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ABSTRACT: Nanostructured palladium foams offer exciting
potential for applications in diverse fields such as catalysts, fuel
cells, and particularly hydrogen storage technologies. We have
fabricated palladium nanowire foams using a cross-linking and
freeze-drying technique. These foams have a tunable density
down to 0.1% of the bulk, and a surface area-to-volume ratio of
up to 1.54 × 106:1 m−1. They exhibit highly attractive
characteristics for hydrogen storage, in terms of loading
capacity, rate of absorption, and heat of absorption. The
hydrogen absorption/desorption process is hysteretic in
nature, accompanied by substantial lattice expansion/contrac-
tion as the foam converts between Pd and PdHx.

■ INTRODUCTION

Low density (LD) materials present exciting opportunities in
diverse fields such as catalysts,1 electronics,2,3 energy
production and storage,4−6 heat exchange,7 and structural
materials.8,9 Metal and metal oxide foams are particularly
appealing due to their high thermal and electrical conductivity,
structural strength, environmental and thermal stability, and
specific chemical properties. Palladium foams, for example, are
suitable for organic chemical synthesis,10−13 pollution con-
trol,14,15 hydrogen storage,6,16 fuel cells,4 and batteries,17,18

where a high surface area (SA)-to-volume ratio (SA:V) is
desirable. However, LD metal foams fabricated by traditional
techniques are prone to contamination19,20 or poor crystal-
linity,21 negatively affecting their functionality.22,23 Further-
more, it is difficult to achieve LD metal foams with tunable
densities which is crucial for their incorporation into a broad
range of technologies.
Recently, LD nanowire foams were realized using a classical

sol−gel technique applied to nanowire suspensions.24,25 Their
densities can be as low as a few percent of the bulk density24

and are determined by the gelling density of the suspension,
which is not easily tunable. Furthermore, this approach requires
moderately high temperature and pressure processing, and
prolonged immersion in organic solvents. A recent work has
improved upon this approach by using a freeze-cast technique
to fabricate Cu nanowire monoliths.26

Here, we report the synthesis of LD palladium nanowire
foams with density down to 0.1% of the bulk, fabricated by a
freeze-casting technique. This synthesis approach does not use
any caustic chemicals or high temperature/pressure treatments,
and can be applied generally to any aqueous dispersion of
nanowires. Palladium foam monoliths demonstrate excellent
characteristics for hydrogen storage applications, including their
hydrogen loading capacity, rate of absorption, and heat of
absorption. The hydrogen absorption/desorption process is
highly hysteretic, along with substantial lattice expansion/
contraction as the foam converts between Pd and PdHx.

■ EXPERIMENTAL SECTION
Polycrystalline Pd nanowires were fabricated by electrodeposition into
porous templates, then harvested from the templates and suspended in
water (Figure 1a-i) as discussed in the Methods section. Transmission
electron microscopy (Supporting Information) shows that the Pd
crystallites possess a preferred (111) orientation along the wire growth
direction. To construct the nanowire foam, the wires were allowed to
precipitate out of solution (Figure 1a-ii) and the water level was
adjusted to the nominal final volume of the foam (Figure 1a-iii). The
settled nanowires were then sonicated to develop a randomly
dispersed slurry (Figure 1a-iv), which was immediately immersed in
liquid nitrogen, freezing the wires in random distribution in the ice
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matrix (Figure 1a-v). The frozen slurry was then placed in vacuum
(<0.1 Pa) for >12 h to sublimate the interstitial ice, leading to the pure
Pd nanowire foam (Figure 1a-vi). Scanning electron microscopy
(SEM) micrographs (Figure 1b,c) confirm the highly porous structure
of the fabricated foams. For Pd foams composed of 200 nm diameter,
15 μm long wires, the foam density was tunable between 12 and 135
mg cm−3, corresponding to a density that is only 0.1−1% of bulk Pd.
This synthesis approach is scalable for industrial applications, as wet
chemistry based solution synthesis is well suited for mass production
of nanowires and industrial size freeze-drying apparatus is readily
available. In this work, we focus on an example monolith which has a
density of 41 ± 3 mg cm−3 and SA of 6.9 ± 0.1 m2 g(Pd)−1 (the
confidence interval represents one standard deviation, and is
determined by the accuracy of the measurement tools); porosity
measurements show that the foam has few constricted volumes (e.g.,
cavities or cracks, further details discussed in the Supporting
Information).

■ RESULTS AND DISCUSSION
The X-ray diffraction (XRD) pattern of the Pd nanowires
(Figure 2a) shows the Pd (111) and (200) peaks, identifying a
cubic lattice parameter of a = 3.86 ± 0.01 Å, consistent with
bulk values.27 After a 1 h exposure to ≈200 kPa hydrogen (at
25 °C), the peaks shift to lower 2θ values as a increases to 4.00
± 0.01 Å, signaling the formation of PdHx.

27 Compared to
thermal expansion, this lattice expansion is quite drastic and
may produce large stress within the wires. The hydrogen can be
desorbed by heating (250 °C for 30 min in air) or vacuum (30
min, 25 °C, PBase < 0.01 Pa), as indicated by the shifting XRD
peaks. Translation of the peaks, rather than broadening or
splitting, indicates that the hydrogen penetrates the entire wire
uniformly, compared to bulk palladium in which penetration is
limited by the rate of hydrogen diffusion. Interestingly, after
successive hydrogen exposures, the PdHx(111) peak shifts to
lower angles, indicating the lattice parameter for the PdHx
increases with cycling, corresponding to enhanced hydrogen
absorption.
After several hydrogenation/dehydrogenation cycles on the

monolith, the SA was found to have increased to 11.4 ± 0.5 m2

g−1 (4.67 × 105 m−1), a change of 65%. SEM micrographs
(Figure 2b) reveal that fractures have developed along the
nanowires, likely caused by strain due to the substantial lattice

expansion during hydrogenation, as shown by XRD. Similar
cracking has been reported in palladium filter membranes
during hydrogen cycling.28 While the fracturing is an
unexpected effect, the enhanced SA:V may be beneficial for
some applications which rely on large SA. For such fractured
nanowires, the maximal SA:V of the foam is increased to (1.54
± 0.07) × 106 m−1 (for a 135 mg cm−3 foam at 11.4 m2 g−1).
Hydrogen absorption/desorption isotherms measured on the

aforementioned 41 mg cm−3 palladium foam are shown in
Figure 2c. Hydrogen absorption is shown to begin at ≈1.6 kPa,
and continue until ≈2.1 kPa.27 The hydrogen storage capacity
at normal temperature and pressure (NTP) was measured to be
2.88 ± 0.07 mmol(H2) g(Pd)−1, a H:Pd ratio of 0.61. These
values are comparable to literature values [3.4 mmol(H2)
g(Pd)−1, H:Pd ratio of 0.72], demonstrated in bulk Pd.27,29

Along the descending branch of the isotherm, desorption
occurs at 0.7 kPa, showing a hysteretic absorption centered at
1.3 kPa, with a hysteresis of 0.9 kPa.
For comparison, hydrogen isotherms were also taken on

porous palladium micropowders (Figure 2c), with the micro-
structure shown in Figure 2d. The micropowder isotherm has a
wider hysteresis (1.4 kPa) and is centered at a higher pressure
(1.4 kPa) compared to the foam. The maximal hydrogen
storage capacity at NTP is measured to be 3.06 ± 0.01
mmol(H2) g(Pd)−1, a H:Pd ratio of 0.65, also comparable to
our nanowire foam.
Rate of absorption (ROA) measurements on the 41 mg cm−3

foam (Figure 3) show an asymptotic decay in pressure, which
can be modeled as P(t) = a1e

−t/c1 + a2e
−t/c2 + b, where a1,2 and

c1,2 are the relative weight and time constants of each
mechanism, and b identifies the static equilibrium pressure.
The dynamic pressure, PMeasured − b, is shown in Figure 3a,b for
the foam and powder, respectively, and static equilibrium
pressure is shown in Figure 3c. The equilibrium pressure
confirms that the measurements proceed from the unhydro-

Figure 1. (a) Process for fabricating the nanowire foams. (b, c) SEM
images of the nanowire foam showing the low-density structure. Scale
bars indicate (b) 150 μm and (c) 30 μm.

Figure 2. (a) X-ray diffraction patterns of Pd nanowires drop-cast on a
Au-on-glass substrate showing sequential treatments (red to blue): as-
grown, hydrogenation (200 kPa H2, 25 °C, 30 min), heating (250 °C
for 30 min), hydrogenation, vacuum (P < 0.01 Pa, 25 °C, 30 min),
hydrogenation. (b) SEM image of the Pd nanowires after the
hydrogenation/dehydrogenation cycles discussed in (a), where the
scale bar indicates 200 nm. (c) Hydrogen absorption/desorption
isotherm. (d) SEM image of the nanoporous Pd powder with the scale
bar indicating 5 μm.
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genated Pd state (I), through the hydrogen absorption phase
(II) and into the α′ PdHx region (III). The decay constants (c1,
c2) from the proposed model (χ2 = 0.98) are shown in Figure
3d and identify fast (c1 ≈ 2 s) and slow (c2 ≈ 40 s) dynamic
mechanisms. Interestingly, the decay constants are similar for
both the foam and powder, eluding to their common physical
origin. The relative weight coefficients (a1/a1

P=0, a2/a1
P=0)

(Figure 3e) identify the relative activity of each of the
mechanisms.
In both the foam and powder, the initial dosage is dominated

by the fast mechanism (c1), which can be attributed to surface
adsorption; this mechanism is active throughout the measure-
ments (I−III). However, for the foam, the slow mechanism (c2)
is active only during hydrogen absorption (region II), as
identified by the vanishing a2. In comparison, for the powder,
the slow mechanism is active (nonzero a2) throughout the
isotherm except during the initial exposure. This may suggest a
broader distribution of absorption potentials resulting from
defect sites or internal strain in the powder.
Calorimetric measurements of heat of incorporation of

hydrogen (ΔH) were performed under increasing hydrogen
pressure, as shown in Figure 3f, with regions transposed from
the pressure isotherm in Figure 3c. For both the foam and
powder, the initial exposure to hydrogen causes an abrupt
increase in the magnitude of ΔH, followed by a gradual
decrease. In this region, ΔH is associated with the adsorption
and dissociation of H2 on the Pd surface and reaches an

extremum of −50 ± 0.5 kJ mmol(H2)
−1 in the foam and −40 ±

0.5 kJ mmol(H2)
−1 for the powder. In region II, ΔH,

representing the heat of formation of palladium hydride,
ΔHPdH, becomes approximately constant at −34 ± 0.5 kJ/
mol(H2) and −36 ± 0.5 kJ mol(H2)

−1 for the foam and
powder, respectively. This value is in good agreement with
previously reported values of −38 kJ mol(H2)

−1.27

The integral excess Gibb’s free energy, ΔG̅H
E , is calculated

from the absorption isotherms following procedures discussed
previously30,31 (Supporting Information) to be −9.1 ± 0.5 kJ
mol(H2)

−1 and −7.6 ± 0.5 kJ mol(H2)
−1 for the foam and

powder, respectively. These values are slightly less negative
than the previously reported value of −13.9 kJ mol(H2)

−1

obtained from Pd foils.32 From the isotherm which gives free
energy and the measured enthalpy, the excess entropy of
formation, ΔSPdH, is calculated to be −51 ± 2 J mol(H2)

−1 K−1

and −67 ± 2 J mol(H2)
−1 K−1 for the foam and powder,

respectively, consistent with previous studies.33 Interestingly
ΔG̅H

E calculation also suggests a repulsive H−H interaction at P
> 2.5 kPa (Supporting Information). This is a significant
deviation from previous works on bulk materials, which report
an attractive H−H interaction31,32 and may indicate a deviation
from the standard hydrogen cluster absorption model.31,32

Lastly, we investigate hysteresis in the desorption process
using the first-order reversal curve (FORC) technique,34 which
can provide insight into intrinsic properties and interactions in
hysteretic systems.35−40 Using a procedure analogous to
previous studies, the sample is initially prepared in the
unhydrogenated state, then dosed with hydrogen, driving it
to a reversal pressure, PR, at which point the sample is in a mixed
state of Pd and PdHx. After reaching PR, the applied pressure, P,
is decreased while measuring the net absorption, Q(P, PR), and
the sample is brought back to the unhydrogenated state, thus
tracing out a single FORC. A family of FORCs is measured by
repeating this process for successively higher PR until the
saturated single-phase α′-PdHx state is reached. The FORC
distribution is extracted by taking the derivative

ρ = ∂
∂ ∂

P P( , )R
Q P P

P P
1
2

( , )R

R

2

. The FORC distribution thus maps out

the changes of dQ/dP (corresponding to hydrogen desorption)
which have a dependence on PR; alternatively, FORC identifies
desorption events which are absent on neighboring FORCs.
Following this measurement procedure, the P axis identifies
hydrogen desorption, while the PR axis identifies hydrogen
absorption. By measuring FORCs between the Pd and α′ PdHx
states, we gain insight into the intrinsic properties of the
system, e.g., due to impurities or crystallographic orientations,
and interactions, e.g., properties that depend on the absorption
state, including PdHx lattice strain and H−H interactions.
The family of FORCs of the 41 mg cm−3 foam (Figure 4a)

shows that irreversible absorption begins at 0.9 kPa and
subsequent desorption occurs at 0.7 kPa, generating a feature in
the FORC distribution at (P = 0.7 kPa, PR = 0.9 kPa) (Figure
4b); the absorption/desorption hysteresis for this initial event is
a mere 0.2 kPa, indicating weak binding between the hydrogen
and Pd. The first desorption event along each FORC,
approximately indicated by the dashed arrow in Figure 4b,
occurs at progressively higher pressures until PR > 1.4 kPa, at
which point the onset of the desorption remains constant at P =
1.1 kPa. This indicates that, for PR < 1.4 kPa, the hydrogen
more readily desorbs (i.e., at higher pressures) as the PdHx
phase fraction increases. This may suggest that both the Pd and
the PdHx phases could be changing composition, and a

Figure 3. Dynamic pressure for (a) Pd foam and (b) Pd powder.
Fitted model parameters for (c) equilibrium pressure, (d) time
constants, and (e) weight coefficient. (f) Calorimetry measurements
showing ΔH vs absorption; region delineators were taken from (c).
Color in (a, b) is defined by the spontaneous dynamic pressure P(t);
in (c−f) is defined by the derivative of (c) and used to identify the
absorption region. Error bars in (c) and (f) are determined by the
accuracy of the measurement tools; error bars in (d) and (e) represent
one standard deviation from the fitted parameters.
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combination of thermodynamic and kinetic factors may be at
play.
In summary, we have fabricated palladium nanowire foams

using a freeze-casting technique with a tunable SA:V of up to
1.54 × 106 m−1 and density of 0.1−1% of the bulk. This
technique requires no caustic chemicals or high temperature/
pressure processing, and is scalable for industrial applications.
These foams demonstrate excellent hydrogen storage character-
istics, including loading capacity, rate of absorption, and heat of
absorption. The hysteretic hydrogen absorption/desorption
process is coupled with substantial lattice expansion/contrac-
tion as the foam converts between Pd and PdHx. Such foams
with pristine metal surfaces are also suitable for catalyst as well
as biomedical applications, including cell scaffolding41−43 and
drug delivery.44

■ METHODS
Palladium nanowires were fabricated by electrodeposition from an
aqueous solution of 6 mM PdCl2 + 0.1 M HCl (1 M = 1 mol L−1).
Electrodeposition was performed at −450 mV relative to a Ag+/AgCl
reference electrode into Au-coated (working electrode) anodized
aluminum oxide (AAO) or track-etched polycarbonate mem-
branes.45,46 Nanowires with diameters of (10−200) nm and lengths
of (3−20) μm were achieved. After deposition, the Au working
electrode was selectively etched using a solution of 0.4 M K3Fe(CN)6
+ 0.2 M KCN + 0.1 M KOH. The AAO (polycarbonate) membranes
were then dissolved by sonicating them in 6 M NaOH (dichloro-
methane). The nanowires were transferred to distilled or deionized
water using a precipitation/decanting/solvent replacement technique.
Nanowire foams were then freeze-cast into foam monoliths as
discussed in the main text. The mechanical strength of the foam can
be further enhanced by sintering,47 as discussed in the Supporting
Information.
X-ray diffraction was performed with Cu Kα radiation (λ = 1.54 Å).

Scanning electron microscopy (5 keV), high resolution transmission
electron microscopy (200 kV) was performed on both the foams and
individual wires.
Surface area and pore volume distributions were determined from

krypton (Kr) gas adsorption isotherms at −196 °C using BET
(Brunauer−Emmett−Teller)48 and BJH (Barrett−Joyner−Halenda)49
methods, respectively. Hydrogen absorption/desorption measure-
ments were performed using a commercially available precision gas
dose controller with forked sample tube and a Calvet-type twin
microcalorimeter, described previously.50 Equilibrium was defined as a
pressure change of <0.01% over 10 s. Thermodynamic measurements
were performed using a constant temperature (37 °C), incremental
dosing approach and by integrating the heat flow from the
calorimeter.50 Rate of adsorption (ROA) measurements were

performed by exposing the samples to 0.1 mmol(H2) g(Pd)−1 and
recording the pressure for 200 s.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge on the
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TEM images of electrodeposited Pd nanowires, Krypton
adsorption and desorption isotherms and calculated
incremental pore volume and surface area distributions
(Figure S1), SEM images of a sintered Pd nanowire foam
(Figure S2), and Gibbs free energy calculation (Figure
S3) (PDF)
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(16) Wicke, E.; Brodowsky, H.; Züchner, H. In Hydrogen in Metals II;
Topics in Applied Physics; Springer-Verlag: Berlin, 1978; Vol. 29.
(17) Bittner, H. F.; Badcock, C. C. Electrochemical Utilization of
Metal Hydrides. J. Electrochem. Soc. 1983, 130, 193C.
(18) Thapa, A. K.; Saimen, K.; Ishihara, T. Pd/MnO[sub 2] Air
Electrode Catalyst for Rechargeable Lithium/Air Battery. Electrochem.
Solid-State Lett. 2010, 13 (11), A165.
(19) Banhart, J. Manufacture, characterisation and application of
cellular metals and metal foams. Prog. Mater. Sci. 2001, 46, 559.
(20) Tappan, B. C.; Huynh, M. H.; Hiskey, M. A.; Chavez, D. E.;
Luther, E. P.; Mang, J. T.; Son, S. F. Ultralow-Density Nanostructured
Metal Foams: Combustion Synthesis, Morphology, and Composition.
J. Am. Chem. Soc. 2006, 128, 6589.
(21) Gash, A. E.; Satcher, J. H., Jr.; Simpson, R. L. Strong Akaganeite
Aerogel Monoliths Using Epoxides: Synthesis and Characterization.
Chem. Mater. 2003, 15, 3268.
(22) Albers, P.; Pietsch, J.; Parker, S. F. Poisoning and deactivation of
palladium catalysts. J. Mol. Catal. A: Chem. 2001, 173, 275.
(23) Bartholomew, C. H. Mechanisms of catalyst deactivation. Appl.
Catal., A 2001, 212, 17.
(24) Jung, S. M.; Jung, H. Y.; Dresselhaus, M. S.; Jung, Y. J.; Kong, J.
A facile route for 3D aerogels from nanostructured 1D and 2D
materials. Sci. Rep. 2012, 2, 849.
(25) Tillotson, T. M.; Gash, A. E.; Simpson, R. L.; Hrubesh, L. W.;
Satcher, J. H.; Poco, J. F. Nanostructured energetic materials using sol-
gel methodologies. J. Non-Cryst. Solids 2001, 285, 338.
(26) Tang, Y.; Yeo, K. L.; Chen, Y.; Yap, L. W.; Xiong, W.; Cheng,
W. Ultralow-density copper nanowire aerogel monoliths with tunable
mechanical and electrical properties. J. Mater. Chem. A 2013, 1 (23),
6723.
(27) Manchester, F. D.; San-Martin, A.; Pitre, J. M. The H-Pd
(Hydrogen-Palladium) System. J. Phase Equilib. 1994, 15, 62.
(28) Knapton, A. G. Palladium Alloys for Hydrogen Diffusion
Membranes. Platinum Met. Rev. 1977, 21 (2), 44.
(29) Frieske, H.; Wicke, E. Magnetic Susceptibility and Equilibrium
Diagram of PdHn. Ber. Bunsenges. Phys. Chem. 1973, 77 (1), 48.
(30) Boureau, G.; Kleppa, O. J. Significance of thermal effects
associated with solid-gas reactions in the Tian-Calvet calorimeter. J.
Chem. Thermodyn. 1977, 9 (6), 543−548.

(31) Shamsuddin, M. Hydrogen interaction in palladium alloys. J.
Less-Common Met. 1989, 154 (2), 285−294.
(32) Kleppa, O. J. High Temperature Thermodynamics of Solutions
of Hydrogen and Deuterium in Palladium and its Alloys. Berichte der
Bunsengesellschaft fu ̈r physikalische Chemie 1983, 87 (9), 741−749.
(33) Griessen, R.; Strohfeldt, N.; Giessen, H. Thermodynamics of the
hybrid interaction of hydrogen with palladium nanoparticles. Nat.
Mater. 2016, 15 (3), 311−317.
(34) Gilbert, D. A.; Zimanyi, G. T.; Dumas, R. K.; Winklhofer, M.;
Gomez, A.; Eibagi, N.; Vicent, J. L.; Liu, K. Quantitative Decoding of
Interactions in Tunable Nanomagnet Arrays Using First Order
Reversal Curves. Sci. Rep. 2014, 4, 4204.
(35) Davies, J. E.; Hellwig, O.; Fullerton, E. E.; Denbeaux, G.;
Kortright, J. B.; Liu, K. Magnetization reversal of Co/Pt multilayers:
Microscopic origin of high-field magnetic irreversibility. Phys. Rev. B
2004, 70 (22), 224434.
(36) Davies, J. E.; Wu, J.; Leighton, C.; Liu, K. Magnetization
Reversal and Nanoscopic Magnetic Phase Separation in La1‑xSrxCoO3.
Phys. Rev. B 2005, 72, 134419.
(37) Rahman, M. T.; Dumas, R. K.; Eibagi, N.; Shams, N. N.; Wu, Y.-
C.; Liu, K.; Lai, C.-H. Controlling magnetization reversal in Co/Pt
nanostructures with perpendicular anisotropy. Appl. Phys. Lett. 2009,
94 (4), 042507.
(38) Gilbert, D. A.; Maranville, B. B.; Balk, A. L.; Kirby, B. J.; Fischer,
P.; Pierce, D. T.; Unguris, J.; Borchers, J. A.; Liu, K. Realization of
Ground State Artificial Skyrmion Lattices at Room Temperature. Nat.
Commun. 2015, 6, 8462.
(39) Dumas, R. K.; Greene, P. K.; Gilbert, D. A.; Ye, L.; Zha, C.;
Åkerman, J.; Liu, K. Accessing different spin-disordered states using
first-order reversal curves. Phys. Rev. B 2014, 90 (10), 104410.
(40) Frampton, M. K.; Crocker, J.; Gilbert, D. A.; Curro, N.; Liu, K.;
Schneeloch, J. A.; Gu, G. D.; Zieve, R. J. First-order reversal curve of
the magnetostructural phase transition in FeTe. Phys. Rev. B 2017, 95
(21), 214402.
(41) Yi, H.; Ur Rehman, F.; Zhao, C.; Liu, B.; He, N. Recent
advances in nano scaffolds for bone repair. Bone Res. 2016, 4, 16050.
(42) Wu, J.; Hong, Y. Enhancing cell infiltration of electrospun
fibrous scaffolds in tissue regeneration. Bioactive Materials 2016, 1 (1),
56−64.
(43) Li, N.; Zhang, Q.; Gao, S.; Song, Q.; Huang, R.; Wang, L.; Liu,
L.; Dai, J.; Tang, M.; Cheng, G. Three-dimensional graphene foam as a
biocompatible and conductive scaffold for neural stem cells. Sci. Rep.
2013, 3, 1604.
(44) Khan, F.; Tanaka, M.; Ahmad, S. R. Fabrication of polymeric
biomaterials: a strategy for tissue engineering and medical devices. J.
Mater. Chem. B 2015, 3 (42), 8224−8249.
(45) Whitney, T. M.; Jiang, J. S.; Searson, P. C.; Chien, C. L.
Fabrication and magnetic properties of arrays of metallic nanowires.
Science 1993, 261 (5126), 1316−1319.
(46) Wong, J.; Greene, P.; Dumas, R. K.; Liu, K. Probing magnetic
configurations in Co/Cu multilayered nanowires. Appl. Phys. Lett.
2009, 94 (3), 032504.
(47) Burks, E.; Gilbert, D. A.; Liu, K.; Kucheyev, S.; Felter, T.;
Colvin, J. Low-density interconnected metal foams. PCT Patent
Application PCT/US2016/064218, WO2017095925A1, 2016.
(48) Brunauer, S.; Emmett, P. H.; Teller, E. Adsorption of Gases in
Multimolecular Layers. J. Am. Chem. Soc. 1938, 60, 309.
(49) Barrett, E. P.; Joyner, L. G.; Halenda, P. P. The determination of
pore volume and area distributions in porous substances. I.
Computations from nitrogen isotherms. J. Am. Chem. Soc. 1951, 73,
373−80.
(50) Ushakov, S. V.; Navrotsky, A. Direct measurements of water
adsorption enthalpy on hafnia and zirconia. Appl. Phys. Lett. 2005, 87
(16), 164103.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.7b03978
Chem. Mater. 2017, 29, 9814−9818

9818

http://dx.doi.org/10.1021/acs.chemmater.7b03978
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.3073740&coi=1%3ACAS%3A528%3ADC%252BD1MXhtVWmsbw%253D&citationId=p_n_46_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0926-860X%2800%2900843-7&coi=1%3ACAS%3A528%3ADC%252BD3MXjtlSrtb8%253D&citationId=p_n_23_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS1381-1169%2801%2900155-8&coi=1%3ACAS%3A528%3ADC%252BD3MXkvFCiur0%253D&citationId=p_n_15_1
http://pubs.acs.org/action/showLinks?pmid=26446515&crossref=10.1038%2Fncomms9462&coi=1%3ACAS%3A528%3ADC%252BC2MXhs1Klu7fM&citationId=p_n_38_1
http://pubs.acs.org/action/showLinks?pmid=26446515&crossref=10.1038%2Fncomms9462&coi=1%3ACAS%3A528%3ADC%252BC2MXhs1Klu7fM&citationId=p_n_38_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.bioactmat.2016.07.001&citationId=p_n_42_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.mechmat.2003.02.001&citationId=p_n_7_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja992130h&coi=1%3ACAS%3A528%3ADyaK1MXmt12lsLc%253D&citationId=p_n_11_1
http://pubs.acs.org/action/showLinks?pmid=24569632&crossref=10.1038%2Fsrep04204&coi=1%3ACAS%3A528%3ADC%252BC2cXht1WjurbO&citationId=p_n_34_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja992130h&coi=1%3ACAS%3A528%3ADyaK1MXmt12lsLc%253D&citationId=p_n_11_1
http://pubs.acs.org/action/showLinks?crossref=10.1039%2Fc3ta10969k&coi=1%3ACAS%3A528%3ADC%252BC3sXnvV2ltbk%253D&citationId=p_n_26_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja01145a126&coi=1%3ACAS%3A528%3ADyaG3MXjsVygsg%253D%253D&citationId=p_n_49_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0021-9614%2877%2990158-6&coi=1%3ACAS%3A528%3ADyaE1cXht1OqsQ%253D%253D&citationId=p_n_30_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0021-9614%2877%2990158-6&coi=1%3ACAS%3A528%3ADyaE1cXht1OqsQ%253D%253D&citationId=p_n_30_1
http://pubs.acs.org/action/showLinks?crossref=10.1149%2F1.3481762&coi=1%3ACAS%3A528%3ADC%252BC3cXhtFCls73N&citationId=p_n_18_1
http://pubs.acs.org/action/showLinks?crossref=10.1149%2F1.3481762&coi=1%3ACAS%3A528%3ADC%252BC3cXhtFCls73N&citationId=p_n_18_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS1381-1169%2801%2900154-6&coi=1%3ACAS%3A528%3ADC%252BD3MXkvFCiurw%253D&citationId=p_n_22_1
http://pubs.acs.org/action/showLinks?pmid=17731862&crossref=10.1126%2Fscience.261.5126.1316&coi=1%3ACAS%3A528%3ADyaK3sXmtFGqsL4%253D&citationId=p_n_45_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0021-9517%2877%2990238-X&coi=1%3ACAS%3A528%3ADyaE2sXlt1aisb4%253D&citationId=p_n_14_1
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.3075061&coi=1%3ACAS%3A528%3ADC%252BD1MXhtlyitrY%253D&citationId=p_n_37_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0021-9517%2877%2990238-X&coi=1%3ACAS%3A528%3ADyaE2sXlt1aisb4%253D&citationId=p_n_14_1
http://pubs.acs.org/action/showLinks?pmid=28018707&crossref=10.1038%2Fboneres.2016.50&coi=1%3ACAS%3A528%3ADC%252BC28XitFSntrjF&citationId=p_n_41_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fbbpc.19730770112&coi=1%3ACAS%3A528%3ADyaE3sXhtFKqtLs%253D&citationId=p_n_29_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fcr030691s&coi=1%3ACAS%3A528%3ADC%252BD2cXht12gtrw%253D&citationId=p_n_6_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0022-328X%2898%2901055-9&coi=1%3ACAS%3A528%3ADyaK1MXivFOlsr0%253D&citationId=p_n_10_1
http://pubs.acs.org/action/showLinks?pmid=26569476&crossref=10.1038%2Fnmat4480&coi=1%3ACAS%3A528%3ADC%252BC2MXhvVOlsrzL&citationId=p_n_33_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0022-328X%2898%2901055-9&coi=1%3ACAS%3A528%3ADyaK1MXivFOlsr0%253D&citationId=p_n_10_1
http://pubs.acs.org/action/showLinks?pmid=26569476&crossref=10.1038%2Fnmat4480&coi=1%3ACAS%3A528%3ADC%252BC2MXhvVOlsrzL&citationId=p_n_33_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0022-3093%2801%2900477-X&coi=1%3ACAS%3A528%3ADC%252BD3MXktV2ru7Y%253D&citationId=p_n_25_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja01269a023&coi=1%3ACAS%3A528%3ADyaA1cXivFaruw%253D%253D&citationId=p_n_48_1
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.2108113&coi=1%3ACAS%3A528%3ADC%252BD2MXhtFKlsrzI&citationId=p_n_52_1
http://pubs.acs.org/action/showLinks?crossref=10.1149%2F1.2119925&coi=1%3ACAS%3A528%3ADyaL3sXitFyku7s%253D&citationId=p_n_17_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fcm034211p&coi=1%3ACAS%3A528%3ADC%252BD3sXls1Siurw%253D&citationId=p_n_21_1
http://pubs.acs.org/action/showLinks?crossref=10.1039%2FC5TB01370D&coi=1%3ACAS%3A528%3ADC%252BC2MXhtlOmtLfO&citationId=p_n_44_1
http://pubs.acs.org/action/showLinks?crossref=10.1039%2FC5TB01370D&coi=1%3ACAS%3A528%3ADC%252BC2MXhtlOmtLfO&citationId=p_n_44_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fanie.200902994&coi=1%3ACAS%3A528%3ADC%252BC3cXnvVOrsrk%253D&citationId=p_n_9_1
http://pubs.acs.org/action/showLinks?crossref=10.1023%2FA%3A1013889401432&coi=1%3ACAS%3A528%3ADC%252BD38XksVGmsrc%253D&citationId=p_n_13_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.72.134419&coi=1%3ACAS%3A528%3ADC%252BD2MXhtFyrsrjM&citationId=p_n_36_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.95.214402&citationId=p_n_40_1
http://pubs.acs.org/action/showLinks?coi=1%3ACAS%3A528%3ADyaE2sXltl2msLs%253D&citationId=p_n_28_1
http://pubs.acs.org/action/showLinks?pmid=23152940&crossref=10.1038%2Fsrep00849&coi=1%3ACAS%3A528%3ADC%252BC38XhvVKrtrfK&citationId=p_n_24_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.90.104410&coi=1%3ACAS%3A528%3ADC%252BC2cXhvFyhtL3L&citationId=p_n_39_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja056550k&coi=1%3ACAS%3A528%3ADC%252BD28XjvFyjtb0%253D&citationId=p_n_20_1
http://pubs.acs.org/action/showLinks?pmid=23549373&crossref=10.1038%2Fsrep01604&coi=1%3ACAS%3A528%3ADC%252BC3sXhtVansrrP&citationId=p_n_43_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fcs300082f&coi=1%3ACAS%3A528%3ADC%252BC38XlslGrtbo%253D&citationId=p_n_12_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.70.224434&coi=1%3ACAS%3A528%3ADC%252BD2MXislGisA%253D%253D&citationId=p_n_35_1
http://pubs.acs.org/action/showLinks?crossref=10.1007%2FBF02667685&coi=1%3ACAS%3A528%3ADyaK2cXjt1ymtr0%253D&citationId=p_n_27_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0022-5088%2889%2990214-2&coi=1%3ACAS%3A528%3ADyaK3cXmtlajsA%253D%253D&citationId=p_n_31_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0022-5088%2889%2990214-2&coi=1%3ACAS%3A528%3ADyaK3cXmtlajsA%253D%253D&citationId=p_n_31_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0079-6425%2800%2900002-5&coi=1%3ACAS%3A528%3ADC%252BD3MXmvVGns78%253D&citationId=p_n_19_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0926-860X%2800%2900843-7&coi=1%3ACAS%3A528%3ADC%252BD3MXjtlSrtb8%253D&citationId=p_n_23_1

