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Ultrasonically induced shock waves stimulate intensive interparti-
cle collisions in suspensions and create large local temperature
gradients in AlNi particles. These trigger phase transformations at
the surface rather than in the particle interior. We show that ultra-
sonic processing is an effective approach for developing the
desired compositional gradients in nm-thick interfacial regions of
metal alloys and formation of effective catalysts toward the hydro-
gen evolution reaction.

The hydrogen evolution reaction (HER) is an important tech-
nological process for the production of molecular hydrogen
through water splitting." Catalysts for the HER reversibly bind
hydrogen to their surface.” Rapid HER kinetics was observed
when utilizing expensive metal catalysts.> Recently, it was
shown that near-surface and surface alloys potentially can
have excellent catalytic properties for hydrogen production.®’
However, up to now such alloys were prepared by time and
energy consuming deposition-annealing procedures using
transition metals and the Pt(111) surface.”® In this paper, we
propose a novel and efficient ultrasound-assisted approach to
the manipulation of the metal alloy surface at the atomic level.
We use shock impact of billions of collapsing cavitation
bubbles during ultrasonic processing for near-surface phase
transformation in AINi particles, the transformation which can
hardly be achieved by conventional methods.
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The use of ultrasonic cavitation for near-surface
structuring of robust and low-cost AlNi catalysts
for hydrogen productiont

P. V. Cherepanov,? |. Melnyk,? E. V. Skorb,” P. Fratzl,” E. Zolotoyabko,®
N. Dubrovinskaia,® L. Dubrovinsky,® Y. S. Avadhut,” J. Senker,” L. Leppert,® S. Kimmel®

According to Nerskov et al.,” the free energy of hydrogen
adsorption (AGy-+) on a catalyst surface is a reliable descriptor
of catalytic activity for a variety of compounds. The value of
AGy- close to zero indicates that hydrogen intermediates are
bound neither too strongly nor too weakly to the catalyst
surface. In order to disclose which intermetallic phase in AINi
alloys could potentially be active in HER, we calculated the
free energy of hydrogen adsorption for AINi intermetallics (see
the ESIt for details of our density functional theory (DFT)
calculations).

Fig. 1 demonstrates that the HER can proceed nearly
thermo-neutrally at the (100)-planes of Al;Ni,. In contrast, a
value of AGy- for the Al;Ni(010) surface plane is more negative
due to pronounced surface reconstruction upon hydrogen
adsorption and, hence, this plane can be considered equally
inactive as pure Ni.

The obtained results, therefore, indicate that the
Al3Ni,(100) phase in our intermetallic system is expected to be
the most active for electrocatalysis. By measuring the particles’

Hydrogen evolution at equilibrium (U=0V)
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Fig. 1 Calculated free energy diagram for hydrogen evolution at a
potential U = O relative to the standard hydrogen electrode at pH =
0. Values for Pt and Ni are taken from ref. 33. AlzNi»(100) shows a high
potential for the hydrogen evolution reaction.
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Fig. 2 HER current—potential profiles for the initial and ultrasonically
modified AINi (50 wt% Ni) alloys, bulk commercial AlzNi and AlzNi;
phases, as well as AlNi alloy annealed at 1173 K (a). Galvanostatic HER
profile for ultrasonically modified AlNi (50 wt% Ni) alloy (b).

activity in HER, we can evaluate how accessible the surface of
the Al3Ni,(100) phase is for H-adsorption.

In order to experimentally evaluate the predicted activity of
the intermetallics during water splitting, we tested the func-
tioning of bulk commercial Al;Ni, and ALNi compounds in
HER. The HER current/potential profiles are shown in Fig. 2a.

It is well known that hydrogen production at the surface of
efficient electrocatalysts must be characterized with closer to
zero overpotential and high current density output. As
predicted by our DFT calculations, our experimental results
clearly show that the beneficial phase for water splitting is
Al;Ni,, whereas the Al;Ni phase binds H too strongly. However,
the measured electrocatalytic characteristics of the unstruc-
tured bulk Al;Ni, are not as spectacular as predicted by DFT
calculations, probably due to the low accessibility of the active
Al3Ni,(100) planes for hydrogen adsorption. Therefore, the
decisive question is whether it is possible to find an efficient
method for structuring of the Al;Ni, phase.

Recently, it has been argued that structuring of near-surface
regions in metal alloys is of great importance for achieving
enhanced catalytic activities of intermetallic compounds.®
High electrocatalytic activity was observed”® for structured
compounds with enhanced accessibility of potentially active
crystal planes. Thus, the relatively poor (higher onset over-
potential and lower apparent current density values) electro-
catalytic behavior of Al3Ni, can be enhanced by structuring of
the AINi alloys containing the Al;Ni, hexagonal phase. Upon
controlled structuring of intermetallic phases in the AINi alloy,

2746 | Green Chem., 2015, 17, 2745-2749

View Article Online

Green Chemistry

we do achieve preferential orientation of the (100) hexagonal
crystal planes® at the surface and, thus, the enhancement of
the Al;Ni, activity toward HER.

According to the AINi binary phase diagram'® (Fig. S1,
ESIT) and the previous work on electrocatalytic application of
AINi compounds™ ™ the best AINi candidates for the catalyst
preparation are AINi alloys with nearly 50 wt% of Ni. The
Rietveld refinement of the powder X-ray diffraction (PXRD) pat-
terns of the investigated samples showed that this alloy is a
mixture of Al (2 wt%), AIzNi (43 wt%), and AL;Ni, (55 wt%).
However, during alloy preparation from melt, the desirable
clustering of Al;Ni, at the surface of Al;Ni is kinetically
restricted due to the preferable nucleation of the Al;Ni phase
on the surface of the already formed Al;Ni, phase. At the same
time, the formation enthalpies are AH ~ —65 k] mol™" and
AH =~ —45 k] mol™" for Al;Ni, and Al;Ni, respectively.'> This
means that the AI;Ni, phase is thermodynamically more stable
than the ALNi phase. Indeed, according to the equilibrium
phase diagram at 1124 K, the Al;Ni phase can be transformed
into the AL,Ni, phase (Al;Ni ~2 Al;Ni, + Lis3amni)."° Thus,
in principle, it should be possible to trigger the desirable
phase transformation by conventional heating. However, the
obtained product is not electrochemically active (Fig. 2a, blue
curve), since the highly active surface planes of the (100)-type
remain undeveloped. Therefore, a novel technological solution
is required for dedicated near-surface phase transformations
in AINi particles.'®*®

Technologically fast and controllable local heating of a
surface can be achieved by the impact of micron-size high-
energy cavitation bubbles.’® Collapsing of cavitation bubbles
that are generated in ethanol by high power ultrasound
(HPUS) at 20 kHz induces shock waves and intensive turbulent
flow.?°> In suspensions cavitation triggers intensive interpar-
ticle collisions that result in an extremely rapid local rise of
the surface temperature of the sonicated particles followed by
quenching down to the surrounding medium temperature of
333 K. In this paper, we investigate the HPUS-induced structur-
ing of the intermetallic phases by using ~140 pm particles of
AlNi alloys suspended in ethanol (for details see ESIf). The
catalyst preparation route via ultrasonication is sketched in
Fig. 3 and explained in the ESI,T Fig. S3.

Indeed, the HPUS treatment of AINi particles causes
remarkable modification of the morphology and surface com-
position in the AINi alloys. The compositional and morpho-
logical changes are clearly visible, when comparing the energy-
dispersive X-ray spectroscopy (EDS) results, the *>’Al solid state
nuclear magnetic resonance (NMR) spectra, X-ray photo-
electron spectroscopy (XPS) data and the scanning electron
microscopy (SEM) images. The SEM pictures (Fig. 4b) show the
surface roughening after the HPUS treatment. This surface
modification is clearly revealed in comparison with the rela-
tively smooth particle surface before the treatment (Fig. 4a).
Furthermore, EDS analysis of the surface composition of the
particles before and after sonication shows a mixture of
phases near the surface of pristine particles (Table S2, ESIT).
In contrast, after the HPUS treatment (Fig. 4c and d), EDS
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Fig. 3 Schematic illustration of the catalyst preparation procedure. First
10 wt% suspensions of alloy particles (~140 pm) are sonicated in
ethanol at a frequency of 20 kHz and an intensity of 140 W cm™2 for 1 h.
This processing results in the activation of the catalyst surface (change
in the crystal structure, phase composition, and morphology). After that
the modified particles are centrifuged and dried in an Ar atmosphere.
The dried particles are deposited on a substrate and their electrocataly-
tic activity is evaluated.

detects the presence of a solitary Al;Ni,-phase at the surface.
Additional evidence of the microstructure refinement in the
alloys after the HPUS treatment is provided by selected area
electron diffraction (SAED) (see inserts in Fig. 4a and b). The
ultrasonically induced clustering of intermetallic phases in the
modified AINi particles is also schematically illustrated in
Fig. 4a and b.

The EDS results, as well as the >’Al solid state NMR spectra
(Fig. 4e and f) and XPS surface analysis (Fig. 4g and h),
provide clear evidence of the spatial re-distribution of the
phases within metallic particles after the treatment.

The EDS results, as well as the 2’Al solid state NMR spectra
and XPS surface analysis, provide clear evidence of the spatial
re-distribution of the phases within metallic particles after the
treatment. Due to the skin effect (see ESIT) the penetration
depth of rf fields into conducting and magnetic materials is
limited. Thus the >’Al NMR spectra (Fig. 4e and f) enhance the
surface content of the AINi alloy before and after ultrasonica-
tion. Both materials exhibit five different resonances (Fig. 4e
and f) which are assigned on the basis of the observed chemi-
cal shift. The main contribution arises from metallic Al
(5.7/5.9 wt%), Al;Ni (52.6/50.1 wt%), Al3Ni, (40.9/43.1 wt%),
and Al(OH); (0.8/0.9 wt%) before and after sonication. While
the Al as well as AI;Ni ratios are slightly higher compared to
the results of the PXRD analysis, the Al;Ni, ratio is lower. This
indicates a slight enrichment of Al and Al;Ni at the surfaces of
the alloy particles compared to the bulk composition. Interest-
ingly, sonication increases the surface content of Al3Ni, from
41 to 43 wt%. In parallel the percentage of A;Ni decreases

This journal is © The Royal Society of Chemistry 2015

View Article Online

Communication

ALNi, ALNi il &

ALNi, 5 AlLNi, . <
< ALNi P

\
*.

2 /
1
NiO, M
865 860 855 850
Binding energy / eV

Atom.% h
o | Ni©
ANV
I
h B
¥
Nio, -
L 2 3 N
865 860 855 8
Binding energy / eV
16.6% 29.1% 271% 1.4%
AlNi Al;Niy

AI(OH);

13.9% 329% 25.6%

2000 1500 1000 500 0 &lppm

Fig. 4 Scanning electron microscopy images taken from the surface of
AINi (50 wt% Ni) before (a) and after (b) ultrasonication. The inserts show
selected area electron diffraction patterns, which demonstrate the ten-
dency to form larger intermetallic crystals after the HPUS treatment. The
sketches illustrate the random phase distribution in the initial AINi par-
ticles and the preferential clustering of the AlzNi, phase upon the HPUS
treatment. Energy dispersive X-ray analysis of the metal surface after
ultrasonication proves the formation of AlzNi, at the surface, where
aluminum to nickel ratio is 3 : 2 (c, d). ’ Al MAS NMR spectra (blue) of the
sample sonicated in ethanol (f) as well as pristine AINi (e) and their
corresponding simulated spectra (red) are shown below, respectively. In
addition, the relative intensities of each resonance are indicated (see
also Table S1, ESIf). The asterisks denote spinning sidebands. X-ray
photoelectron spectra of the initial (g) and modified samples (h).

from 52.6 to 50.1 wt% leading to a decreased Al;Ni/Al;Ni, ratio
from 1.3 to 1.15. This finding supports the hypothesis that
Al;Ni transforms slowly in Al;Ni, during sonication. In con-
trast, the PXRD patterns showed that the sonication negligibly
affected the bulk ratio of the phases in the samples. Further-
more, XPS surface analysis showed the increased concen-
tration of Ni° at the surface (Fig. 4h) upon sonication of AINi
alloy particles in ethanol that also might confirm the for-
mation of the more Ni-enriched Al;Ni, phase compared to
Al3Ni that covers the unmodified surface (Fig. 4g).

The formation of the Al;Ni, phase on the alloy surface is
possible if cavitation bubbles can heat the surface to above
1124 K. At this temperature the catalytically inactive Al;Ni
phase is transferred into the beneficial Al;Ni, phase. The
spectroscopic surface analysis before and after the HPUS treat-
ment reveals the formation of the Al;Ni, phase and, thus,
proves local surface heating up to ~1124 K.

Green Chem., 2015, 17, 2745-2749 | 2747
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The development of the ultrasonically induced temperature
gradient within the particles can stimulate additional crystal
growth. We analyzed the PXRD patterns (Fig. S4, ESIT) and cal-
culated the crystallite sizes before and after the HPUS treat-
ment using the Williamson-Hall (W-H) method** > (for
details, see ESIT). According to our estimations, the Al3Ni, and
Al;Ni crystallites in the HPUS-treated AINi are nearly twice as
large (131 nm for Al;Ni,; 113 nm for Al;Ni) as pristine particles
(87 nm for Al3Ni,; 56 nm for Al;Ni). By assuming diffusion-
controlled crystal growth during the treatment period (1 h), we
estimate the diffusion rate in the AINi (50 wt% of Ni) to be
about 2 x 107'® m* s™*. The reference experiments (heating the
particles in an oven for 1 h at different temperatures (for
details see Fig. S5, ESIf)) showed that the observed atomic
diffusion proceeds at an average temperature in the particle
interior that is about T'~ 823 K.

Surface structuring via ultrasonication increases the acces-
sibility of the DFT-predicted beneficial Al;Ni,(100) phase for
H adsorption, which in turn should enhance the catalytic
efficiency toward HER. In fact, we did observe outstanding
improvement of the electrocatalytic properties (Fig. 2a) of AINi
particles after ultrasonication. The onset overpotential vs. SHE
is significantly lowered to —0.25 V as compared to —0.65 V for
pristine AINi alloy particles. At the same time, the apparent
current density values are strongly enhanced. For example, a
drastic (more than 200-fold) increase in the current density
was observed at an onset overpotential value of —0.4 V and was
found to be 28.19 mA cm > (HPUS-treated) as compared to
0.13 mA cm™? (initial).

Another very important parameter for evaluating the
material’s electrocatalytic performance is the exchange current
density (i0), which reflects the intrinsic rate of electron transfer
between the electrocatalyst’s surface and the analyte. There-
fore, we replotted the HER current/potential profiles in the
Tafel coordinates and calculated i0-values for both the pristine
and the HPUS-treated AINi alloy particles. The calculated
i0-value of 17.37 mA cm™> for the HPUS-modified alloy particles
is three orders of magnitude higher than for the untreated
ones (0.016 mA cm™2). All in all, our study shows that HPUS is
a unique technological approach for producing the low-cost
and efficient AINi catalyst for water splitting. The ultrasonically
generated AINi catalyst is very robust and exhibits excellent
stability in electrochemical use (Fig. 2b).

Conclusions

Using density functional theory, we first predicted that the
Al;Ni, phase is potentially effective in the hydrogen evolution
reaction. However, bulk unstructured Al;Ni, compounds
demonstrated relatively low efficiency due to the low accessibil-
ity of the favorable (100) atomic plane. We propose structuring
of AINi alloys containing the AL;Ni, phase as an efficient and
low cost technological approach for enhancing the accessibility
of the Al;Ni,(100) planes that are active in hydrogen adsorp-
tion. The formation of the Al;Ni, phase on the surface of AINi
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alloys is kinetically restricted, but we demonstrate that proces-
sing of the metal surface by ultrasonically generated cavitation
bubbles creates large local temperature gradients in the metal
particles. These stimulate the desired phase transformations
at the surface rather than in the particle interior. In particular,
we show that collapsing cavitation bubbles heat the surface
above 1124 K, thus triggering the near-surface transformation
of the catalytically inactive Al;Ni phase into beneficial Al;Ni,.
In the particle interior, the estimated mean temperature
reaches 824 K, which is well below the phase transition tem-
perature, but still enough for substantial solid-state diffusion
and crystal growth. This simple, fast, and effective ultrasonic
approach toward directed surface modification can be
extended to other intermetallic systems for sustainable energy
generation.

Experimental

The AINi (50 wt% Ni) alloy was prepared by melting Al (99.99%
purity grade) and nickel (99.99% purity grade) foils (purchased
from Sigma-Aldrich) using a Mini ARC melting device MAM-1
(Edmund Biihler Gmbh), TIG 180 DC. The HPUS treatment
of AINi alloy particles was performed using a Hielscher
UIP1000hd, (Hielscher Ultrasonics GmbH, Germany) at an
operating frequency of 20 kHz. Electrochemical characteri-
zation was accomplished in a three electrode cell using a 510
V10 Potentiostat/Galvanostat in the 1 M H,SO, electrolyte.
PXRD accompanied by Rietveld refinement, SEM and energy-
dispersive EDS and solid state >’Al NMR*® were employed to
verify the phase composition of the prepared AINi alloys. TEM
was used to obtain SAED patterns. DFT calculations were per-
formed using the Vienna ab-initio Simulation Package.?’
Detailed information regarding sample preparation, ultra-
sound treatment, characterization methods, and calculations
is available in the ESL.{
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