5 nm.* Another technique,
mercury porosimetry, can allow approximate surface area to be calculated from a distribution of
cylindrical pore sizes based on the pressure needed to infiltrate such pores; this prescribed form
factor, however, is not conducive to measuring irregular and/or nanoparticle-decorated surfaces.
Here we demonstrate a new method for accurately measuring surface areas of samples with
net areas of 1-1000 cm?. The method is conceptually similar to the controlled nitrogen
physisorption used in BET to extract surface area, but instead uses self-limiting adsorption of ALD
chemical precursors alongside chemical analysis. In this methodology, a fast, direct 200°C ALD
alumina process is demonstrated. With a well-calibrated thickness per ALD cycle, n number of
cycles results in a known layer thickness. The volume of the ALD deposit is then ascertained either
gravimetrically (via the known density of the ALD layer) or, more sensitively, from digesting the
alumina overcoat and measuring concentration via inductively coupled plasma emission
spectroscopy (ICP-OES). The known volume is divided by the known thickness to result in an
absolute surface area. Finally, specific surface area is obtained by dividing by the known total
mass or volume. Examples of the application of the technique to SOFC electrodes are presented,
and advantages and limitations are discussed. The method can determine low absolute surface
areas (~1 cm?) of meso/macroporous structures (pore radius > 6 nm), including those with

nanoscale features.
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Experimental Methods

Solid Oxide Fuel Cell and Electrode Preparation

Symmetric oxygen electrode cells and symmetric fuel electrode cells were prepared
similarly. In the case of oxygen electrodes, the Gd-doped ceria electrolyte was prepared via pellet
pressing of ultra-high surface area Gd,Ce(90O;9s powder (Rhodia) using 1.5 metric tons of
pressure and were fired at 1450°C for 6 hours. A composite ink of (LaggSr(2)09sMnO5_5 (LSM)
(Praxair) with 50/50 wt% GDC (LSM/GDC) was 3-roll milled with Heraeus V-737 binder in a
weight ratio of 1:1.18 binder, and then screen-printed onto either side of the GDC electrolyte and
fired at 1250°C for 4 hours. Praseodymium oxide infiltration solutions of 2M in water were created
from Pr-nitrate hexahydrate and citric acid as a chelating agent,” and were pipetted into the
electrodes, which were then calcined at 450°C.

Fuel electrodes were prepared atop commercial scandia-stabilized zirconia (ScSZ)
electrolyte pellets of ~200 um thickness (Fuel Cell Materials, Hionic™), later printed with a Gd-
doped ceria barrier layer ink in-house. Solid state synthesis of SrCO; (Aldrich), TiO, (Aldrich),
Fe,O5 (Alfa Aesar), and N1(NOj3), * 6H,0O (Strem) was conducted at 1200°C in air following the
protocol in Zhu et al.® to form three compositions: Sryos(Tig3Fegs3Nig7)O03.5 (So.osTFN),
Sr(Tig3Feo63Nio.07)O3.5 (S1.00TEN), and Sr(Tig3Feq7)0s.5 (STF).6 The powders were ball-milled
pre- and post- calcination for 4 days in ethanol. The powder was then combined with Heraeus V-
737 vehicle with a ratio of 1:1.2 powder-to-vehicle and processed through a 3-roll mill to produce
an ink. This ink was then screen-printed and the cells fired at 1150°C in air for 3 hours.

Scanning electron microscopy and energy dispersive spectroscopy (SEM/EDS) took place
in a Hitachi SU8030 with an Oxford AZtec X-max 80 SDD. Prior to imaging, samples were

fractured and then plasma-coated with ~9 nm osmium for conductivity (OPC). Brunauer—Emmett—
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Teller (BET) gas adsorption isotherm theory was used to obtain extra surface area information
with a Micromeritics 3Flex instrument using krypton gas; here, enough electrode sample was
generated for the measurement (> 1 m?) by drying and firing an unusually large amount of
LSM/GDC composite ink. Electrode mass was determined via a Mettler Toledo UMX2
microbalance with a sensitivity of 0.1 pg.

AL O; Atomic layer deposition

An overview of the steps involved in the surface area determination appears in Figure 1.
ALD was carried out using an Arradiance GEMstar-8 ALD system with trimethylaluminum
(TMA) and water vapor. To coat the electrodes on both sides of the symmetric cells, samples were
either placed in a metallic mesh bag or suspended via a clip. After pumping down to low vacuum
(~30 mTorr) via roughing pump, the samples were allowed to equilibrate at 200°C for 10 minutes.
The ALD process used an exposure mode with in which the actuator out of the chamber was closed
for 1.5 s after an 11 ms pulse of precursor, then opened for 1 s. Operating in exposure mode allows
for greater diffusion time for the precursor through porous structures.” These exposures were
repeated four times for a combined 8.5 seconds of dosage per precursor, then purged for 20
seconds, followed by the same process for water, for a total of 50 precursor/oxidant cycles. At
approximately 1.25 A/cycle,? a total thickness of 6.25 nm was deposited. A version of the recipe
with 22 ms doses was also used and it resulted in the same amount of alumina, so 11 ms was
determined to be a saturating dose.

Surface Area Determination
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Bl 6 nm ALD AL,
B Porous structure (LSM/GDC)
Support substrate (GDC)

50% v/v HCI
50% v/v HNO;

Coat porous structure with Digest Al.O; (and structure,
50 cycles of ALD Al,O; if applicable) in HCI + HNO;
94% v/v H,0

3% v/v HCI
3% v/v HNOs

4

Run diluted solution in Convert concentration to
ICP-OES to determine Al volume of Al,Os, divide by
concentration known deposition thickness

to determine surface area

Figure 1. Process overview for the surface area determination technique using ALD and ICP-
OES.

After coating, the cells were placed in 1:1 HCI:HNO; solution of 0.72 mL and left for 24
h without agitation or heat. Hydrochloric acid has previously been shown to be able to dissolve
perovskite SOFC electrodes.® 1° Nitric acid is a well-known solvent for nickel and other metals,
and together as aqua regia they are capable of dissolving noble metals. The ceria components of
the cells do not dissolve and were left in the tubes in order to prevent possible contamination from
retrieval. After 24 h, the solution was diluted to be 3%/3% HCI/HNOj; in ultrapure water.

ICP-OES was conducted on a Thermo iCAP 7600 ICP-OES. Standards were prepared
using serial dilution of a combined elemental standard from 100 to 0.01 ppm. The samples were
run in radial mode, analyzing for constituent electrode elements as well as aluminum. Several

emissions lines for each element were chosen, selecting for ones without interference from other
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known elements, and the instrument took measurements in triplicate; the ultimate emission line
chosen was that with the lowest standard deviation. Data was analyzed by converting from
concentration (mass basis) to mass by multiplying by the total mass of the solution in the tube
(1.0207 g/mL * 12 mL = 12.2484 g), and then to moles by dividing by the atomic weight per mole
of the element. For aluminum, the volume is obtained by dividing the mass by the density of Al,O;
— for an ALD process at a similar 177°C, this was found to be 3.0 g/cm?3.8 The surface area can
then be obtained by dividing the volume by the known deposition thickness. For 50 cycles, at
1.25A/cycle,8 this is 6.25 nm. Note that the exact growth-per-cycle is non-uniform for the first ~20
cycles,'! so this value is expected to overestimate the height of the ALD layer and thus
underestimate the surface area. Comparison with a BET measurement from a large-area specimen
allowed for a more precise calibration of the thickness: 1.19 A/cycle. In some cases, if the
contribution to the surface area from the electrolyte supports was thought to be significant, image
analysis was used to subtract those areas using images of the cells taken before acid digestion. In
the LSM/GDC samples, this contribution was ~1% and determined to be negligible, but for the
lower absolute surface area STF(N) samples, contributions were ~10% and were therefore
subtracted. Finally, surface area can be normalized on a per-mass basis using the ICP-OES derived
mass of the electrode, since it too is dissolved in the acid matrix, thus allowing for a complete

picture of chemical composition, mass, and surface area.
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Validation

To determine the accuracy of the technique, several outstanding questions need to be
answered, concerning whether the Al,O; coating fully dissolves in the modified aqua regia,
whether the coating is uniform, if it is subject to diffusional limitations, and whether the data is
comparable to results from BET analysis.

Because ALD processes can yield non-uniform coverage in some cases, especially with
high aspect ratio structures, the penetration depth of the ALD process was measured.”> 1 In
previous studies with a Zr-based ALD precursor, the Zr signal was tracked into a porous solid via
cross-sectioning and SEM-EDS analysis for chemical mapping.'® Similar results are shown in
Figure 2 for two cells—an infiltrated LSM/GDC sample with higher specific surface area and of
~17 pum thickness, and a Ni/yttria-stabilized zirconia (N1/YSZ) composite electrode of ~300 um

thickness.
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Figure 2. Tracking the signal of Al diffused into porous electrode scaffolds by SEM/EDS line-
scan, with (a) and (b) depicting an EDS linescan and magnified morphology of an infiltrated
oxygen electrode, PrOx-LSM/GDC, and the bottom (c) and (d) the same for a Ni/YSZ support.
Line-scans were conducted on epoxy-infiltrated and polished cross-sections, while magnified
views were on fractured cross-sections to show 3-dimensional features.

In Figure 2(a), the Al signal can be seen tracking with representative elements of the
scaffold, namely Pr representing the infiltrated species, La representing the LSM, and Ce
representing the GDC. Here, the microstructure has features <100 nm, typical of low temperature
solid oxide cell electrodes. The Ni/YSZ tape-casted support layer shown in Figure 2(c) is much
thicker and hence provides a case with very long aspect ratio pores. The aluminum signal falls off

after about 50 um into the scaffold, indicating a diffusion limit was reached. A conservative
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estimate from the EDS scans is that the ~10 s half-cycles used are sufficient for up to 50 pum depths
in the case of the Ni-YSZ. Given Knudsen diffusion depth is related to t/2,'? the thinner LSM/GDC
scaffold should have only required 1.2 s of diffusion time, and the much thicker Ni/YSZ would
require 360 s or 6 minutes of exposure, assuming similar aspect ratio pores.

A second set of validations was done to benchmark the ALD/ICP-OES measured surfaces
areas against ALD weight gain measurements and BET measurements. In the former, the
difference in sample weight before and after alumina deposition is used to generate the mass of
deposited species. The mass generated from this method and the mass from the concentration
measured from ICP-OES are compared and fall very close together (Figure 3), except with a larger
standard deviation arising from the mass-based method. This is strong evidence that the alumina
overcoat is digested in the HCI:HNOj; acid matrix used for the ICP-OES measurement.

To allow a direct comparison of BET versus ALD/ICP-OES, an adequately large amount
of LSM/GDC ink that was used for the cells was fired and formed a self-supported scatfold, shown
in Figure S1. Two samples, of mass 1.06 g and 1.03 g, were used with expected errors of <0.77%
given their absolute surface areas according to the equipment manufacturer’s specifications.! The
BET surface areas were ~7% higher than those estimated by ALD (Figure 3). If we assume that
BET provides the true surface area, then the ALD GPC value can be adjusted accordingly. This
BET-calibrated GPC, assuming the same ALD alumina density of 3.0 g/cm?, is 1.19 A/cycle, or
95.2% of the reported 1.25 A/cycle value.® This adjustment is not surprising given that the reported
GPC is a steady-state value, whereas the first ~20 cycles of ALD Al,O; are known to produce an
impeded growth rate with Volmer-Weber islands, arising from the higher interfacial energy

between the deposited oxide and the substrate.!!
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To estimate the noise floor of the measurement, identical samples prepared without an
ALD overlayer were also measured and resulted in specific surface areas of 0.09+0.06 m?/g (Figure
3); these values are a combination of the instrument noise with trace Al impurities in the electrode

materials and solvent, and align well with the standard deviations noted in the coated samples.
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Figure 3. Comparison between methodologies of surface area determination, two using the ALD
method (one deriving Al,O; volume by ICP-OES, the other by its mass) and the last using the
BET method. Also shown is the signal and error from ICP-OES on samples that were not coated
with ALD-A1203
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Examples of the technique

Below, the novel surface area technique is used in two examples to demonstrate its
applicability in solid oxide cell development.

Coarsening of Electrode with Infiltrated PrO,

Infiltrated SOFC electrodes have internal surfaces coated with nanoparticles that are known
to initially increase surface area but which coarsen during extended elevated-temperature
operation.!3 Although these nanoparticles can sometimes be discerned by electron microscope
observations, it is difficult to estimate their size or surface area as well as changes due to their
coarsening. In previous work with an infiltrated PrO4 system, scanning transmission electron
microscopy with EDS highlights the qualitative microstructural contribution from the infiltrated
species; > however, from micrographs alone it is difficult to assign a bulk value of surface area

Increase.

1 PrOy-LSM/GDC at 700°C o

ASO-
Q o
g [o) o)
0o ]
29 5. o 16 h (a)
m‘E“ (o)
£ | o |16 h (b)
L 210+
3
22 | o o [1040h (c)

O et NN —

6 T 8 9
PrO, Loading % (vol/vol)

Figure 4. Increase in surface area relative to bare LSM-GDC (2.7 m?/g) as measured by the ALD
surface area technique. Two samples (a) and (b) with limited ageing (16 h at 700°C) show a wide
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disparity in PrOy loading which is linearly related to the surface area increase. After 1 kh (c), the
surface area increase of another sample has been reduced by coarsening.

For this example application, LSM/GDC was infiltrated with PrOx nanoparticles and
surface area was determined using this paper’s method, both early into a 700°C annealing period
(16 h) and later (1040 h). An advantage of this method is that secondary chemical information
such as species loading can be determined, in this case Pr-loading (volume percent occupied by
the additional phase versus total volume of the electrode). The increase in surface area versus the
bare LSM/GDC is shown as the y-axis in Figure 4, with the corresponding loading of PrOy on the
x-axis. First, it is apparent by the two 16 h samples that the amount of PrOy loaded into the cells
was highly variable. Samples marked (a) and (b), cells prepared identically, showed a range of Pr-
content from about 7.5 to 9.5%; each cell was broken into 3 and the ICP-measured fragments are
shown as individual data points — they too vary despite being from the same cell. This is not
surprising given only one round of infiltration was used and given the imperfect wetting behavior
of nitrate solutions into oxides. The sample measured after 1040 h of coarsening shows lower Pr
loading, but its surface area increase over bare LSM/GDC was very minimal, in one sample even
slightly negative. This result points to a nearly full negation of any surface area increase due to
coarsening after 1000 h operation at 700°C. Micrographs of the samples are shown in Figure S2.

Exsolution of Metal Particle Decorations

Exsolution of nanoparticle catalysts from oxide surfaces is a method for enhancing solid
oxide fuel electrode performance.!* !> Such nanoparticles should substantially increase the net
electrode surface area and allow for quantification of the extent and morphology of nanoparticle
formation, but heretofore only BET surface area analysis of bulk powders has been conducted.'®
17 Here we explore sintered STF and STFN fuel electrodes in which Fe or bimetallic Ni-Fe

exsolution respectively, has been observed.® '® Figure 5 illustrates the change in the electrode
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surface morphology before and after exsolution in SEM images for the three compositions:
Sr(Tig3Fe07)035 (STF), Sr(TigsFeo63Nig07)O35 (S1.00TFN), and  Sroos(TigsFeo63Nio.07)O035

(So.9sTFN).

Soes TFN

Pristine

Reduced

Figure 5. SEM images of (a) STF and (b) reduced STF, (¢) S; ooTFN and (d) reduced S; ooTFN,
and (e) SposTFN and (f) reduced Sy 9sTFN. All scale bars 500 nm.

Figure 6 shows surface areas measured using the ALD/ICP-OES method for each of the
oxides. In each case, there is an original, pre-reduction (pristine) surface area measured, and an
increase in area due to reduction-induced exsolution; the largest gain in surface area comes from
the stoichiometric S; o TFN system which seems to nucleate a crowded, packed array of
hemispherical particles. STF nucleates many larger, more fully spherical Fe particles and has the
largest absolute surface area. The exsolution in A-site deficient Sy ¢sTFN is the least extensive and
a lower areal density of (Ni,Fe) particles is apparent. This lower particle density allows for a

reasonable estimate to be made, in this case, about 400 particles per pm?, a surface area increase
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of 17.7% corresponds to a 23.7 nm hemisphere, close to the average of 21.9+6.3 (median, 21.3)

from image analysis.
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Figure 6. ALD-derived surface areas for STF, stoichiometric S; o¢TFN, and A-site deficient
STEN (S¢.9sTFN).
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Discussion

Previously, ALD combined with emission spectroscopy has been used on materials of
known surface area to estimate the effectiveness of the ALD process in cohesively covering the
sample—our methodology sees this process in reverse, leveraging the prototypical ALD precursor,
trimethylaluminum (TMA). The TMA-water process is nearly ideal in that (1) both precursors are
stable enough to avoid excessive thermal decomposition but are reactive enough with each other
(2) they are of high vapor pressure, and (3) their reaction product, methane, is inert with either of
them at deposition conditions.” TMA has been used to coat high aspect ratio anodic TiO, nanotubes
with aspect ratios of ~180 with precursor exposure times of 4-5 seconds to ensure enough diffusion
time is available.!” This aspect ratio is similar to SOFC electrodes of pore diameters >100 nm and
<20 um thick, resulting in aspect ratios <200.!° Due to the robustness of TMA, exposure times
even in excess of 10 s result in stable growth rates. Therefore, the TMA/water process is robust
enough that results should be reproducible with many kinds of reactors and slight process
deviations. One potential constraint to using TMA to deposit Al,Os is if the porous structure itself
contains aluminum; in this event, ZnO deposited via diethyl zinc (DEZ)/H,O may be a suitable
oxide alternative and has been demonstrated to to stably coat high aspect ratio structures up to L/d
~5000.2° Titania via TiCly/H,O may be another that could fit this metholodogy. A previous
protocol study used ALD-TiO; in conjunction with dye adsorption and UV-vis to estimate surface
areas, as 1s common in the dye-sensitized solar cell field, but such a measurement is less direct on
account of the dye intermediary and involves a prohibitive 500°C annealing step (risking reactions
with many substrates) to favor a particular TiO, crystallographic plane.?!

Here, the alumina overcoat was shown to be fully dissolved in 1:1 hydrochloric to nitric

acid by calculating the weight per sample of Al,O5 from the ICP-OES measurement and comparing
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to the weight gain from a microbalance, allowing for a much more precise measurement of
concentration. The ALD-derived surface area calculated using literature values of growth-per-
cycle and density is within 6% of the “gold standard” measurement technique, BET analysis, but
with milligram quantities of electrode material needed, rather than gram quantities. It therefore
pairs well with the quantities used in standard button-cell testing of ceramic electrochemical
materials. Of course, it can also be applied to large-area cells by cutting samples with size
consistent with ALD and ICP-OES sample chambers. ICP-OES can be used to quantify electrode
chemical concentrations, such as the volume loading of an infiltrated species, and comparison to
un-infiltrated electrodes allows for a better understanding of the morphological changes upon
infiltration.

Greater or lesser surface area samples can be measured by this technique. Coated samples
in this study had measured Al concentrations from 2-10 ppm, sufficiently larger than the
experimentally measured noise floor of ~70 ppb, an error that includes the radial mode detection
limit of Al at ~50 ppb as well as any impurities in the samples/solution.??> An ALD cycle number
of 50 (~6 nm) was selected to provide adequate concentration of Al in solution while avoiding
clogged mesopores, but greater thicknesses could be deposited to increase concentration in the
event of a more open pore structure. Sensitivity could be improved by ~10x by running the ICP-
OES in axial mode, but this can be at the cost of decreased precision due to greater matrix
interferences.?? Therefore, samples of lower absolute surface area can be measured so long as
concentration exceeds the noise floor specific to the setup, which can be defined by analyzing
samples prepared without ALD overcoats. This applies further to ICP-MS (mass spectroscopy)
with an Al detection limit of 30 ppt; here, care must also be taken to limit the solution’s total

dissolved solids to an accepted <0.2% versus the accepted <10% for ICP-OES. For the upper limit
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of sample surface area, ICP-OES standards are commonly available up to 1% which is 1,000 times
greater than the concentrations measured here, and would result in surface areas far greater than
could be reasonably achieved by sintered ceramic electrodes.

Therefore, subject to the above constraints of thickness, pore size, and chemical
composition, this technique measures a range of surface areas relevant to the development of
sintered ceramic electrodes with specific surface areas on the order of 0.1-50 m?/g. The technique
is relatively accessible; many universities possess both ALD and ICP-OES in user facilities, and
the hands-on time is low, with each technique running largely automatically. At the time of writing,
the per-hour institutional rate at the authors’ institution was $33 and $72, respectively (commercial
rates $66 and $180, respectively), with total cost for a batch of measurements at around $130. Due
to its ease of use versus other surface area determination methods and its pairing with an
established analytical chemistry method, the technique enables a wuseful combined
chemical/morphological approach to characterization of next-generation solid oxide electrode

performance, and may find other uses in the broad field of heterogeneous catalysis.
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