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Abstract

Two-dimensional (2D) monometal boron nanosheets (BNS) are emerging as a promising candidate, demonstrating high
catalytic performance by virtue of their tunable surface chemistry, large surface area, superb hydrophilicity, and swift charge
transfer kinetics. Nonetheless, oxidation and restacking of these nanosheets in ambient air make it challenging for practical
applications. The introduction of transition metals in BNSs helps to suppress interlayer restacking of the sheets. Further, the
addition of bimetallic atoms help to diminish the overpotential value, correspondingly boosting the catalytic activity and onset
potential required for reaction kinetics. Accordingly, herein, structural and electronic engineering of BNS using bimetallic
atoms (Ag:Cu) at different doping concentrations are investigated and characterized using x-ray diffraction, Fourier transform
infrared spectroscopy, field emission scanning electron microscopy, and x-ray photoelectron spectroscopy studies. Finally,
the electrocatalytic performance towards hydrogen evolution reaction was investigated through cyclic voltammetry and elec-
trochemical impedance spectroscopy to study the charge transfer rate. Here, optimized sample shows lowest overpotential
value of 101 mV and Tafel slope of 59 mV dec™! with highest exchange current density of 7.86 mA c¢cm™2 and minimum
charge transfer resistance of 15.9 Q. Thus, current findings could help in developing the ideas for the surface modifications
to significantly enhance the electrocatalytic performance.
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Introduction

The increasing global energy crisis demands the produc-
tion of clean and green hydrogen. As a versatile energy car-
rier, hydrogen holds immense potential to address various
challenges associated with conventional energy systems. '
The hydrogen produced by electrolysis of water through
the hydrogen evolution reaction (HER) can help in meet-
ing the global energy demands.® Electrolysis is basically
the exchange of charge carriers between the electrode and
electrolyte by splitting water into hydrogen and oxygen
using some energy. The HER takes place at the cathode,
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where protons gain electrons to produce hydrogen gas.*
Numerous scientific investigations have been carried out
to sufficiently enhance HER performance, contributing to
the advancement of a greener and environmentally friendly
energy future.’ Tang et al.® reported the use of multifunc-
tional carbon based nickel nanoparticles (NC-NiNPs) as
HER catalyst using polymer encapsulation which exhibited
a low overpotential value of 74 mV at 10 mA c¢cm™2. For
efficient catalytic activity towards HER, the electrocatalyst
should have a large surface area, high conductivity, and
abundant active sites.” Zhou et al.® employed the hydrogen
spillover method to increase electrocatalytic activity for the
HER, which helped to decrease the overpotential to 53 mV
from 242 mV, respectively. Recently, Wu et al.’ explored
two-dimensional metal carbides as promising material for
efficient HER studies. Inspired by this, researchers have
explored various two dimensional (2D) materials for effi-
cient electrocatalytic activity towards HER and oxygen evo-
lution reaction (OER).'” Liu et al.'! reported the enhanced
performance for HER using an MXene-based electrocatalyst.

@ Springer


http://orcid.org/0000-0001-6736-8721
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-024-11042-8&domain=pdf

4948

A.Singla et al.

Among all the studied materials, the 2D allotrope of boron
has gained scientific interest because of its outstanding
inherent optoelectronic features.'”> 2D boron nanosheets
(BNSs) are considered as an efficient material in various
applications owing to their multilayered lattice structure
with outstanding conductive properties.'® They demonstrate
high electrocatalytic activity, notably in the HER due to
their enormous surface area, high conductivity, outstanding
hydrophilicity, and rapid charge transfer kinetics.'* Despite
these multiple advantages, however, BNS are quite unstable
in atmosphere because of their reactivity and sensitivity to
light. They may undergo oxidation or other chemical reac-
tions when exposed to air or moisture, limiting their stability
under certain conditions.'> Also, the interlayer restacking of
these sheets makes it challenging for potential applications.
Considering the aforementioned issues, various approaches
have been adopted such as doping,'® defect engineering,'’
and formation of nanocomposites,18 to enhance their stabil-
ity and catalytic activity. Introducing metal dopants into the
BNSs is an efficient approach, as they act as an intercalat-
ing agent between the sheets, thereby preventing interlayer
restacking and helping to enhance the catalytic perfor-
mance.'*° Pt-group metals are widely regarded as potential
dopants due to their extremely low overpotential values and
nearly zero Gibbs free energy. However, their exorbitant cost
and rare earth abundance limits the large-scale industrial
application of H, production. Ag offers an option to replace
conventionally used Pt-group materials for driving HER
owing to its advantages of high selectivity and conductivity
and large turnover frequency for H, generation.”! However,
HER activity using a Ag dopant alone is far from achiev-
ing Pt-like activity.?> Moreover, in comparison to mono-
metallic nanoparticle catalysts, bimetallic doping provides
exceptional catalytic activity and stability owing to syner-
gistic coupling effects from individual components. More
importantly, an appropriate combination of binary metals is
significant to achieve more effective electrocatalysis. Thus,
alloying a Ag catalyst with another metal catalyst could
potentially enhance its relatively inferior catalytic activity.
However, like Pt, Ag does not readily combine with other
metals.”! One viable candidate to alloy with Ag and form a
Ag-M composite is Cu, which has rich earth abundance and
possesses several electrochemical application prospects.”?
Bimetallic Ag:Cu nanocolloids have been widely reported
elsewhere and demonstrate enhanced performance; however,
there is no reported literature on bimetallic Ag:Cu for elec-
trocatalytic hydrogen production. The use of Cu with Ag
provides additional active sites for H* ion reduction, which
dramatically boosts HER activity.”* Thus, upon introduc-
tion of the Ag:Cu bimetallic catalyst onto well-separated
BNSs, the composite electrode shows improvement in HER
performance relative to bare BNSs and monometallic coun-
terparts, owing to highly active and stable Ag and Cu active
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sites supported on the matrix of highly conducting BNSs and
strong metal-support interaction strength.

To prevent intrinsic self-restacking issues of BNSs as
well as to modulate the electronic environment of active
sites towards optimal binding energies, a unique combi-
nation of large-sized bimetallic transition metal (Ag:Cu)
dopants were introduced into BNSs, 2?26 elucidating the
role of each component in this bimetallic-doped catalyst
responsible for boosted electrochemical HER performance.
In the present study, a series of nanocomposites using bime-
tallic (Ag:Cu)-doped BNSs were synthesized by varying the
weight percentages of dopants (5 wt.%, 10 wt.%, and 15
wt.%) in BNSs and their corresponding HER parameters
were studied. Among them, an optimized sample with 10
wt.% of bimetallic dopants concentration showed enhanced
catalytic performance by providing sufficient charge trans-
port mechanism along with increased electrode/electrolyte
interaction to pristine BNSs, which is advantageous in HER
studies.

Experimental
Materials and Methods

Boron powder, polyvinylpyrrolidone (PVP, 99.9%), L-ascor-
bic acid (C¢HgOg4), ammonium hydroxide (NH,OH, 98 %),
copper(ll) chloride (CuCl,, 99%), silver nitrate (AgNO;,
97%), sodium borohydrate (NaBH,, 98%), and Nafion 117
solution, were procured from Merck, India, and N-N dimeth-
ylformamide (DMF) was purchased from Spectrochem Pvt.
Ltd. All the chemicals were used as received without further
processing.

Synthesis of BNSs

Two-dimensional BNSs were synthesized by employing
liquid exfoliation. In this process, the boron powder and
DMF solution were meticulously combined in a 1:1 ratio.
The samples were then subjected to probe sonication for 4 h
at 225 W, with an ultrasonication probe alternating on for
2 s and off for 4 s, respectively. Subsequently, the resulting
solution was then centrifuged and decanted in three to four
cycles, each at varying speeds of 7000 rpm, 10,000 rpm, and
12,000 rpm with DI water to obtain residual brown colored
slurry, which was then left to dry in an oven at 80°C, to yield
the desired two-dimensional BNSs.

Synthesis of Ag and Cu Nanoparticles (Ag:Cu NPs)
For the synthesis of Ag:Cu NPs, initially, 1.25 g of PVP

and 0.5 g of ascorbic acid were taken in a beaker and stirred
at 100°C. Additionally, 40 mL of ammonium hydroxide
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was taken separately in two beakers. In one beaker, 1.7 g of
CuCl, was added, and in the other beaker, 1.7 g of Ag(NO;)
was added. Then both solutions were mixed thoroughly and
separately. After obtaining uniform solutions, both solu-
tions were then transferred to the initial solution contain-
ing PVP and ascorbic acid, along with the addition of 0.5 g
NaBH,,and then maintained with stirring at the same tem-
perature of 100°C for another 4 h. Afterwards, the obtained
solution was centrifuged 3—4 times at 7000 rpm for 20 min
each to remove the residual product. The obtained sediments
were then oven-dried at 60°C to yield the desired grayish
silver-colored Ag:Cu NPs.

Synthesis of Ag:Cu/BNSs Nanocomposites

The bimetallic (Ag:Cu)-doped BNS nanocomposites were
synthesized using a hydrothermal technique. Here, a fixed
amount of 100 mg of as-prepared BNSs was added to three
different beakers containing 30 ml of DI water. Subse-
quently, Ag:Cu NPs with varying mass ratios of 5 wt.%,
10 wt.%, and 15 wt.% were added separately in these beak-
ers and maintained with stirring for 1 h. Afterwards, the
mixtures were transferred to a Teflon-lined autoclave for
the hydrothermal treatment at 200°C for 12 h. Finally, the
obtained products were oven-dried at 80°C to obtain the
Ag:Cu-doped BNSs with different weight ratios of 5 wt.%,
10 wt. %, and 15 wt% which were labeled as BCA 5, BCA
10, and BCA 15, respectively.

Electrode Preparation and Electrochemical
Measurements

The electrochemical measurements were conducted using
a conventional three-electrode cell system in an alkaline
medium (1 M KOH) at room temperature with an electro-
chemical workstation. The working electrode was prepared
by patterning the fluorine-doped tin oxide (FTO), which was
then coated with the as-prepared electrocatalyst (at 0.5x 0.5
cm? area). A platinum (Pt) wire was employed as the counter
electrode, and Ag/AgCl was used as the reference electrode
and immersed in 3 M KCI.

For the electrode preparation, the catalyst ink was pre-
pared using 15 mg of catalyst, 12 pL of Nafion solution as
a binder, and 20 pL of ethanol. This solution was ultrasoni-
cally mixed for 15 min to obtain a uniform slurry. Subse-
quently, 10 pL of the as prepared catalyst ink was drop-cast
onto a pre-cleaned FTO substrate (using soap solution, DI,
acetone, methanol, and IPA followed by UV irradiation) and
allowed to dry in air for 2 h. All potentials, measured against
the Ag/AgCl electrode, were converted to potential vs.
reversible hydrogen electrode using a specific equation.>’-3

where Egyg is the potential applied vs. RHE, Ejy 5o is the
potential measured with respect to the reference electrode,
and pH refers to the electrolyte.

Electrocatalytic performance was determined through lin-
ear sweep voltammetry (LSV) at a scan rate of 10 mV s~
and electrochemical surface area (ECSA) was evaluated
using cyclic voltammetry (CV). Electrochemical imped-
ance spectroscopy (EIS) studies, ranging from 0.1 KHz to
100 KHz, were conducted to determine the charge transfer
resistance of the samples. To assess durability and long-term
stability in 1 M KOH, chronoamperometric stability tests
were performed for the HER.

Characterization Techniques

The structural behavior of the samples was analyzed by
x-ray diffraction (XRD) utilizing Cu Ka-line (1=1.54 A)
on an X Pert PRO diffractometer. Fourier transform infra-
red spectroscopy (FTIR) was performed using a Shimadzu
IR-Tracer 100H to study the structural chemistry of all the
samples. The morphology of the samples was examined by
field emission scanning electron microscopy (FESEM, Carl
Zeiss Supra 55). The elemental composition and electronic
states of the atoms were analyzed using x-ray photoelec-
tron spectroscopy (XPS, Scienta Omicron instrument). To
study the charge transfer kinetics, the corresponding LSV,
CV, EIS, and long-term stability tests were conducted by
chronoamperometry. These tests were performed using an
Autolab workstation potentiostat/galvanostat (PGSTAT302).

Results and Discussion

In order to examine the structural properties of BNS and
their composites, XRD measurements were conducted as
shown in Fig. 1a. The XRD spectra of pristine BNSs show
sharp peaks situated at 9.90°, 11.32°, 17.41°, 18.43°, 19.04°,
20.86°, 31.42°, 32.44°, 35.69°, 37.51°, 38.53°, 51.93°, and
59.64° corresponding to (003), (012), (110), (104), (021),
(202), (125), (220), (208), (134), (315), (422), and (063)
crystal planes. These peaks are characteristic of the f,,-
rhombohedral crystalline phase of the BNS structure (PDF
#89-2777) in space group R-3m with unit cell parameters of
a=b=c=5.05 A and a=f=y=58.04°.%° Upon bimetallic
doping in BCA 5, BCA 10, and BCA 15 samples, in addi-
tion to boron peaks, new peaks were observed at 38.14°,
64.39°, and 77.4°, corresponding to (111), (220), and (311)
planes of the face-centered cubic (fcc) facet of Ag NPs. In
addition, the peaks positioned at 32.6° and 44.2° are indexed
to the (110) and (111) crystal planes of the fcc structure of
CuO and Cu NPs, indicating the successful synthesis of BNS
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Fig. 1 (a) XRD and (b) FTIR spectroscopy of pristine BNS and its composites BCA5, BCA 10, and BCA 15.

bimetallic composites. Interestingly, both silver and copper
NPs show the highest orientation along the (111) plane,
which is slightly shifted to a lower angle on increasing the
doping concentration, suggesting an increase in lattice con-
stant.’® In addition, as the bimetallic doping level increases,
the BNS structure becomes distorted with a corresponding
decrease in the XRD peaks of BNSs. This decrease could be
due to an increase in interlayer spacing between the sheets or
to the formation of oxygen vacancies.’! Also, the peak situ-
ated at 28.21° is ascribed to the formation of B,0;, indicat-
ing that the partial oxidation of BNSs increases as the dop-
ing concentration increases. Moreover, it has been observed
that the diffraction peaks of BNS shift toward lower angles
(smaller 20 values) upon bimetallic doping, which is direct
evidence for the increase in the interlayer spacing of BNSs
which could be due to intercalation of bimetallic atoms
inside the sheets. Thus, the combined effects of both Ag and
Cu modulate the boron-layered structure which facilitates
complex reaction pathways toward higher catalytic activity.

FTIR spectroscopy was conducted to study the differ-
ent functional groups present in the materials. As clearly
seen from Fig. 1b, pristine BNSs show sharp characteristic
bands at 1224 cm™" (B-OB), 1537 cm™" (B-0), 2194 cm™,
and 2489 cm™' (B—H stretching vibrations) which could
be due to the sensitive nature of the BNSs on exposure
to air. Also, the broad band ranging from 2852 cm™! to
2953 cm™! shows the formation of the f,,-rhombohedral
phase of BNSs, thus confirming the structural consist-
ency with XRD results. For bimetallic doped nanocom-
posites, a wide band ranging from 600 cm™" to 900 cm™!
is observed, corresponding to the formation of Ag:Cu NPs,
which intensifies as the doping level increases. Interest-
ingly, the peaks near 570 cm™!, 621 cm™!, and 675 cm™!
correspond to the stretching vibration of CuO. A peak
situated at 715.26 cm~! belongs to the Ag-O bending
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vibrational mode formed due to the partial oxidation of Ag
NPs in ambient air.*? It can be predicted that as the bime-
tallic doping concentration increases, the peaks of pristine
BNSs are suppressed. This phenomenon is beneficial as it
provides additional oxygen vacancies to the system. On
the other hand, the peak at 1531 cm~! intensifies, which
is ascribed to the formation of B,0;, suggesting the oxida-
tion of the BNSs at higher doping levels. This oxidation
process can hinder the performance of bare materials at
higher concentrations.

After the structural analysis, the electronic structure of
the BNS and its nanocomposites was analyzed using XPS
studies. The core level spectra of B and O for pristine BNS
and for Ag, Cu, and B and O for the optimized BCA 10
sample are shown in Fig. 2. The high-resolution spectra of
B 1s for pristine BNSs is shown in Fig. 2a, which represents
the characteristic peaks at 187.85 eV and 188.86 eV indicat-
ing two different types of B-B chemical bonds.'* The broad
peak situated at 191.59 eV describes the formation of B,05
due to the partial oxidation of BNSs during their exfoliation
process.>® For the BCA 10 sample, the B1s spectra broaden
and similar peaks appear as compared to pristine BNSs with
a slight shift towards higher binding energies. This might be
caused by a modification in the electronic structure of BNSs
upon bimetallic doping**° as seen in Fig. 2b.

The high-resolution spectra of Ag 3d for the optimized
BCA 10 sample are shown in Fig. 2c. It has two major peaks
corresponding to Ag-3ds,, and Ag-3d;,with peak-to-peak
separation of 6.03 eV, confirming the metallic behavior of
Ag nanoparticles.*® These two peaks were deconvoluted into
four sub-peaks in which the peaks situated at 373.63 eV and
367.46 eV show the photoemission of metallic silver (Ag®)
and the peaks located at 374.63 eV and 368.54 eV are attrib-
uted to Ag* ions owing to the formation of Ag,O during
hydrothermal treatment as predicted in the FTIR results.*’
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Fig.2 XPS spectra of B 1s for pristine BNS and optimized BCA 10 (a, b); Core level spectra for Ag 3d and Cu 2p for the BCA 10 sample (c, d)

and O 1s for pristine BNS and the BCA 10 sample (e, f).

Figure 2d shows the XPS spectra of Cu 2p for BCA
10 with two peaks at binding energies of 933.07 eV and
953.77 eV corresponding to Cu-2p5, and Cu-2p,,,. The
deconvoluted peaks depict the presence of metallic Cu at
932.76 eV for Cu-2p;;, and 953.62 eV for Cu-2p,,, and the
peak located at 933.67 eV in Cu-2p;, is assigned to the
Cu(II) oxidation state resulting from the formation of metal
oxide (CuO) as predicted in XRD and FTIR results.*® The

peaks situated at 934.93 eV for Cu-2p;,and 955.04 eV for
Cu-2p,, are ascribed to the presence of Cu* ions which
could be due to the formation of Cu(OH), during the sam-
ple's interaction with moisture present in the ambient air.*

Additionally, core level spectra of O 1s was studied for
the pristine BNS and optimized BCA 10 sample as shown
in Fig. 2e and f. The peaks situated at 530.56 eV, 531.83 eV,
and 533.43 eV correspond to the lattice oxygen (Oy),
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oxygen vacancy (O,), and surface water adsorption (O,4,),
respectively. It has been found that as the bimetallic doping
increases in the BCA 10 sample, the O s spectra broadens
and shifts towards higher binding energies which could be
due to the formation of oxygen vacancies.*’ Interestingly,
the O,/O ratio is an important factor in determining the
presence and role of oxygen vacancies and can be predicted
from XPS peak area analysis. Accordingly, the correspond-
ing ratio of O,/O;, was calculated for pristine BNS and opti-
mized BCA 10 samples. Comparatively, the BCA 10 sample
shows a higher O,/O; ratio of 2.20 than that of the pristine
sample, at 1.28. This is attributed to the large number of
oxygen vacancies present in the BCA 10 sample which serve
as active sites for the adsorption and desorption of reactants
and intermediates on the catalyst surface.*! This increased
adsorption capability contributes to improved reaction kinet-
ics, enhancing the catalytic activity and overall performance.

The morphology of the samples was examined using
FESEM analysis. Figure 3a shows the clear formation of a
layered sheet-like structure of as-prepared pristine BNSs.
This structure provides a well-exposed and large surface
area. Further, with the introduction of bimetallic dopants
(Ag:Cu NPs) in BCA 5, very few quasi-spherical nano-
particles of the bimetallic dopants with average size rang-
ing from 50 nm to 80 nm appeared on the surface of the

BNSs, as shown in Fig. 3b.*? Upon increasing the bimetallic
dopant concentration in BCA 10, the dopants almost cover
the BNSs, leading to the surface structure modification as
displayed in Fig. 3c. From this observation, with a further
increase in the concentration in BCA 15, the bimetallic nan-
oparticles start to agglomerate on the surface of the BNSs.
This process leads to oxidation of the BNSs, resulting in the
decreased interlayer spacing due to restacking of sheets as
evident from Fig. 3d. This phenomenon affects the overall
performance of the material. However, it can be observed
that despite the oxidation, the layered morphology of the
BNSs remains intact even at high doping levels.

The electrochemical performance of the BNS and its
composites was analyzed using a three-electrode setup in
1 M KOH for conducting the HER. Initially, linear sweep
voltammetry measurement was conducted at a scan rate
of 10 mV s~! as shown in Fig. 4a. Of all the samples, the
BCA 10 composite shows the most efficient performance
with the lowest overpotential value of 0.101 V to achieve
current density of 10 mV cm~2. Further, the overpoten-
tial values for an optimized sample (BCA 10) were calcu-
lated at higher current densities (inset, Fig. 4a) and were
found to be 0.102 V, 0.127 V, 0.139 V, and 0.160 V at
current density of 10 mA cm™2, 30 mA cm™2, 50 mA cm™2,
and 100 mA cm™2, respectively, as shown in the inset of

Fig.3 FESEM images of pristine BNS (a) and its composites BCA 5 (b), BCA 10 (c), and BCA 15 (d).
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Fig.4 (a) LSV curve for pristine BNS and its composites, BCA 5,
BCA 10, and BCA 15, at 10 mV s_l; inset: Overpotential values for
BCA 10 at higher current densities of 10 mA cm~2, 30 mA cm™2, 50
mA cm™2, and 100 mA cm™2, respectively; (b) corresponding Tafel
slope for all the samples; (c) CV curve for the optimized BCA 10

sample; (d) double layer capacitance (Cdl) values for all the samples;
(e) EIS curve and Nyquist plot for all the samples; inset: the equiva-
lent circuit and (f) chronoamperometry for the BCA 10 sample; inset:
LSV curve retention before and after 24 h.

Table| The evaluated parameters of the pristine BNS and its composites BCA 5, BCA 10, and BCA 15 as electrocatalysts for HER

Electrocatalyst 7 (V)  Tafelslope  Cy (mF)  ECSA (cm?) R, (Q) J,(mAcm™?)  RF N (1078 Mol) V4 (uL)
(V dec™)

BNS 0498  0.225 4.96 82.66 102.3 4.12 1180.85 5.14 0.12

BCA 5 0.398  0.192 7.76 129.33 534 5.83 1847.57 8.04 0.19

BCA 10 0.101  0.054 15.16 252.66 15.9 7.86 3609.42  15.16 0.38

BCA 15 0.22 0.072 8.24 137.33 3812 6.10 1961.85 8.54 0.21

Bold values indicate the optimized sample with obtained optimized HER parameters

Fig. 4a. This is due to the synergistic effects of optimal
bimetallic doping which promotes the creation of oxy-
gen vacancies that facilitate the charge transfer process
by providing a conductive pathway to the charge carri-
ers. This improved charge transfer contributes to efficient
electron transfer during electrochemical reactions, leading
to enhanced catalytic performance. Moreover, the corre-
sponding Tafel slopes were also calculated from the LSV
curves to study the reaction kinetics and the efficiency of
hydrogen evolution. Figure 4b reveals that the BCA 10
sample shows a comparatively low Tafel slope value of
0.057 V dec™! suggesting superior catalytic activity and a
faster reaction rate for the hydrogen evolution. The high-
est exchange current density (J,,) was also calculated by
extrapolating the Tafel slope to zero overpotential value.
The BCA 10 electrocatalyst consistently shows the highest
exchange current density of 7.86 mA cm~2 indicating the

fastest charge transfer kinetics of the carriers. The double
layer capacitance (Cdl) was also evaluated by conducting
CV measurement at different scan rates (Fig. 4c), to study
the interfacial phenomenon between the electrode and
electrolyte as shown in Fig. 4d. Here also, BCA 10 shows
the highest capacitance of 15.16 mF with the highest elec-
trochemically active surface area (ECSA) of 252.66 cm?,
reflecting the high degree of interaction between the elec-
trocatalyst surface and the electrolyte. This phenomenon is
beneficial for the adsorption of reactant species and their
subsequent reduction to evolve hydrogen. The overall HER
parameters for comparison of all the samples are tabulated
in Table I. Consistent with the above measurements, the
optimized composite shows the highest number of active
HER sites of about 15.16 x 1078, which was further veri-
fied by analyzing the roughness factor (3609.42) which
was also the highest. In addition, the volume of hydrogen
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evolved was also greatest, at 0.38 pL, for the BCA 10
electrocatalyst. To study the charge transfer mechanism,
EIS was conducted to study the electrochemical interfaces
involved in HER. The corresponding Nyquist plot along
with its equivalent circuit was plotted which shows the
smallest semicircle regime for the BCA 10 electrocatalyst
as shown in Fig. 4e, depicting the swift charge transfer
mechanism between the electrode and electrolyte with
a minimum charge transfer resistance R of 15.9 Q. To
determine the real-time information regarding the kinet-
ics, activity, and stability of the optimized BCA 10 elec-
trocatalyst, chronoamperometry was conducted over 24 h
(Fig. 4f). The optimized electrocatalyst shows excellent
long-term stability of the electrode in alkaline medium,
making it useful in potential applications. A slight deg-
radation in the LSV curve was observed after this time
period which could be due to harsh environmental con-
ditions, highlighting the good retention stability of the
BCA 10 electrocatalyst, as shown in the inset of Fig. 4f.
Thus, the optimal bimetallic doping in BCA 10 exhibits
enhanced resistance to contaminants or by-products pre-
sent in the environment and helps to maintain catalytic
activity over extended periods of time.

Conclusion

In conclusion, the successful fabrication of boron layered
structures was achieved by controlled anchoring of bimetal-
lic Ag:Cu nanoparticles with varying concentrations using
hydrothermal treatment, and was investigated using HER
in alkaline medium. The introduction of bimetallic dopants
helped in providing oxygen vacancies within the system
upon increasing the concentration from BCA 5 to BCA 10.
Further increasing the dopant concentration in the BCA 15
sample resulted in particle agglomeration on the BNS sur-
face, hindering the charge transfer kinetics and thus imped-
ing catalytic activity. Of all the samples, BCA 10 showed
remarkable electrocatalytic activity with the lowest overpo-
tential value of 0.101 V at 10 mA cm™2, Tafel slope of 0.057
V dec™!, and lowest interfacial charge transfer resistance
of 15.9 Q for HER. Thus, the combination of the unique
properties of BNS with the catalytic activity of Ag and Cu
results in synergistic effects useful for enhancing the elec-
trocatalytic performance for the HER.
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