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HIGHLIGHTS

+ A low-cost Nanoporous Gold (NPG) was prepared by chemical dealloying of a AussFees7 supersaturated solid solution.
+ AuzsFes7 ribbons were obtained by rapid solidification technique.

+ Calphad calculations were done for a better knowledge of the thermodynamics of the Au—Fe system.

+ Economic and sustainability factors have been discussed.

- NPG reveals excellent SERS activity with LOD of 10-*® M for 4,4'-bi-pyridine probe molecule.

ABSTRACT

Keywords:

Au-Fe . . .
Nanoporous gold A low-cost Nanoporous Gold (NPG) has been successfully produced by utilizing the simple method of chemical
Dealloying dealloying. Ribbons of a supersaturated solid solution AussFes7 were obtained by rapid solidification using melt-

SERS spinning technique. Chemical dealloying of the ribbons was achieved in 1 M HNO3s at 70 °C for varying lengths of

Rapid solidification time. The as-quenched ribbon and as-dealloyed samples have been structurally and compositionally investigated

CalPhad using XRD, FESEM and EDS techniques. The obtained NPG is homogeneous with tunable ligament size and shape,

Solidification process easy-to-handle and free-standing. NPG has been successfully applied as substrate for Surface-Enhanced Raman
Scattering (SERS) using 4,4'-bi-pyridine probe molecule. An impressive enhancement in the SERS effect has been
observed. The detection limit is recorded to be as low as 10-®> M. The NPG sample shows great potential as an
economical and highly sensitive SERS-active substrate for life science applications and ultrasensitive instru-
mentation. Catalytic properties have been explored demonstrating a high activity of the material. Most notably, a
metastable precursor has been favourably obtained from an immiscible Au—Fe system. Usage of critical raw
materials has been avoided. A cost-effective starting material has been used in the form of an Fe-rich precursor by
pairing abundant and cheap Fe with Au. Then, an elegant and rapid dealloying procedure makes the overall
production of NPG an inexpensive and sustainable process.

1. Introduction extraordinary catalytic activity, large surface area and free-standing

samples [4].

Nanoporous (NP) metallic materials, an exceedingly interesting class
of materials with unique physical and chemical properties, continue to
be profoundly useful in fields of catalysis, hydrogen storage, molecular
sieves, fuel cells etc. [1]. An NP metal has a morphology constituted by
ligaments and pores in a three-dimensional framework of a nearly pure
metal [1]. Nanoporous gold (NPG) is one of the most favourable NP
metals with a number of applications such as in electrocatalysis [2],
SERS [3], as sensors [2] etc. ascribed to its peculiar properties, i.e.,

A technique which has gained substantial fascination for tailoring NP
metals is dealloying - a phenomenon of corrosion involving the removal
of the less noble metal from a solid solution alloy selectively [5]. During
this process, Au ad-atoms rearrange simultaneously by surface diffusion
forming a network of ligaments and open pores [6-8]. Dealloying can be
used for both crystalline and amorphous alloys [9,10]. The state of the
chosen alloy precursor determines the morphology of the obtained NP
metal [4,11]. In case of dealloying a crystalline alloy, the parent
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microstructure is retained and a single porous crystal evolves from each
grain [12], contrary to the case of amorphous precursors in which lig-
aments result from the impingement of numerous fine crystals [4,13,
14]. There are several types of dealloying among which chemical and
electrochemical are the most performed. One of the most important
parameters governing the process of chemical dealloying is the parting
limit defined as the minimum value of the more noble metal’s concen-
tration in the solid solution alloy above which dealloying will not occur
[1,15,16]. The NP metal obtained by dealloying can be customized for
specific uses in terms of ligament and pore size and shape which is easily
done by altering the trial conditions, i.e., extent of dealloying treatment,
electrolyte’s type, concentration and pH, and temperature of dealloying
and precursor [17].

In this study, the choice of metal to be paired with Au was largely
dependent on: (i) mechanical strength; (ii) cheap and abundant avail-
ability; and (iii) the ease of dealloying in attainable experimental con-
ditions using common electrolytes. Iron satisfies all of the above-
mentioned criteria. The composition for the master alloy was opted to
be Fe-rich so as to minimize the amount of expensive Au, yet keeping it
within the parting limit. After a careful analysis of the equilibrium phase
diagram of the Au—Fe system, the minimum possible Au composition
which can be used for successful dealloying was determined to be 33 at.
% Au. The phase diagram clearly displays extended miscibility gap of
these metals in the solid state [18] due to the contrast in the structures of
the body-centred cubic (bcc) Fe and face-centred cubic (fcc) Au as well
as in their lattice parameters [19]. There is absence of any intermetallic
compound. Although Fe and Au have no solubility in each other at room
temperatures [19], by rapid solidification the elements can be forced to
form a supersaturated solid solution which is stable at room temperature
[20-22].

The most active metal used in HER is Pt. But it comes with its
drawbacks, i.e., costliness, limited availability and inadequate dura-
bility [23]. Efforts to fabricate and develop an efficient and durable
non-Pt catalysts with comparable catalytic activity have been at the
forefront in recent years because of the incessant worldwide energy
demands [24]. Reported is the use of palladium nanocubes coated with
molybdenum [25]; nanoparticles of Au—Ni alloy supported on reduced
graphene oxide [26]; gold aerogel supported on graphite carbon nitrite
[27]; N, P co-doped carbon nanofiber networks [28]; MsC (M: Fe, Co, Ni)
nanocrystals encased in nanoribbons of graphene [29] nanoparticles of
Pd-Ru encapsulated in porous carbon nanosheets [30]; CoP nano-
crystals that are urchin-like [31]; Phosphorus doped MoS, [32]; nano-
structured porous gold film [33]; anodized NPG [34]; and amorphous
MoS; on NPG [4] among many others as alternative materials to Pt. NP
metals are of significant interest in this respect. In the same thread,
considering their large surface area, nobility and inexpensiveness, we
examined the HER activity of one of the obtained NPG samples.

Surface-Enhanced Raman Scattering (SERS) is an outstanding trace-
level molecular detection technique in biological and chemical systems
owed to its remarkable molecular sensitivity and specificity [3,35]. A
combined effect of chemical [36] and electromagnetic enhancements
[37] has been recognized as the cause of the strong SERS amplification.
Species chemisorbed to the surface form a charge-transfer complex

which generates the chemical effect [38] while the resonant coupling
between the incident laser light and localized surface plasmons give rise
to the electromagnetic effect [38,39] at nanopores, sharp edges and tips
called “hot spots™ [40,41]. Numerous evidences have been reported
regarding successful utilization of NPG as a SERS substrate as they offer
countless active sites augmenting the excitations of localized surface
plasmons [41-44]. Thus, one of the produced NPG samples obtained
from a simple synthetic procedure has been tested as a highly active,
steady and inexpensive alternative to previously reported NPG samples.

In this paper, NPG has been fabricated from AussFes; supersaturated
solid solution precursor of composition 67 at. % Fe and 33 at. % Au

within the parting limit of Au. Chemical dealloying has been accom-
plished in 1 M HNO; at 70 °C for diverse durations. HER and SERS

studies have been reported utilizing the enhanced surface area and
typically numerous active sites offered by the NPG sample. The sample
has displayed excellent performance as discussed in detail below. The
important factors of affordability and sustainability of the proposed
nanoporous metal have also been discussed which make it a competitive
candidate among contemporary commercial materials.

2. Experimental

To prepare the AuzsFes; master alloy with target composition of 67
at. % Fe and 33 at. % Au, pure elements (99.95% Fe and 99.99% Au)
were subjected to arc-melting in Ti-gettered Ar atmosphere. Rapidly
solidification of the obtained ingot was achieved by melt-spinning
technique at a linear speed of 25 m s~ in a closed chamber under Ar
atmosphere. The obtained ribbons were long, continuous and homoge-
neous having 15 pum thickness and 8 mm width.

Dealloying of the as-quenched AussFes; ribbon was performed
chemically in 1 M HNOs, at 70 °C, for durations of various lengths
ranging from 1 h to 48 h. Chemical grade reagents and deionized water
were used to prepare all electrolytes. Samples were rinsed in deionized
water, air-dried and stored in a closed and clean box before
characterization.

Characterization techniques involved Panalytical X-pert X-ray
Diffractometer in Bragg—Brentano geometry for phase determination,
the obtained XRD patterns were analysed using the Xpert Highscore
software and peak assignments were done utilizing the ICDD database
provided by the software. Moreover, Field-Emission Scanning Electron
Microscopy and Energy Dispersive X-ray Spectroscopy were used for
morphological and compositional analyses respectively.

The HER activity of the obtained NPG was evaluated at room tem-
perature in 0.5 M H,SO,. Three-electrode cell configuration was used, i.
e., NPG sample as the working electrode, Pt-grid counter-electrode and
saturated Ag/AgCl double-bridge reference electrode. Linear Sweep
Voltammetry (LSV) was conducted in 0.5 M H,SO, from 0.54 V to -0.39
V vs RHE at 2 mV s-! scan speed. As reference, a pure Pt sheet was used.
All potentials were reported to the reversible hydrogen electrode (RHE)
adding a value of (0.199 + 0.059 x pH) V. Electrochemically Active
Surface Area (EASA) for the selected NPG sample was estimated by
electrochemical oxidation of 0.5 M KOH via Cyclic Voltammetry (CV) at
a20 mV s-scan rate from 0.4 V to 1.6 V vs RHE [45,46] (Fig. S3 in the
supplementary material). The area under the reduction peak of the
graph collected from the CV reveals the EASA by providing an account of
the electrochemically active sites [47] which came out to be 6.48 cm?
The obtained EASA was used in normalizing the current density.

SERS measurements were conducted by a Renishaw inVia Raman
Microscope with 785 nm laser line (0.05% power, 50 X ULWD objective,
acquisition time of 20 s); the SERS probe molecule was chosen to be 4,4"-
bipyridine (bipy) [35]. Firstly, concentrated HNO3; was used to clean the
NPG sample for 5 min, followed by rinsing with de-ionized water. Af-
terwards, the ethanol solution of bipy of 10-° M, 10-!2 M and 10-** M
concentrations were used to immerse the sample for 20 min, which
enabled adsorption of the probe molecules on the sample surface.
Diluted solutions were freshly prepared the day before the experiments
and stored in new wide neck 50 ml PE bottles. The volume of solution
used for adsorption is that one of an Eppendorf vial of 1 ml. This amount
of solution was taken from the PE bottle using a 1000 pl mechanical
micropipette, taking care of using a new tip per each concentration.
Therefore, no contamination is expected. After air-drying, the sample
surface was measured.

This protocol was followed for the SERS experiments: the same piece
of sample was used for all the measurements at different bipy concen-
trations, starting from the lowest concentration of 10-** M. The sample
did not show any signals. Then, the sample was washed and immersed it
in a higher concentration of 10-'> M for 20 min. This time the sample
showed good signals at 5 different sites establishing the fact that 10-1°
M was the limit of detection. Afterwards, the same procedure of



washing, immersing and measuring the sample was repeated in higher
concentrations until 10-° M.

Based on the representative peak at 1614 cm-! SERS intensity
mapping image was collected in a 20 x 30 um? area with step size of 5
um, a spot size of 2 x 1 pm? and 35 points for 10-'2 M bipy concen-
tration. Chemical grade reagents and de-ionized water were used to
prepare all solutions.

The Calphad method was applied to perform thermodynamic cal-
culations [48] using the ThermoCalc software v. 2021a [49]. Literature
was referred for the thermodynamic parameters for the Au—Fe system
[50].

3. Results and discussion
3.1. Microstructures obtained from rapid solidification

Fig. 1 depicts the SEM back-scattered electron (SEM-BSE) image of
the as-quenched ribbon cross-section (Fig. 1 (a)) together with a
magnified image of the air-side (Fig. 1 (b)) and wheel-side (Fig. 1 (c))
surface of the ribbons. At a first glance, the wheel-side area appears to be
constituted by a finer microstructure, while the air-side shows a coarser
microstructure with a quite well-defined line of microstructure change
visible in the middle of the ribbon cross section (Fig. 1 (a)). This is
mainly due to the faster quenching rate during the process of solidifi-
cation acting over the side of the ribbon that lies in direct contact with
the wheel. On the other hand, the air-side experiences a much lower and
less efficient rate of heat extraction from the liquid melt [51]. At a more
precise analysis it is possible to see that in the wheel side only a matrix
with embedded precipitates can be observed, as displayed in Fig. 1 (b),
while in Fig. 1 (c) the air-side is observably composed of dark dendritic
grains and a bright matrix by with embedded precipitates.

In order to have a profound understanding of the microstructure of
the rapidly solidified ribbon, Calphad calculations were done for a better
knowledge of the thermodynamics of the Au—Fe system. In Fig. 2 (a) the
calculated Au—Fe phase diagram is reported together with the meta-
stable miscibility gap (green curve) in the fcc phase, originating two
composition sets, one Au-rich and the other y-Fe-rich. Furthermore, the
To lines for fcc (red curve) and bec (blue curve) phases are also reported
in the same figure. The T, lines are the locus of points (temperatures as a
function of composition) where the Gibbs free energy of the liquid and a
solid phase are equal [52]. As it can be seen, the T, line of fcc phase for
the AussFes; composition lies at 1183 °C, i.e., just 79 °C below the
liquidus temperature and slightly higher than the peritectic tempera-
ture, so at undercoolings that can be easily achieved with quenching
rates of with a melt-spinning apparatus. On the contrary, the T, line for
the formation of a bcc phase lies at far lower temperatures. Therefore,
we can expect that the liquid phase, reaching the T, line on cooling, is
partition-less transformed into a fcc solid solution with AugsFeg;
composition. This conclusion can be further supported by the driving
forces for nucleation estimated for pure Fe in both fcc and bcec structures
and AugsFeg; solid solutions in bce and fcc structures from the liquid
phase, as reported in Fig. 2 (b). It is possible to see that at elevated
temperatures the fcc solid solution has a slightly greater driving force for
nucleation from the liquid with respect to the other phases (inset in
Fig. 2 (b)), while at lower temperatures (around 850 °C) the bcc solid
solution gains a higher driving force for the formation during
solidification.

On this basis, the microstructure of each side of the ribbon can be
interpreted as follows:

i) wheel side (Fig. 1 (b)): An fcc (Au) solid solution with AussFes;
composition is formed directly from the liquid during the solidifi-
cation with a partition-less solidification. This can be allowed by a
significant undercooling of the liquid alloy due to the rapid solidi-
fication. Ty curve lies close to the liquidus line so a limited under-
cooling is sufficient to allow the partition-less solidification of the

Fig. 1. SEM-BSE image of the as-quenched AussFees7 ribbon (a) cross-section;
(b) wheel side surface; and (c) air side surface with the inset showing the
magnification of the dendritic region with white lamellas.
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liquid with subsequent suppression of the peritectic reaction. During
further cooling down, the metastable miscibility gap of the two fcc
phases is reached and a consequent precipitation of a y(Fe) phase can
be expected from the fcc (Au) followed by the eutectoid reaction of
the latter phase that mainly allows the change in structure of the fcc
v(Fe) into bee a(Fe) with the formation of a limited amount of fcc
(Au) with a eutectoidic microstructure (i.e., alternated lamellas of
the two phases). At further cooling, from the fcc (Au) matrix, a(Fe)
precipitates are formed (due to the large change in solubility of Fe in
Au), while the already formed a(Fe) remains almost unchanged due
to the small change in solubility of Au in Fe. So, to summarize, at the
end of the solidification process, an fcc (Au) matrix can be observed
(white phase in Fig. 1 (b)) with precipitates of bcc a(Fe) of different
sizes depending on the temperatures at which they are formed during
cooling (black precipitates in Fig. 1 (b)); moreover, alternated la-
mellas of the two phases must be present but these are difficult to be

identified because of the large amount of alternated black and white
grains.

air-side (Fig. 1 (c)): The quenching rate is not rapid enough to allow
the liquid to reach Ty line in undercooling, therefore solidification
from the liquid of the fcc y(Fe) primary phase in dendritic shape can
be expected. When the peritectic reaction occurs (at peritectic tem-
perature or below) an fcc (Au) phase is formed due to the diffusion of
Au atoms, present in the Au-rich liquid, into the fcc y(Fe) dendrites.
The diffusion coefficient of Au in Fe is low [51]. So, we can expect
that at the acting solidification rates, the peritectic reaction is
incomplete and the core of the former dendrites remains rich in Fe, i.
e., fcc y(Fe), while on the outer part of the pristine dendrites fcc (Au)
is formed. When the solidification is completed below the solidus line
the microstructure is therefore composed by two phases: i) fcc (Au)
(the majority) and fcc y(Fe) in small amount maintaining the original
dendritic shape. During cooling down, the miscibility gap is reached
so that fcc y(Fe) precipitates are formed into the fcc (Au) phase. The
eutectoid reaction allows the formation of a lamella like micro-
structure with the formation of alternating grains of fcc (Au) and bcc
a(Fe); this microstructure is visible where the dendritic regions
named 1 in Fig. 1 (c) are present in which white lamellas are visible.
In the inset of Fig. 1 (c) a magnification of the dendritic regions is
reported in which the eutectoid microstructure is evident (number 2
in inset of Fig. 1 (c)). Cooling down further to room temperature, the
formation of bcc a(Fe) precipitates is observed in fcc (Au) visible in
bright regions as darker acicular structures (number 3 in Fig. 1 (c)).
This is due to the large slope of the solvus line and the large differ-
ence in solid solubility of Fe in Au at decreasing temperatures.

=

EDS analysis confirmed that the desired average composition of 33
at. % Au and 67 at. % Fe was obtained.

The as-quenched ribbon was characterized on both sides by XRD and
no significant preferred orientation was detected in the patterns, while
the phases described in the microstructure of the ribbons are confirmed.
Fig. 3 (a) shows the XRD pattern of the as-quenched ribbon in which the
peaks are present related to the solid solutions of bcc a(Fe) and fcc (Au),
metastable and supersaturated, denoted by the orange dots and the
green squares respectively. The peaks have been assigned considering
the ICDD Au reference pattern 03-065-8601 and Fe reference pattern 03-
065-4899. It is common knowledge that the lattice parameter of solid
solutions can change depending on the composition. In this case, fcc
(Au) phase has a lower lattice parameter with respect to pure Gold since
Fe atoms have been incorporated in the Au structure and because of this

T g T B T T T T T T T T
= | ® fce (Au)
‘Au reference pattern 03-065-8601
l | Fe reference pattem 03-065-4890 | M bcC a(Fe)
fce pure Au
¢ ey
S o vt
e g
5
@®
~
>
S —
1]
q’ y
< I Y
[
2 . J\L
il J\/*T_

I T
30 35 40 45 50 55 60 65 70 75 80 85
20/

Fig. 3. XRD patterns of (a) the as-quenched ribbon, (b) NPG_1h and
(c) NPG_8h.



the peaks in the XRD pattern are shifted towards higher diffraction an-
gles [53]. This shift in the (Au) peaks can be easily noticed in the XRD
pattern for the as-quenched ribbon. Similarly, the bcc a(Fe) solid solu-
tion sees an increase of the lattice parameter to accommodate Au atoms
in the Fe lattice resulting in the shift of the Fe characteristic peaks to-
wards smaller diffraction angles. This is corroborated by the Au and Fe
lattice parameters in the as-quenched ribbon, i.e., 0.399 nm and 0.294
nm respectively.

3.2. Chemical dealloying

HNOs is a well-known and efficient electrolyte to remove Fe present
in the alloy matrix simultaneously having no effect on the Au concen-
tration. Chemical dealloying of the as-quenched ribbon was performed
in 1 M HNOj3 at 70 °C for 1 h (NPG_1h), 2 h (NPG_2h), 4 h (NPG_4h), 6 h
(NPG_6h) and 8 h (NPG_8h). Fig. 3 (b) shows the XRD pattern for
NPG_1h. It can be noted that after 1 h of the dealloying treatment the
peaks of bcc a(Fe) phase have disappeared from the pattern signifying
the complete removal of the less noble phase from the alloy

microstructure due to a galvanic effect. Moreover, the removal of Fe
from the (Au) solid solution with a proper dealloying mechanism is also
acting, probably starting when the bcc a(Fe) phase is completely dis-
solved into the electrolyte. The Fe removal enables the formation of Au-
rich ligaments by surface diffusion of the Au adatoms on the surface of
the pristine (Au) solid solution. This is observable in the XRD pattern
due to the presence of emerging peaks of a new fcc phase, denoted by
orange triangles, whose lattice parameter approaches that of pure Au.
Given the smaller duration of dealloying, the pristine fcc (Au) phase can
be clearly detected in the XRD pattern meaning that the sample has not
been fully dealloyed. A rough estimation of the lattice parameter gave
the value of 0.396 nm confirming the presence of the Au-rich fcc (Au)
pristine phase, for which a similar a, was determined. This result is
related to the limited change in the amount of Fe in the fcc (Au) phase,
that remains almost unaffected in the core of the ligaments underneath
the Au-rich layer produced by Au ad-atoms surface diffusion. For
NPG_8h, the XRD pattern in Fig. 3 (c) shows that the amount of fcc (Au)
solid solution is decreased with respect to the previous sample while the
amount of almost pure Au phase is increasing, in fact, the (Au) solid

Fig. 4. SEM-SE images of (a) NPG_1h; (b) NPG_2h; (c) NPG_4h; and (d) NPG_6h; () NPG_8h; and (f) cross-section of NPG_8h. The insets show magnified view of

respective samples.



solution peaks are reduced in intensity with respect to the NPG_1h
sample, while the pure Au peaks are increased in intensity. This, obvi-
ously, means that more Au-rich ligaments have been formed as a result
of longer duration of the dealloying treatment. Moreover, the amount of
Fe in solid solution in Au ligaments is slightly reduced after 8 h of
dealloying as a limited shift of the (Au) peaks is observed in NPG_8h with
respect to NPG_1h. Interestingly, the fcc (Au) phase is present even after
8 h of the treatment revealing that a certain amount of Fe still exists in
this phase which is not dealloyed.

The SEM secondary electron (SEM-SE) images are presented in
Fig. 4 for the as-dealloyed samples. The sample NPG_1h (Fig. 4 (a))
exhibits a bimodal bicontinuous nanoporous morphology extended
throughout the surface. There are small regions comprised of fine liga-
ments (approximately 29 nm) and surrounded by regions with
comparatively bigger ligaments (approximately 52 nm). This bimodal
morphology seems to be a result of variation of content distribution of
Au and Fe in the as-quenched ribbon. The finer morphology must have
originated from the dark dendritic grains of bcc a(Fe) phase as already
shown in Fig. 1 (c), while the coarser one from the surrounding area rich
in fcc (Au) phase. During dealloying, Fe was removed from both the
phases but the presence of relatively higher Au content in the sur-
rounding region resulted in slower rate of dealloying and faster surface
diffusion of the Au atoms leading to formation of thicker and bigger
ligaments. In addition, due to higher Fe content in the dark dendritic
grains the dealloying rate is high leading to formation of finer ligaments.
With an increase in the duration of the dealloying treatment, e.g., in
NPG_2h, this morphological distinction tends to fade out slightly. This
effect augments on increasing the dealloying time further as it allows the
ligaments to diffuse into neighbouring regions coalescing and homoge-
nizing the overall morphology. Eventually, the surface becomes more
homogeneous and ligament sizes are in unison, i.e., 43 nm (Fig. 4 (e)).
Moreover, coarsening is also observed at the same time during the
process because of increased dealloying time as a consequence of which

slight coverage of the nanopores can be noticed. Cross-sectional SEM
images of NPG_1h, NPG_2h, NPG_4h and NPG_6h_have been provided in
Fig. S1 while the side-by-side SEM-SE and BSE images of NPG_1h and
NPG_8h can be found in Fig. S2 of the supplementary material. The EDS
analysis gives the Au and Fe composition of each sample as follows: 65
at. % Au and 35 at. % Fe for NPG_1h; 71 at. % Au and 29 at. % Fe for
NPG_2h; 81 at. % Au and 19 at. % Fe for NPG_4h; 88 at. % Au and 12 at.
% Fe for NPG_6h; and 92 at. % Au and 8 at. % Fe for NPG_8h. To
summarize, as the dealloying time increases, a surge is noticed in - (i) the
atomic percentage of Au; (ii) the size of the ligament; (iii) the homo-
geneity of the surface morphology.

3.3. Hydrogen evolution reaction studies

The sample used for HER experiments was NPG_8h as, when
compared to the other samples, it has the largest specific surface area
evidenced by the CV measurements provided in Fig. S4 of the supple-
mentary material. Since the active sites on the catalyst surface usually
increase in number with increasing surface area, NPG_8h has the most
number of active sites potentially generating the highest catalytic ac-
tivity [54]. In addition, it possesses a homogeneous nanoporous
morphology with the highest Au content, i.e., 92 at. %.

Fig. 5 (a) depicts the obtained HER polarization curves. -5 mA cm-2
current density is shown by the sample at —0.38 V overpotential. As
evident from Fig. 5 (b) below, the obtained onset potential is -4 mV
which is better than that for a bare Pt sheet, i.e., -13 mV. On compar-
ison it is clear that the obtained onset potential is superior to numerous
already reported electrocatalysts: —48 mV for nanostructured porous
gold film (NPGF) [33]; -53.8 mV for self-supported NisS; film on a
nanoporous copper (NisS;@NPC) electrode [55]; 59 mV for Co,
N-co-doped nanotube/graphene 1D/2D heterostructure (Co/NCNT/NG)

[56]; -85 mV for bio-derived nanoporous activated carbon sheets [57];
142 mV for MoS; nanosheets on 3D conductive MoO, (3D MoS,/MoO,)
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Fig. 5. (a) LSV polarization curves, (b) Onset potentials and (c) Tafel slopes for pure Pt (black solid line) and NPG_8h (blue spheres) (d) Chronoamperometric
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[58]; and —=164 mV for WS,/PEDOT composites electrodeposited onto
nanoporous gold [59].

The plot of overpotential vs log of current density in the region after
the onset potential was used to estimate the Tafel plot of the sample and
references. The Tafel equation below was used to linear-fit the data,

n="blogj+a

7 being overpotential, j, current density and b, Tafel slope.

The HER mechanism is determined by the Tafel slope based on the
classical hydrogen evolution theory. Three key steps occur in an acidic
environment: (i) the discharge or VVolmer reaction, (ii) the combination
or Tafel reaction and (iii) the desorption or Heyrovsky reaction [60,61].
In the first step discharge process comes into play involving interaction
between a proton and an electron leading to formation of an adsorbed
hydrogen atom on the surface of the electrode. If the reaction follows the
Tafel step, H; is evolved from combination of two adsorbed hydrogen
atoms, whereas in Heyrovsky, H; is generated when another electron
combines with a proton and an adsorbed hydrogen atom. The Tafel slope
also denotes the rate determining step (r.d.s.): 120 mV dec-! or higher
value - Volmer reaction; 40 mV dec-! - Heyrovsky reaction while slopes
close to 30 mV dec-! - Tafel reaction [62]. From Fig. 5 (c), the Tafel
slope for NPG_8h is determined to be 47 mV dec-! which is much lower
than that for Pt, i.e., 50 mV dec-1. This signifies that a huge increment in
the current density is achieved with a minor raise in the overpotential.
The rate-determining step in this case should be the Heyrovsky reaction.
The obtained Tafel slope value of 47 mV dec-! proves to be better than
quite a number of electrocatalysts such as 51 mV dec-! for nanoporous
ruthenium (np-Ru) [63]; 53 mV dec-! for WS,/PEDOT [59]; 54 mV
dec-! for MoP/N,P-rGO [64]; 63.5 mV dec-* for Ni3S2@NPC [55]; 67

mV dec-! for CO/NCNT/NG [56]; 74 mV dec-! for nanoporous gold/-
tungsten sulfide composite film [65]; and 85 mV dec-* for NACS [57].

The intercept of the Tafel plot gives a large value of exchange current
density, i.e., 0.12 mA cm-2 which indicates generation of high current at
a given overpotential [66]. This also points towards high activity of the
electrode surface, meaning the energy barrier is much lower allowing
the charge to easily overcome it and move between the catalyst surface
and the electrolyte which results in faster electrochemical reactions
[66]. The obtained exchange current density, i.e., 0.12 mA cm-?, is
comparable to 0.126 mA cm-2? achieved in case of NPGF [33] while
exceeding the value of 8.32 x 10-°* mA c¢cm-2 for Au-MWCCE [67]; 5.9 X
10-°> mA cm-2 for nanoparticles of CoTe, [68]; and 9.0 X 10-* mA cm-2
for 3D M0S,/Mo0O, [58]; 0.04 mA cm-2 for WS,/PEDOT [59]; 9.2 X
10-* mA cm-2 for MoS,-Mo-1h [69]; 1.92 x 10-* mA cm-2 for CoN-
i@N-C/rGO [70]; 0.017 mA cm-2 for hierarchical nanotubes of B-Mo,C
[71]; and 0.017 mA cm-2 reported for carbon fibre Pd-modified elec-
trode [72,73].

The stability of the electrocatalyst has been also evaluated. Chro-
noamperometric measurement was executed in 0.5 M H,SO, at a po-
tential of —0.18 V vs RHE as shown in Fig. 5 (d). The current remains
remarkably stable for more than 20 h. In addition, LSV polarization
curves were obtained for NPG_8h at a scan rate of 2 mV s-* for 200
cycles of potential scans as depicted in the inset of Fig. 5 (d). The elec-
trolyte colour or the electrode surface morphology suffered no visible
change during the course or at the end of the measurements.

The brilliant catalytic performance of the NPG sample is ascribed to
the innumerable active sites present in the sample by virtue of its
nanoporous morphology, structure and composition. The structural
defects combined with Au sites such as steps, edges or kinks that are
lowly coordinated, act as active sites within the porous scaffold of the
NPG sample [74]. The nanoporous geometry causes the reactant species
to be trapped during the reaction displaying a nano-confinement phe-
nomenon [75]. The numerous collisions between the trapped species
and the active sites result in enhancement of the overall reaction effi-
ciency [75]. Besides, the residual atoms of Fe, being a catalytically
active metal itself, present in the NPG sample, also contribute to the
defect sites thereby elevating the sample’s total electrocatalytic

proficiency [75,76].

Overall, based on these outstanding findings NPG_8h exhibits quite
promising potential to be an electrocatalyst for HER. Since a simple, fast
and cost-effective dealloying procedure has been used to obtain NPG_8h
from a low-cost precursor, it can serve as a favourable alternative to Pt.

3.4. SERS studies

Noble metal based nanomaterials have been known to display
powerful SERS enhancement credited to their exceptional surface plas-
mon resonance properties [77]. In the same thread, we tested NPG_8h
for its performance as a SERS-active substrate owing to its homogeneous
nanoporous morphology, highest Au-rich composition as well as the
largest EASA. The sample was immersed for 20 min in ethanol solution
of 4,4-bipyridine (bipy) probe with diverse concentrations, i.e., 10-° M,
10-'2 M and 10-** M bipy, after which the SERS effect was tested. The
time of 20 min was chosen in accordance with our prior experience and
thinking of a practical and routine application of the substrate; indeed,
that time is enough to enable adsorption of the probe molecules on the
sample surface and get a good signal.

Notably, the main objective of this SERS investigation was to esti-
mate the low detection limit (LOD) of the NPG sample. Before and after
the treatment, the sample was free-standing, bendable and easily
handled with tweezers showing favourable characteristics for an active
SERS-substrate. After 20 min of immersion in 10-'* M bipy solution
SERS spectra on both surfaces of the sample were obtained after exciting
by a 785 nm laser at five arbitrarily selected sites on each side as shown
in Fig. 6 (a). At 1614, 1297, 1233, 1077 and 1026 cm-! the character-
istic peaks can be detected, fairly agreeing with the literature [35]. The
spectra show a discrepancy in terms of the bandwidth and relative in-
tensity at different sites which is caused by the adsorption kinetics and
orientation of molecules along with the electromagnetic field disparity
at each “‘hotspot” [40]. These spectra that are similar in nature, allow us
to predict that whatever the site on the sample surface the same type of
spectrum will be obtained on an average; this is a good check of the
readability of the SERS signal displayed by the NPG sample.

Fig. S5 (a) and (b) in the supplementary material show the SERS
spectra obtained for 10-° M and 10-!2 M bipy solution using a 785 nm
laser at five arbitrarily selected sites. The well-established electromag-
netic mechanism serves as the primary reason for the observed
enhancement of SERS effect on NPG which is related to effective surface
plasmon excitation and confinement [78]. A bonus effect of localization
of electromagnetic field in the pores is also in play [79]. The unique
bi-continuous pore-ligament framework of the NPG sample with highly
curved morphology offers highly dense low coordination sites such as
holes, steps and kinks which interact strongly with the target molecules
[74]. This allows for a conducive generation of local Raman *‘hot spots”
where the localized surface plasmons experience resonant excitation
enabling intense enhancements of local electromagnetic fields [80].
Also, the adjacent gold ligaments experience electromagnetic coupling
which further leads to improvement in the localized field intensity
adding to the overall SERS enhancement [81]. A graph depicting the
spectrum with the most intense Raman signals for each bipy concen-
tration can be found in Fig. S6 in the supplementary material. Fig. 6 (b)
below displays the average Raman signal for 10 accumulations per bipy
concentration after excluding the extraordinarily high signal arising
from a possible hotspot encounter (visible in the case of 10-* M bipy
concentration in Fig. S6 of the supplementary material). In Fig. 6 (c) the
relationship between bipy concentration and the average SERS intensity
at 1614 cm-! is demonstrated; variation of degree of intensity at each
concentration is represented by the error bars. Considering this average
signal intensity and the related errors per bipy concentration there exists
a decreasing trend of SERS intensity as a function of the decreasing
concentration of the analyte considering the error bars which is in
agreement with the literature. The detection limit is as low as 10-'* M

which is an impressive achievement of this NPG sample. Fig. S7 in the
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Fig. 6. (a) SERS spectra of bipy at 10-!> M concentration at different sites on
NPG_8h. (b) SERS spectra of NPG_8h for different bipy concentrations (10 ac-
cumulations each). (c) Relationship between the logarithm of bipy concentra-
tion and the average SERS intensity at 1614 cm-! and the related error bars.
dealloying AuzoCussAg7PdsSizo metallic glass precursor electrochemically [42];
10-*2 M for lamellar nanoporous gold thin film [82]; 10-** M for NPGs ob-
tained by chemically dealloying AusoCussAg7PdsSizo amorphous alloy [9] and
Au20CussAg7PdsSize metallic glass precursor [35] respectively. Fig. 7 (a,b)
respectively show 3D and 2D maps of SERS intensity at 1614 cm-* with bipy
concentration of 10-'2 M. These mapping images evidently depict the presence
of ‘“‘hotspots”. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

supplementary material shows the comparison of SERS spectra obtained
for 10- M and further lower concentration of 10-'® M; the latter
showed no signals concluding that 10-'° M is indeed the detection limit.
When compared to previously reported NPG samples acting as SERS
substrates, the detection limit of 10-'* M for bypridine exhibited by our
sample is lower than that for a number of samples such as 5 x 10-* M
for NPG of ligament size 5 nm [43]; 10-'* M for NPG obtained by

4. Economic and sustainability factors

An important objective of this work has been to synthesize high
quality NPG in a cost-effective and sustainable manner. Discussed below
are some reasons which make for a convincing case in favour of this NPG
sample as a better alternative among contemporary candidates.

(i) Considering the current commodity prices in London Metal Ex-
change, i.e., the world centre for the trading of industrial metals,
it is evident that Fe can be procured quite cheaply [83]. The
actual price of Fe falls around 450 $/ton while that of some other
common metals used in the production of the precursors for NPG
fabrication is as follows: Al about 3000 $/ton (for Al-Au alloy),
Cu about 9000 $/ton (for Cu—Au alloy) and Ag is 800 $/kg for
Ag-Au alloys (which is about 2000 times higher than Fe). Hence,
it serves as a better option in terms of inexpensiveness and
availability.

(if) We have utilized the lowest possible concentration of Au for the
precursor, i.e., 33 at. %, in accordance with the parting limit.
Since it is rather common to use Au-rich precursors as reported in
literature our approach is quite contrary which allows us to cut
down the total cost right from the start.

(iii) The usage of multi-metallic crystalline as well as amorphous
precursors has been commonly seen in many previously reported
articles. Procuring a number of metals for a single precursor
(some of them being critical raw materials) only adds to the
overall cost. Additionally, this can complicate the synthetic pro-
cedures requiring usually more than one dealloying process to
remove the multiple less-noble metals. On the other hand, we
have employed a bimetallic precursor pairing Fe with Au,
knowing well that Fe is a low-cost, hugely abundant and active
metal. Such approach has greatly reduced the cost and simplified
our synthesis procedure while advocating the issue of sustain-
ability at the same time.

(iv) We have not employed any critical raw material to combine with
Au for the precursor alloy. Ag, a critical raw material, is a
commonly used Au-pairing metal [84]. Fe, being an active,
abundant and cheap metal, has been used to replace Ag giving
similar or better outputs in terms of the quality and properties of
the resultant NPG.

Based on all the above points the NPG sample reported in this work is
an outstanding, cost-effective and sustainable alternative as an electro-
catalyst for HER as well as a SERS-active substrate.

5. Conclusions

Nanoporous Gold has been successfully obtained using a cheap and
efficient AussFeg; precursor. The precursor ribbons were prepared by
subsequent techniques of arc melting and melt-spinning. Chemical
dealloying was carried out in 1 M HNOg at 70 °C for different lengths of
time. The obtained NPG samples display distinct nanoporous
morphology. Few trends are noticeable, i.e., with the increase in the
dealloying time, there is an increase in - (i) Au atomic percentage; (ii)
the size of the ligaments, and; (iii) the homogeneity of the surface
morphology. The sample chemically dealloyed in 1 M HNO; at 70 °C for
8 h, i.e.,, NPG_8h, was selected to be tested for its catalytic activity in
HER in 0.5 M H,S0O, as it possessed the largest electrochemically active
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surface area and thus, the most number of active sites. The sample shows
5 mA cm-2 current density at —0.38 V overpotential. The obtained small
Tafel slope, low onset potential and high exchange current density, i.e.,
47 mV dec-?, -4 mV and 0.12 mA cm-2 respectively, and the sample’s
impressive stability for more than 20 h, evidently indicate that this

sample makes for an excellent candidate as a low-cost, easily-synthe-
sized, efficient and durable electrocatalyst for HER. Besides, NPG_8h
also exhibited strong SERS potential possessing a low value of 10-* M
as the detection limit for 4,4'-bipyridine. The mapping image for SERS
intensity with bipy concentration of 10-'2 M approves the widespread



hot spots. The ligaments experiencing electromagnetic coupling, the
localized electromagnetic fields enhanced within and around nano-sized
pores and ligaments, and the confined SERS-active atoms can all be
attributed for the strong SERS enhancement. Thus, the NPG sample
possesses excellent potential in applications related to life science and
ultrasensitive instrumentation being an inexpensive and highly sensitive
SERS-active substrate.
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