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The sale of value-added byproducts from hydrogen-generating reactions is a strategic approach to lower
the costs of hydrogen fuel in order to realize a truly sustainable hydrogen economy. Metal hydrolysis is a
chemical process that produces hydrogen together with a metal hydroxide species; however, this re-
action is rarely observed without chemical additives or extreme reaction conditions. Previously, we
demonstrated that hierarchical nanoporous aluminum can create hydrogen at standard conditions for
temperature and pressure via hydrolysis without any additives. The advantage of this method is the co-
production of pure aluminum hydroxide (Al(OH)3). Here we explore the transformation of this Al(OH)3
hydrolysis byproduct into valuable materials to elucidate strategies in reducing the overall cost of
hydrogen generated. In particular, we demonstrate in this work that (i) the synthesis of hierarchical
nanoporous aluminum is scalable to meet the needs of large-scale production for a hydrogen economy,
and (ii) the AI(OH)s; hydrolysis byproduct can be transformed to create high surface-area “activated
alumina” (Al03) as a commercially viable product.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The absence of scalable and sustainable hydrogen (H,) pro-
duction methods prevents widescale adoption of a Hy economy.
Current Hy production methods are not sustainable; over 95% of
H, used worldwide is produced through steam reforming of nat-
ural gas, which heavily depends on fossil fuels. Additionally, un-
desirable carbon dioxide (CO,) is co-produced during the process
[1]. Water splitting by electrolysis, thermolysis, and photo-
electrolysis represent promising sustainable methods to produce
H, [2,3]. However, the costs of these processes are much higher
than that of steam reforming as illustrated in Table 1, adapted
from reference. [3].

Co-production of sustainable H, with value-added products
represents an alternative approach to reduce the cost of H through
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the sale of these byproducts. For example, co-producing H, and
graphitic carbon without CO, emissions by heat-induced decom-
position of methane (CH4) over metallic catalysts through Eq. (1),
has been widely investigated as an alternative route to sustainable
H, [4-7]:

CH4 (g) — 2Hz (g) + C(s) (AH° = 74 kJ/mol) (1)

However, the catalytic activity of metallic nanoparticles (Ni, Fe,
and Co) used to promote the thermocatalytic decomposition of CHyg
into Hy and carbon decreases over time due to the heat-induced
coarsening and clustering of these nanoparticles, the deposition
of carbon on the nanoparticles, and the structural changes caused
by carbon diffusion in the nanoparticles [5—11]. These three issues
result in loss of catalytic activity, which represents the main chal-
lenge in the field [5,6,12—14]. Recently in ACS Sustainable Chemistry
& Engineering [15], we reported on the co-production of Hy,
aluminum hydroxide (Al(OH)3), and heat by hydrolysis of novel
hierarchical nanoporous aluminum (NP—AIl) in pure water (i.e.
water without any additives to catalyze the hydrolysis reaction)
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Table 1

Common H, production processes. PRate based on 30 tons of H,/day, and assuming the sale of reaction by-products.

Process Overall efficiency [%]

Capital cost [M$] Hydrogen cost [$/kg] Reaction byproducts

Steam reforming 74—85% 2264 +2.27 CO, (undesirable)
Electrolysis 40-60% 504.8—499.6 +5.89-6.03 0O, (useless)
Thermolysis 20—45 39.6—-2107.6 +2.17-2.63 0O, (useless)
5.7-16 +7.98—8.40
Photo-electrolysis 0.06 Not available +10.36 0O, (useless)
Hydrolysis of nanoporous aluminum in pure water 36—38% ~156.12 —2.632 Al;03 (useful)
Heat (useful)
through the reaction in Eq. (2) [15]: production through the hydrolysis reaction in Eq. (2).
2Al (s) + 6H,0 (1) — 2AI(OH)3 (s) + 3H, (g) + heat )

The high carbon footprint associated with the production of
primary aluminum is an issue for the sustainability of this process
[16,17]. Therefore, for the source of aluminum in Eq. 2, (i) we
propose to use carbon-free primary aluminum from Elysis in the
long term [17], when it is commercially available [17]. (ii) In the
short term, secondary aluminum (i.e. recycled aluminum) can be
used to minimize the carbon footprint of H,. Indeed, the global
market of recycled aluminum was over 22 million tons in 2016
with projections to reach over 29 million tons in 2026 [18].
Assuming an Hy production rate of 30 tons per day, which cor-
responds to 10,950 tons of H; per year (US Department of Energy
target: 1-100 tons/day [19]), the amount of recycled aluminum
needed for this purpose will be 98,550 tons per year, which only
represents 0.34% of the 2026 secondary aluminum forecast.
Therefore, sustainable Hy production through the reaction in Eq.
(2) using secondary aluminum has the potential to contribute to
the global Hy need, provided that the process is scalable and cost-
effective.

To create a scalable and cost-effective process, the usefulness
of the byproducts generated in Eq. (2) must be evaluated. The solid
byproduct, AI(OH)s, can either be recycled back into metal Al (for
example through the Elysis carbon-free Al smelting process [17]),
or be transformed into another valuable product. Here we explore
the latter as a cost-effective measure to justify scalability of this
hydrogen-generating method. In our previous work [15], we
focused on the processing of hierarchical nanoporous aluminum
and its unique ability to generate hydrogen through Eq. (2) at
standard temperature and pressure and without any chemical
additives. The present work is aimed at (i) demonstrating the
scalability of our synthesis process for large-scale production of
hierarchical nanoporous aluminum and (ii) the production of
activated alumina (Al,03) with high specific surface area, from the
Al(OH)3 co-produced with H; through Eq. (2). The term “activated
alumina” refers to the thermal decomposition product of Al(OH)3
in which heating causes an “activation” or change in its surface
structure and elemental composition to create a high specific
surface area. As a result, this material exhibits high surface area,
high thermal stability, and surface acidity and interaction with
deposited transitional metals [20—22]. Thanks to these unique
properties, activated alumina is widely used in several applica-
tions including inert high surface area catalyst support, water
filtration for fluoride treatment, hydrocarbon impurity capture in
the automobile and petroleum industries, and as a desiccant for
drying gases [23—25]. Alumina has several metastable transition
phases (y-, n-, %-, 8-, 0-, k-, and a-Al,03) with the low temperature
phases (y-, n-, and 7-Al03) having the most important and
valuable industrial applications [26,27]. Thus, analysis of the Al
byproduct formed can elucidate measures to create valuable in-
dustrial materials and reduce the overall cost of hydrogen

2. Experimental methods
2.1. Scaling up the synthesis of nanoporous aluminum

Hierarchical nanoporous aluminum (NP—AI) is made by air-free
selective electrolytic removal of magnesium (Mg) from Mg-rich
Al—Mg parent alloys with a typical composition of Al3pMg7g at. %.
In this cell configuration, the Al3pMg7o parent alloy is used as the
working electrode, pure Mg foil used as the counter and reference
electrodes, and 0.4 M all-phenyl complex (APC) used as the elec-
trolyte. The procedure for developing the APC electrolyte can be
found in our earlier publications [28,29]. During selective electro-
lytic leaching, Mg is stripped from the Al-Mg working electrode
and plated onto the Mg foil counter electrode, which makes it
possible to recover Mg as demonstrated previously [15]. Recovered
Mg can be used to make new Al-Mg parent alloys, which is
necessary for the sustainability and affordability of the process.

In our previous work, we reported on this new air-free elec-
trolytic dealloying concept using a monolithic bulk AlI-Mg parent
alloy with a few millimeters thickness [15]. Mg removal from such a
thick sample took several weeks since the process is diffusion-
controlled. This long dealloying time is obviously undesirable for
the scalability of the process. Therefore, in addition to investigating
the conversion of AI(OH)3 byproduct into activated Al,03 with high
specific surface area, the present work is also aimed at demon-
strating the scalability of our process. In doing so, we modify our
original synthesis procedure to obtain a twenty-fold increase in
production capabilities. Specifically, the following three key mod-
ifications of our original synthesis procedure are performed for
larger and faster batches: (i) the ionic conductivity of the APC
electrolyte was further improved by introducing 0.4 M of lithium
chloride (LiCl powder, >99.98%, Sigma Aldrich) [30]. (ii) Instead of
using a monolithic thick Al3pMg7o parent alloy as the working
electrode, we used small-sized, crushed pieces (thus in the powder
form) of the same Al3pMg7o composition in a mesh pouch to expose
more surface area to the electrolyte during Mg removal. In a typical
process, the AlsgMg7o parent alloy was created by melting pure Al
(shots, Alfa Aesar, 99.9%) and pure Mg (chips, Sigma Aldrich,
99.98%) at 900 °C in a graphite crucible using a tube furnace (OTF-
1200X, MTI Corporation) with a quartz tube under argon gas flow.
Next, the parent alloy (which is brittle in nature due to the presence
of the Al;2Mg17 intermetallic phase in Mg-rich AlI-Mg alloys) was
ground using a mortar and pestle in an argon-filled glove box into
finer pieces near 1 mm in width. These pieces were loaded into a
working electrode pouch made of stainless steel #120 mesh
(0.125 mm openings). (iii) Instead of a single working and counter
electrode, multiple alternating working and counter electrodes
were used in parallel as shown in Fig. 1a and b. While for the
present work we demonstrate the use of two Al3gMg7o working
electrodes (red arrows Fig. 1b) alternating with three Mg foils
counter electrodes (blue arrows Fig. 1b), this configuration can be
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a 0.4 M APC + LiCl electrolyte
under argon environment

Counter electrodes (Mg foil

Working electrodes
(Mesh filled with Al;,Mg-, pieces)

Al;,Mg;, working

electrode

Mg foil counter
electrodes

Fig. 1. (a) Schematic of a large-scale dealloying chamber electrode layout. (b) Dealloying chamber before addition of electrolyte. Crushed AlsoMg7o particles are loaded into a
stainless steel mesh and used as the working electrode (red arrows); alternating Mg foils (blue arrows) serve as the counter electrodes. (c—d) Front and back sides of the three Mg
foil counter electrodes after dealloying. Mg is plated on both sides of the middle electrode. (e) Low and (f) high magnifications SEM images of the hierarchical nanoporous aluminum
morphology formed at the working electrodes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

further scaled up for larger applications by increasing the number
of alternating electrodes. The selective electrolytic removal of Mg
was carried out using a Bio-Logic VMP-300 potentiostat inside a
MBRAUN argon-filled glove box with H,O and O, levels under 0.1
ppm. A constant potential of 0.45 V vs Mg/Mg?* was applied. The
Mg dissolution current is measured between the working and
counter electrodes and monitored for completion in which NP-Al is
collected and rinsed with THF for the next step.

2.2. Gas chromatography study of H, production by hydrolysis of
nanoporous aluminum with pure water

Gas chromatography (GC) was used to quantitatively study the
hydrogen production rate by hydrolysis. NP-Al was sealed in a
three-neck round bottom flask using a rubber septum under an
argon atmosphere to prevent oxidation. Deionized (DI) H,O was
then sparged with nitrogen gas for 10 min before injection via a
syringe into the reaction flask. Helium carrier gas (99.9999% purity,
Airgas) was flowed through the flask to push the gas product into
GC. A Pulsed Discharge Detector (PDD) with a Molecular Sieve 5A
packed column was used to quantitatively determine the amount of
hydrogen produced over time.

2.3. Co-production of Hy, Al(OH)s, and heat by hydrolysis of
nanoporous aluminum with pure water

The synthesized hierarchical NP-Al pieces were further ground
(note that dealloyed nanoporous metals are brittle) from mm-sized
pieces into a fine powder in the argon glove box using a mortar and
pestle. The powder was brought into a round bottom flask together
with a stir bar and sealed using a rubber septum before removal
from the argon glove box. DI H,0 was flushed with argon gas for
10 min to remove dissolved oxygen from this water and then
injected in excess into the round bottom flask with NP-Al. The ratio
of water to aluminum used was 3 mL of H,0 per 100 mg of NP-Al for

a large molar excess of Hy0. Injection of water resulted in rapid
formation of hydrogen gas, which increased the pressure in the
sealed system. This pressure was relieved as necessary via syringe.
The flask was stirred for the desired length of time. Color change of
the powder from black to white was observed after 3—4 days,
indicating that most of the NP-Al has been converted into Al(OH)s.
Bubbles from hydrogen gas formation in the flask were no longer
visibly observed after 6 days. After bubbling stopped, Al(OH); was
removed by centrifugation, rinsed with acetone, and then dried
under vacuum overnight before further use in experiments. In the
present work, the products studied are formed after reacting NP-Al
with H,0 for 7 days; this represents a complete transformation as
no more bubble formation is observed. Incomplete transformation
where the products were analyzed before the color change from
black to white after only three days is included in the supple-
mentary information.

2.4. Dehydroxylation of Al(OH)s into activated alumina with high
specific surface area

General dehydroxylation of Al(OH); is based on similar pro-
cedures in the literature to remove hydroxide groups (-OH) from
Al(OH)s in the form of water. These procedures have been shown to
create high surface area Al,03 nanostructures described as “acti-
vated alumina” for catalytic purposes [26,31,32]. In this research,
Al(OH)3; was heated to 600 °C for 12 h in an alumina crucible using a
MTI Tube Furnace and an open quartz tube exposed to air. The
Al>03 product was then used as is for further characterization.

2.5. Materials characterization

A customized gas chromatograph Scion 456 (GC) with a pulsed
discharge detector and a molecular sieve 5A packed column was
used to characterize hydrogen production from the reaction of NP-
Al with DI water. A JEOL 7500F scanning electron microscope (SEM)
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in combination with energy dispersive X-ray spectroscopy (EDS)
were used to characterize the morphology of hierarchical NP-Al and
the bulk chemical composition of the corresponding activated
alumina. The surface chemical composition of the Al,Os final
product was analyzed using X-ray photoelectron spectroscopy
(XPS) utilizing a PHI Veraprobe 5000 instrument equipped with a
monochromated Al Ko radiation source. X-ray diffraction (XRD)
patterns were collected on a Rigaku Miniflex powder diffractom-
eter equipped with a Cu X-ray source operated at 40kV/15 maA,
theta/2theta goniometer in the Bragg-Brentano parafocusing ge-
ometry, Ni foil K-beta filter, and 1D solid state detector. The nano-
structured morphology of the Al,03 was also characterized with
transmission electron microscopy JEOL 2010F (TEM). Porosity
characterization results were conducted using a Micromeritics
TriStar I 3020 porosimeter. The adsorption branch of the isotherm
was used to calculate the surface area using the Bru-
nauer—Emmett—Teller (BET) model as well as the pore diameter
and pore volume using the Barret—Joyner—Halenda (BJH) model.

3. Results and discussion
3.1. Scaling up the synthesis of nanoporous aluminum

Mg stripping from Al-Mg parent alloy and Mg plating onto the
Mg foil counter electrode can be considered as a series of electro-
chemical steps: (1) dissolution of Mg (Mg — Mg?* + 2e”) at the
working electrode; (2) diffusion of Mg?* ions in the electrolyte to
the counter electrode, while electrons diffuse through the external
circuit; (3) plating of Mg?* ions at the counter electrode
(Mg?* + 2e~ — Mg). This overall electrochemical reaction can be
represented by the current measured between the working and
counter electrodes arising from the diffusion of electrons through
the external circuit. In general, processes affecting mass or electron
transfer can affect this current and thus the electrode reaction rate
as well. To increase mass transfer, the electrodes are placed within
close proximity and the electrolyte resistance to allow for diffusion
of Mg?* ions is reduced with the inclusion of LiCl salt in the elec-
trolyte. To increase electron transfer at the electrode surface, the
bulk starting alloy was crushed into fine pieces to allow for more
surface area and therefore more dissolution sites. Additionally,
multiple electrodes can be connected in parallel at the same voltage
as mentioned earlier for scalability purposes. Similar concepts in
our design are used in commercial copper refining via electro-
winning [33]. Fig. 1c and d shows the magnesium counter elec-
trodes used after dealloying. Notice that the Mg is plated on both
sides of the middle electrode, showing the beneficial additions of
using multiple electrodes for increased counter electrode surface
area interactions. The peak current measured was larger in
magnitude in comparison to our earlier publication [15], meaning
that the reaction rate is occurring much faster with this configu-
ration. Typical SEM images of the created hierarchical NP-Al are
shown in Fig. 1e (low magnification) and 1f (high magnification). At
low magnification, macropores and macroligaments with charac-
teristic size in the micrometer range are observed (Fig. 1e). At high
magnification, ligament/pore structures with characteristic size in
the range of 10—20 nm are observed (Fig. 1f). These morphology
and structure sizes are in agreement with our previous work [15],
meaning that although the present dealloying current magnitude is
much larger, the pore size of the produced hierarchical NP-Al was
not changed. Using this new configuration, the rate of NP-Al pro-
duction was ~5 mg per hour. Compared to our previous rate of NP-
Al production of ~0.25 mg per hour, this improved configuration
shows a twenty-fold increase in production capabilities [15]. Thus,
production scalability for mass commercialization can be realized
by following these three demonstrated principles.

3.2. Gas chromatography study of H, production by hydrolysis of
nanoporous aluminum with pure water

The cumulative amount of hydrogen produced as a function of
the reaction time from NP-Al and H,O0 is shown in Fig. 2. The first
ten data points (black square) were fit from experimental values
over the course of 24 h, and the rest of the curve (solid red line) was
extrapolated for several days. The data matches our previous work,
emphasizing the reproducibility of these results. For 3 days of re-
action time, the reaction yield is extrapolated to be ~70%, and for 7
days, the reaction yield is ~84%. Although the reaction is not pre-
dicted to have reached completion at this point, the reaction was
visibly no longer producing hydrogen gas bubbles in solution. This
is most likely due to the formation of an Al(OH); envelope pre-
venting further reaction of Al with DI H,0 [34—36]. It is important
to note that our process for generating hydrogen gas from NP-Al is
not optimized. Varying the ratio of water to aluminum can cause
variations to the reaction time length scale as analyzed by Chen
et al. [37] Surface area, temperature, pH, particle size effects, ul-
trasonic agitation, and adding other additives can lead to different
hydrogen gas yield reaction rates as well [38—41]. While the rate of
reaction can be improved, it is not the objective of this research to
find methods of improvement from standard conditions; rather it is
to examine the state of the converted products formed from this
proposed solution for hydrogen production and storage.

3.3. Co-production of Hy, Al(OH)s, and heat by hydrolysis of
nanoporous aluminum with pure water

The XRD patterns of hierarchical NP-Al before and after its re-
action with DI H,O are presented in Fig. 3. The NP-Al is face-
centered cubic (FCC) as shown by the black pattern. The corre-
sponding Al(OH); powder formed after the reaction is shown by
the red pattern. This product exhibits a single phase of bayerite
Al(OH); distinguished by its first peak at 18.785° as opposed to the
gibbsite Al(OH)3 phase, which has its first peak at 18.392° [37]. The
single-phase formation of bayerite observed agrees with other
literature results of forming aluminum hydroxide from aluminum
and water [26,27]. The formation of Al,O3 or other aluminum
species such as boehmite AIO(OH) were not observed by XRD from

100

0+— T v LI T v T — T 1 1

0 10 20 40 50 60 70

30
Time (h)

Fig. 2. Black square: GC data associated with hydrogen yield from the reaction of hi-
erarchical nanoporous aluminum with pure water. Red curve: exponential fit extrap-
olated over 3 days. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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— NP-Al

— AI(OH);

— Al,O,

I Reference Al

I Reference AI(OH),
I Reference Al,O;

Relative Intensity (a.u.)

10 20 30 40 50 60 70
20 (degrees)

Fig. 3. XRD Patterns for hierarchical NP-Al (black), Al(OH); (red), and Al,03 (blue) with
crystallography reference vertical stick patterns for FCC Al (black, PDF #00-004-0787),
Bayerite Al(OH); (red, PDF #00-012-0457), and n-Al;05 (blue, PDF #00-004-0875).
(For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

the reaction of NP-Al and DI H;O. Analysis of the incomplete
product transformation of Al(OH)3 in Supplementary Fig. S1 shows
two phases: the single bayerite Al(OH)3 product and the original
FCC Al The data indicates an incomplete reaction, which is in
agreement with GC results suggesting only a 70% reaction yield
after 3 days. This data also suggests that no other phases or Al
species are detected during the transformation from Al to Al(OH)s.

3.4. Conversion of Al(OH)s into activated alumina n-Al;03 with
high specific surface area

Heat treatment triggers dehydroxylation of the aforementioned
Al(OH); powders to form Al,03 samples. The final product, a fine
white powder, is shown in Fig. 4b in comparison to the starting
black NP-Al pieces in Fig. 4a. The blue pattern in Fig. 3 shows the
XRD results corresponding to the final Al,03 product shown in
Fig. 4b. The thermal decomposition of bayerite Al(OH); to alumina
has been known to transition through different metastable phases,
forming n-Al,03 at temperatures between 300 °C and 600 °C, then
0-Al;03 between 600 °C and 1100 °C, and finally the thermody-
namically stable phase of a-Al,03 above 1100 °C [27,31]. Thus, we
see the single-phase formation of 11-Al,03 after heat treatments at

NP-Al pieces

Activated Al,O; powder

b L

1cm

Fig. 4. (a) Hierarchical NP-Al from large-scale production and (b) corresponding
activated Al,O3 powder obtained from Al(OH); co-produced with H, by hydrolysis of
the NP-Al from (a).

600 °C. The diffraction peaks are reasonably broad regardless of
reaction time because of the reduced crystallite size and lattice
strain from the thermal decomposition process. Transformation to
other phases outside of n-Al,03 are possible using chemical addi-
tives; these transformation routes focus on lowering the activation
energy for the nucleation of other transition Al,O3 phases [42,43].
These processes may be useful for future optimization procedures.
Analysis of the XRD patterns for the incomplete transformation
product of Al;Os in Fig. S1 exhibits a mixture of alumina and
unreacted aluminum. The lack of complete conversion of Al even
during the open-air heating process to form Al;O3 is consistent
with an inner composition of Al, protected by an outer layer of
oxidized species [34—36].

EDS data showing the composition of the final Al;03 product are
summarized in Table 2. An Al-to-O ratio of ~0.689 is deduced from
these EDS data, which is very close to the Al-to-O ratio of 0.667
expected for Al;03. A ~2 at. % residual Mg remains in the sample
due to incomplete dealloying. XPS characterization data are shown
in Fig. 5. The deconvoluted Al 2p peak in Fig. 5a reveals that ~95.23%
of Alis in the form of AI** from Al,05, detected at 74.5 eV, and some
~4.77% metallic Al detected at 72.7 eV [44,45]. It is expected that
some unreacted Al will be detected because the extrapolated re-
action yield is only 84% by GC; however, the presence of metallic Al
near the surface might be minimized compared to the bulk. The
deconvoluted O 1s peak in Fig. 5b suggests that ~94.66% of the near-
surface oxygen atoms are involved in O—Al bonds from Al,03, with
peak at 531.3 eV, while ~5.14% of the near-surface oxygen atoms
come from adsorbed water molecules, with peak at 534.7 eV
[46,47]. No peak associated with Al(OH); was detected at ~532.4 eV,
indicating the full conversion from AI(OH); to Al,O3 [46]. The
presence of adsorbed water molecules near the surface of activated
alumina as suggested from XPS data is interesting; indeed, since the
samples were activated at 600 °C for 12 h, all near-surface water
molecules and hydroxyl groups are removed during this heat
treatment step. Consequently water molecules near the surface of
activated Al,03 can only come from post adsorption of moisture,
when these samples are exposed to air. This good adsorption
capability of activated alumina justifies its usage in applications
such as water filtration for fluoride treatment, hydrocarbon im-
purity capture in the automobile and petroleum industries, or as a
desiccant for drying gases [23—25].

The typical nanoscale morphology of the activated n-Al,O3
product as obtained from TEM characterization is shown at
different magnifications in Fig. 6. The material exhibits an ultra-fine
nanoporous morphology, with ligaments in the range of ~2—5 nm
and pores in the range of ~4—6 nm, which are much smaller than
the ~10—20 nm ligament/pore structures present in the starting
NP-Al before the hydrolysis reaction to produce H, and Al(OH)s. As
mentioned earlier, the origin of these pores are from the removal of
hydroxide groups from the AI(OH); precursor in the form of H,0
and not from the nanostructuring created during electrochemical
dealloying. This explains why the characteristic pore size in acti-
vated alumina (4—6 nm) is much smaller than in NP-Al (10—20 nm).
A line scan EDS across a bright field STEM image (not shown) of the
activated n-Al,03 product reveals that the elements detected are Al,
0, and residual Mg in agreement with the EDS results from Table 2.

To further confirm the nanoporous morphology observed from

Table 2
Typical EDS data showing the chemical composition of activated Al,05 obtained by
heat treatment of the AI(OH); hydrolysis byproduct.

Element Al Mg (0}

Composition (at. %) 40 2 58
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Fig. 5. High resolution XPS spectra of Al 2p (a) and O 1s (b) peaks obtained from activated alumina. In (a) ~95.23% of aluminum has been converted into Al,03, with only ~4.77% of
unreacted residual Al. In (b) ~5.14% of near-surface oxygen atoms comes from water molecules post adsorbed in the pores of activated alumina.
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Fig. 7. Adsorption and desorption isotherms (left) and BJH adsorption volume-weighted pore size distribution (right) of activated Al,0s.

TEM images (see Fig. 6), nitrogen porosimetry measurements were
performed on the activated 1-Al,03 product. The adsorption (black)
and desorption (red) isotherms are shown in Fig. 7. The isotherm is
a combination of a Type IV isotherm (up to P/Pg = 0.8) typical of
mesopores, and a Type Il isotherm (from P/Py = 0.8—1.0) typical of
macropores [48]. Using these curves, the BET method was used to
obtain the surface area of the activated Al,03 samples, which was
determined to be 161.2 m?/g. The BJH adsorption average pore

width is 6.3 nm, while the BJH adsorption volume-weighted pore
size distribution shows a peak at 6.1 nm. The hysteresis in the
adsorption and desorption isotherms from 0.4 to 0.8 P/Py (Type H1/
H2) indicates that the pores have a smaller neck size around
~5.2 nm (BJH desorption), while the hysteresis above 0.8 P/Pg (Type
H3) could be due to the ligament structure [48]. These results are in
agreement with the characteristic pore size obtained from TEM.
Nitrogen porosimetry measurements performed on the



T. Lee et al. / Renewable Energy 155 (2020) 189—196 195

Table 3
Comparison of BET surface area for different activated Al,03 samples.

Incomplete Al,03

Activated Al,03 Commercial (Alfa)

BET Surface Area (m?/g) 95.47
BJH adsorption average pore width (nm) 7.1
Porosity 39.8%

161.2 220-260
6.2 9
56.4% Not Available

“incompletely” converted Al,03 sample (from Fig. S1) indicates that
the partially-activated Al,O3 exhibits lower porosity, stemming
from the lower reaction yield in producing Al(OH); from hierar-
chical NP-AlL While the 161.2 m?/g measured in the fully converted
1n-Aly03 is high, it should be mentioned that this value is relatively
lower than the specific surface area of commercial activated vy-
Al;0O3 from Alfa Aesar (Catalog no. 43832, catalyst support, high
surface area, bimodal), as shown in Table 3. Thus, optimization
processes to maximize the specific surface area like those used
presumably in industry for commercial activated alumina products
are necessary for further improvements to the hydrogen gas pro-
duction value proposition.

4. Conclusion

In this research, the scalability and value-added byproduct of
hydrogen gas production via the hydrolysis reaction of nanoporous
aluminum with pure water were investigated. A 20-fold improve-
ment in the dealloying rate to produce nanoporous aluminum was
demonstrated using three strategies: increasing the ionic conduc-
tivity of the electrolyte, the surface area of the electrodes, and the
number of electrodes simultaneously used in the cell. The trans-
formation of NP-Al was also analyzed and shown to produce
bayerite Al(OH)s after reaction with water. Thermal decomposition
of bayerite Al(OH)3 led to activated n-Al,03 with a high surface area
of 161.2 m?/g. The surface area of activated alumina can be affected
by various reaction or synthesis conditions producing different
metastable phases of AI(OH); or Al;Os. Thus, for commercial
viability of the activated n-Al,03 product produced by this method,
optimization towards even higher surface areas is recommended
for future applications of this reaction process.
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