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Synthesis of Silver Nanoparticles from Silver
Closo-Dodecaborate Film for Enhanced Hydrogen Evolution

Majharul Haque Khan, Chao Han, Xuefei Wang, Weijie Li, Guojin Zhang,

and Zhenguo Huang*

The icosahedral closo dodecaborate cluster [B,,H,,]*~ is gaining increasing
interest due to its unique properties including the ease of functionalization,
3D aromaticity, and formation of metal salts with high ion conductivity. In this
work, simple and effective preparation of silver closo dodecaborte (Ag,B;,H;,)
films is reported by an electrochemical route. The size of the Ag,B,,H;,
particles in the films can be tuned from nanometers to micrometers by
varying the electrochemical parameters. Ag nanoclusters with controllable
sizes are successfully generated via electrochemical reduction reactions or
thermal anneal of the Ag,B,,H;, films. When tested for hydrogen evolution
reaction (HER) in an acidic solution, the as-prepared Ag nanoparticles deliver
a current density of 10 mA cm~2 at 376 mV overpotential. This research sheds
light on a new synthesis of [B,,H;,]?>~ based thin films, the generation of
metal nano-powders, and their application in HER or other applications.

1. Introduction

Novel and effective synthesis is critical in developing materials
with the desired properties for applications in catalysis, batter-
ies, and electronics. For example, a myriad of innovative syn-
theses have been developed to fabricate high-performance and
cost-effective catalysts for hydrogen evolution reaction (HER)
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via water electrolysis.'””] HER has been
considered the most sustainable way of
generating hydrogen in large quantities.
In commercial polymer electrolyte mem-
brane (PEM) electrolyzers, Ptis the primary
choice of catalyst for HER. To reduce CO,
emissionandaddress climate change, sub-
stantially larger electrolyzers are needed.
The earth has limited Pt reserve, and
therefore alternative catalysts have been
explored. Compared with the commercial
Pt-based HER catalyst, Ag is more abun-
dant and highly conductive, and there-
fore has been explored as an alternative
electrocatalyst.®1*l Various methods have
been developed to reduce the size,!3%1113]
tune the morphology!'>'®l and generate
defects!™! of Ag nanoparticles to enhance
its HER performance.''l Among these,
size reduction is especially effective in increasing the num-
ber of active sites that in turn dramatically improve the perfor-
mance. For example, nanoporous Ag foam!®! and Ag nanoden-
drite films('®l showed higher HER performance than the poly-
crystalline Ag foil. However, the complexity in the syntheses of
Ag nanoparticles, the lack of control of size and shape, and poor
reproducibility, limit the utilization of the full potentials of Ag
nanoparticles.['’]

The large closo-dodecaborate anion [B;,H,,]*~ is drawing in-
creasing interest in the field of boron chemistry recently. Due
to the 3D aromaticity of the anion,®2% the negative charge is
distributed over 12 hydrides in a large sphere, resulting in weak
columbic interactions with metal counter cation. This likely en-
ables fast Ag nanofilament growth from Ag,B;,H;, under high
energy electron beam in transmission electron microscopes.!?!]
This motivates us to investigate the formation of Ag nanoparti-
cles from Ag,B,,H;, by carrying out electrochemical reduction
reactions. We expect a controllable growth of Ag nanoparticles
considering the weak interactions between Ag™* ions and the large
spherical [B,,H,,]*~ anions that can facilitate Ag* ion reduction
and steady supply of Ag* ion during the process.[?%2*]

In this work, a new and effective electrochemical synthesis of
Ag,B,H,, film on Ag foil was first developed. By varying the pa-
rameters, the Ag,B,,H,, particle size in the films can be con-
trollably varied from nanometer to micrometer. When Ag,B,,H;,
film on Ag was used as a working electrode, Ag* ion reduction to
Ag (0) was achieved resulting in uniform Ag nanoparticles, which
displayed high HER activity that is significantly better than the
bare Ag substrate. This in situ metallic nanoparticle generation

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. a) Electrochemical synthesis of Ag,B,H, film on a Ag foil with representative EDX analysis shown in the inset; b) Raman analysis on a
Ag,B1,H,, particle (the optical image shown in the inset) confirms the characteristic B—H and B—B bond of a [B;,H1,]?~ cluster; c) XPS survey spectrum
of the Ag,Bq,H;, film on a Ag foil; d) XPS B 1s spectrum shows three peaks, with peaks at 188.2 and 188.9 eV assigned to B—B, peak at 190.6 eV to

B—O.

from the metal closo dodecaborate compounds can be potentially
employed to obtain other metal nanoparticles.

2. Results and Discussion

2.1. Synthesis of Ag,B,,H,, Film and its Characterizations

Electrochemical synthesis of Ag,B,,H;, film was carried out on
clean Ag foils using a standard three-electrode cell setup (de-
tails in the supplementary information). The current and voltage
were regulated via a CHI electrochemical workstation. 20 mmol
Na,B;,H;, solution in water (pH ~6) was used as the analyte.
Under a specific voltage, Ag' ions were generated from the Ag
foil working electrode. At the same time, [B;,H,]*~ anions from
the solution were attracted to the Ag working electrode under the
applied voltage and combined with the as-produced Ag* ions. Ag
foils covered completely with a grey-colored Ag,B,,H;, film was
achieved at 0.84 V (versus a reversible hydrogen electrode (RHE))
after 10 min. The thickness of the film is ~3 um, determined us-
ing a profilometer (Figure S1, Supporting Information). Subse-
quently, the samples were analyzed under the scanning electron
microscope (SEM) and energy dispersive X-ray (EDX). Analyzing
the SEM images with a Fiji Image] software, the mean crystallite
size was estimated to be ~6.4 um (Figure 1a). Most Ag,B,,H,,
crystallites appear to be octahedrons. The EDX analysis indicated
the presence of only Ag and B in the particles (inset of Figure 1a).

Further characterization of the sample was carried out by Ra-
man spectroscopy, Fourier Transformed Infrared Spectroscopy
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(FTIR), X-ray photoelectron spectroscopy (XPS), and X-ray
diffraction (XRD). Raman spectrum indicates the presence of
B—H stretching bond at 2515 and 2355 cm™! (Figure 1b).2*%]
The peak at 2355 cm™! could be either due to the strain-induced
slight B—H bond elongation inside the borane cluster in the
presence of Ag ions!®! or Ag-B—H bridging bond formation.[?¢!
The strain in the cluster may also contribute to the 575 cm™
(B-B-B deformation mode) Raman peak. [227-2%1 The prominent
peak at 750 cm™! can be assigned to the B—B bending vibra-
tions. This confirms the presence of Ag,B,,H;, formation on the
Ag surface (Figure 1c). Also, the FTIR spectrum collected on the
deposited area reveals B—H stretching, B-H bending, and B-B
bending vibration (Figure S2, Supporting Information). Contrast
to the common hydrated closo dodecaborates, water IR peaks are
invisible in the FTIR spectrum.% All these results confirm that
Ag,B,,H,, has formed during the electrochemical process. The
XPS peaks of carbon, oxygen, and nitrogen in the survey spec-
trum are due to the exposure of the sample to air during handling.
Notably, Na is invisible in the spectrum. Three peaks, centered at
188.2, 188.9 and 190.01 eV can be identified after the deconvo-
lution of the B 1s peak, indicating three different chemical envi-
ronments for boron atoms. Both peaks at 188.2 and 188.9 eV can
be assigned to the B-B peaks.[*’-33] The formation of two peaks is
due to the polarization of [B;,H;,]*~ toward the Ag* ions, leading
to different B—B bond lengths inside the cluster.** The minor
peak at 190.6 eV is associated with the B—O bonds.[3!]
Electrochemical syntheses of Ag,B;,H;, were also carried
out under various parameters, i.e., voltage, current density,
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concentration of Na,B,,H;, solution, and time, to control the
growth of Ag,B,,H;, on Ag surface (Figure S3, Supporting Infor-
mation). At a low voltage (<0.79 V vs RHE), Ag,B;,H;, did not
form on Ag. At 0.81 V, discrete Ag,B,,H;, particles were found
on Ag surface after 10 min. A continuous Ag,B,,H;, film was
only seen at 0.84 V after 10 min. Below 10 min, only islands of
Ag,B,,H,, were obtained. At higher voltages (> 0.9 V vs RHE),
1 min was sufficient to achieve complete coverage with small
crystallites (%1 pm). Increasing the growth duration to 10 min
did not notably enlarge the size of the crystallites. In the sub-
sequent runs, we then fixed the time of growth to 1 min and
changed the other parameters. However, using Na,B;,H,, with
concentrations of 5 and 10 mwm at a fixed 0.9 V vs RHE resulted
in only a partially Ag,B,,H,, covered Ag surface after 1 min.
On the other hand, increasing the current density from 1 to
5 mA cm~2 or higher (10 mA ¢cm~?%), with a 20 mm Na,B,,H,,
solution, a complete coverage was obtained within 1 min, with a
mean Ag,B,,H,, particle size of only ~#500 nm (Figure S3k, Sup-
porting Information).

The mechanism of Ag,B,,H,, formation on the Ag surface
can be explained as follows. The redox potential for Ag to Ag*
is 0.7995 V vs RHE, which means that above this voltage Ag*
starts to form at the Ag foil surface. In the Na,B,,H;, aqueous
solution, the positive Ag* ions will attract the [B,,H,,]*~ anions
toward the Ag surface, forming insoluble Ag,B,,H;, on the Ag
foil. As can be seen from Figure S2 (Supporting Information),
Ag,B,,H,, did not form below 0.79 V vs RHE. At 0.81 V vs RHE,
the rate of Ag* ion formation is slow and can be considered as
the rate-limiting step. Thus, only islands of Ag,B;,H;, on top
of the Ag surface were found after 10 min. At 0.84 V vs RHE,
we saw large Ag,B,,H,, crystallites (5-10 um) and complete cov-
erage of the Ag surface after 10 min. Once complete coverage
is achieved, a further increase in growth time does not make
any significant change in the Ag,B,,H,, particle size. Rapid nu-
cleation and growth were also observed when the current den-
sity was increased to 5 and 10 mA cm™2. The concentration
of Na,B,,H;, also affects the growth rate of Ag,B;,H;,. At least
20 mm Na,B,,H;, was needed to get a complete coverage of the
Ag surface with Ag,B,,H;, under the above-mentioned poten-
tial and reaction time; while only partial coverage was achieved
at low concentrations (5 and 10 mwm, Figure S3d,e, Supporting
Information).

When a complete coverage of the Ag foil surface was achieved,
especially at 0.84 V vs RHE after 10 min (Figure S3c, Supporting
Information), holes were visible on the Ag,B,,H;, particles. For
Ag,B,H,;, formed on a partially covered Ag foil surface, holes
were barely seen. This could be due to the limited mobility and
supply of Ag* ions once closely packed Ag,B,,H,, particles are
formed. Nevertheless, the Ag surface can be completely covered
by Ag,B,,H;, particles under the optimum conditions discussed
above.

2.2. HER Analysis of Ag,B,,H,, Films on Ag Foils
The linear sweep voltammetry (LSV) polarization curves of the
synthesized Ag,B,,H;, films on Ag foils (synthesized at 0.84 V vs

RHE for 10 min, in 20 mm Na,B,,H;, solution) in 0.5 M H,SO,
solution are shown in Figure 2a. As can be seen from the LSV
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curves, the material displayed a decent HER performance, even
after several hours of testing. A current density of 10 mA cm™
was reached with an overpotential of 376 mV at the first cycle of
LSV. Initially, the current density decreased with the number of
HER cycles, and then gradually stabilized, especially for cycles
3-10. At —0.42 V vs RHE, a stable current of 15 mA cm™2 lasted
over 9 h of testing (Figure 2b). As shown in Figure 2c, the Tafel
slope is 114.6 mV dec™', implying the rate determination step
should be the Volmer process.**] The electrochemical impedance
spectroscopy (EIS) results before and after the long-term HER
measurement are shown in Figure 2d, which demonstrate that
the charge transfer resistance (R, represented by the diameter of
the semicircle) decreased significantly after the testing, while the
contact resistance (R,) decreased slightly. This implies the HER
catalytic activity of the sample increased significantly compared
to the as-received sample.

The samples after the HER tests were collected and charac-
terized to understand the mechanism of the observed HER per-
formance. SEM analysis was carried out on the “1-LSV” (sam-
ple after the first LSV test), “10-LSV”, and ‘9 h of stability’ tested
samples. A layer of nanoparticles with a mean particle diameter
~90 nm on top of Ag foil were observed for the 1-LSV sample
(Figure 3a). From the EDX analysis, only Ag was detected in the
sample (inset of Figure 3a), and boron signal was not found. The
sample was further characterized by XPS (Figure 3b), which also
did not detect any boron signal. Boron signal is invisible in the
EDX and XPS spectra, which indicates that boron must have been
leached out from Ag,B;,H;, to the 0.5 M H, SO, solution during
HER.

Ag,B;,H,, is insoluble in water and in weak acidic
solution.?3*] In fact, SEM, Raman, and EDX analysis also
confirm that the sample maintains its original chemical state
and composition after being soaked in 0.5 m H,SO, for 48 h.
However, when nuclear magnetic resonance spectroscopy
(NMR) was employed to monitor the "B signal in the H,SO,
solution after one LSV run, in the "B NMR spectrum a doublet
(6 =15.2 ppm, Jp; ~125 Hz) was observed (Figure 3c), a typical
fingerprint of the [B;,H;,]*~ cluster.?®*] This indicates that
the cluster was leached to the solution during HER. This also
confirms that the enhanced HER activity is related to the in situ
generated Ag nanoparticles. It is noted that the observed high
current density at the beginning of the first cycle of the LSV
(within the 0.1 to 0 V vs RHE) in Figure 2a can be attributed to
the rapid Ag* ion reduction to Ag (0) due to the weakly coordi-
nating nature of [B,,H,,]*~ cluster.[?2?*] The initial high current
density (within the 0.1 to 0 V vs RHE) was not observed in the
subsequent LSV cycles, as most of the Ag* ions in Ag,B;,H;,
were reduced to Ag (0) during the first LSV (Figure 2a). After
10 cycles of LSV, the morphology of the sample is very similar
to that after the first cycle, but with an increased mean parti-
cle diameter of ~135 nm (Figure 3a; Figure S4a, Supporting
Information, respectively). Again, no boron was detected from
the EDX spectra of the 10-LSV sample. The HER performance
also improved from the 1% cycle of LSV and then stabilized till
the 10" cycle. This could be due to the rapid formation of Ag
(0) nanoparticles during the testing. During the stability test
at 0.42 V, after ~3.5 h, the HER performance became stable.
After 9 h, Ag nanoparticles were still visible on top of the Ag
surface (Figure S4b, Supporting Information), but with clear
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Figure 2. a) Linear sweep voltammetry (LSV) curves showing the HER performance of Ag,B;,H;, on Ag foils; b) stability test for the HER performance
at —0.42 V vs RHE for 9 h; c) Tafel plots at a 10 mV s~ scanning rate; d) Nyquist plots at the beginning and after 9 h of HER test. Inset is the magnified
high frequency region and the electrical equivalent circuit of the 9 h tested sample.

agglomeration. Larger Ag nanoparticles (mean particle di-
ameter ~322 nm) can be distinguishable compared to the Ag
nanoparticles after 1- and 10 -cycles of the LSV runs, respectively.

Additionally, in order to investigate the effects of the rate of
both Ag electro-dissolution and Ag* electro-reduction on the for-
mation of Ag catalysts, we conducted a CV treatment of Ag foil
at different scan rates and compared the morphology of the Ag
catalysts obtained. As shown in the SEM images (Figure S5, Sup-
porting Information), the shape and size of the Ag nanoparticles
obtained at different scan/redox rates are similar.

A comparison of the HER performance of various types of

nano-Ag HER electrocatalysts is presented in Table S1 (Support-
ing Information). According to the previous reports, reduced par-

ticle size,!®113] preferential facets of the Ag nanoparticles,® and

stacking faults and defects inside Ag nanoparticles,*] help to en-
hance the HER performance. In this work, only the particle size
of the Ag nanoparticles was changed. The correlation between the
high HER performance with the reduction in the Ag nanopar-
ticle size is apparent, corroborating the results of the previous
works.[8911:13]
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Figure 3. Characterization of the sample after the LSV tests. a) SEM image of the film after the first LSV. EDX analysis (shown in the inset) picks up only
Ag; b) XPS spectrum confirms that boron is absent from the solid sample; ¢) "B NMR spectra show that [B1,H1,]>~ is present in the solution after the

LSV tests.

Small 2023, 2305117

2305117 (4 of 7)

© 2023 The Authors. Small published by Wiley-VCH GmbH

85UB017 SUOWILWIOD BA11E8.1D) 3ot [dde 8y} Aq pausenob ke Sappie O ‘8sn J0 SaIn1 10} AR1q1T 8UIIUO AB|IA UO (SUONIPUOD-PUR-SLLIBY WD A8 1M ARIq 1 BUI|UO//STY) SUONIPUOD PUe SWIS 1 81 88S " [202/20/6T] U0 AkelqiTauljuo (1M ‘|10UN0D Uo1eessy [BOIPSIN PUY UifesH [euolieN Ad LTTS0EZ02 1ILUS/Z00T OT/I0p/woo" A3 1M Al 1jpuljuo//sdny woiy pepeojumoqd ‘0 '6289ETIT



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

www.small-journal.com

0.06 0.12 4 0.15
(a) Reduced Ag B, H), (b) Ag (c) : g(g:duced AgB H,
12 2
0.03 4 0.06 1 5
~ 0.10- 1.16 mF/cm’
o e §
< 0.004 % 0.00 - E
&
E ——20mV/s | = ——20mv/s | & 0054 1.22 mF/cm’
= .0.03 -0.06 3
. —30mV/s —30mV/s
] ——40mV/s ——40 mV/s
_0-06 T L T l T T 50 mv'/s -0.12 T Al L) v I v L 50 m\:/s 0‘00 v A \ L5 v
0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.12 0.14 0.16 0.18 0.20 0.22 0.24 10 20 30 40 50

Potential (V vs. Ag/AgCl)

Potential (V vs. Ag/AgCl)

Scan rate (mV-s™)

Figure 4. ECSA measurements. a,b) Cyclic voltammetry (CV) curves in the non-faradaic regions for the reduced Ag,B,H1,, and Ag, respectively. c) The

linear relation of Aj/2 and scan rates for ECSA tests.

2.3. ECSA Analysis of Ag,B,,H,, Films on Ag Foils and Bare Ag
Foil

To further evaluate the electrochemical activity of the reduced
Ag,B,,H,, and Ag catalysts, the electrochemical specific surface
area (ECSA) was calculated. As shown in Figure 4, the reduced
Ag,B,,H,, possesses slightly larger electrochemical double-layer
capacitance (Cy) values compared to Ag foil. The ECSA of the
reduced Ag,B,,H;, and Ag were determined to be 30.5, and
29 cm~2, respectively, suggesting the slight enhancement of the
ECSA by the smaller Ag nanoparticles and higher intrinsic activ-
ity of the reduced Ag,B,,H;, than Ag foil.

The total current densities from LSV curves of the two samples
were normalized by the ECSA (Figure S6, Supporting Informa-
tion), which are inversely proportional to the Ag particle sizes,
confirming that the particle size plays an important role in deter-
mining the activity of Ag catalyst on HER.

2.4. HER Performance of the Annealed Ag2B12H12

To further prove that the HER activity originates from the freshly
generated Ag nanoparticles, we annealed Ag,B;,H,, on Ag foils
at high temperatures. It was reported that annealing Ag,B;,H,,
above 320 °C produced metallic Ag and amorphous boron.!?!]
Figure 5a shows the SEM image of an as-synthesized Ag,B,,H;,

particle and Figure 5b shows the SEM image of the annealed
Ag,B,,H,, on Ag foil at 350 °C under 5% H, in Ar for 1 h. H, is
necessary to prevent the oxidation of the sample at high temper-
atures. Octahedral Ag,B,,H,, particles containing Ag nanoparti-
cles on the surfaces were found. The XRD pattern confirms that
the Ag,B;,H;, phase no longer exists after the thermal treatment
(Figure 5e). The broad peak atalow 20 angle (14°) can be assigned
to amorphous boron, while the sharp peaks are associated with
Ag. Raman analysis was also carried out on the annealed sam-
ples. The B—H and B—B peaks that were readily seen in the as-
prepared Ag,B,,H,, samples were absent in the annealed sam-
ples (Figure S7, Supporting Information). Since this annealing
treatment generated large amounts of Ag nanoparticles, we ex-
pected this sample to be a good candidate for HER. Indeed, we
obtained a decent HER performance from this sample, with a cur-
rent density of 10 mA cm™ at 395 mV overpotential (Figure 5f).

Annealing the sample at 450 °C for 1 h resulted in larger
Ag particles around the original Ag,B,,H,, particles (Figure 5c),
leading to the formation of the extended Ag network (Figure S8,
Supporting Information). The corresponding HER performance
also decreased due to the reduced surface area. At a higher tem-
perature of 550 °C, the structure collapsed, as evidenced by the
flat particles in Figure 5d, and Ag was mostly found surround-
ing the collapsed particle (Figure S9, Supporting Information).
The XRD pattern of the sample only shows pure Ag metal peaks,

V- §
) 2 o -
v§ ve Ty i 10 mA cm
— 550°C lv 18 2] v& !
-~ A 504
; ¥ 4 o« | = Bare Ag foil
1. £ | — Ag,By,H,, — 550°C
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Figure 5. a) One as-synthesized Ag,B;,H;, particle on Ag foil; b—d) morphology of a representative Ag,B,,H, particle after being annealed for 1 h at
b) 350 °C; c) 450 °C, and d) 550 °C, respectively. The scale bar is 1 um; e) XRD pattern of the as-synthesized and annealed samples. The black inverted
triangles indicate the Ag metal peaks, matching with JCPDS, No. 04-0783. The rest of the peaks in the as-synthesized sample can be assigned to the
Ag,B1,H;, phase. The high intensity peaks from (210) to (211) planes of Ag,B;,H;, appear at 20.31° and 22.28° 20 angles, respectively; 21 f) LSV
curves of a bare Ag foil and the annealed samples.
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especially for the 550 °C annealed samples (Figure 5e), and the
HER performance dropped significantly (Figure 5f). Correlating
the Ag nanoparticle size with the observed HER performance
for the electrochemically synthesized and annealed samples, it
is clear that the larger Ag nanoparticles have lower HER perfor-
mance.

3. Conclusion

In conclusion, we have demonstrated a new electrochemical
route for the synthesis of Ag,B;,H;, film on Ag substrate. The
crystallite size can be tuned by varying parameters such as volt-
age, current density, concentration, and time. When subjected to
LSV test, Ag nanoparticles were formed due to Ag* ion reduc-
tion from Ag,B;,H,,. Ag nanoparticles were also generated on
the surfaces of Ag,B,,H;, film by annealing. In both cases, ex-
cellent HER activity was observed compared to bare Ag foil. The
simple and effective electrochemical method is scalable and can
be adopted to the syntheses of other metal closo dodecaborates.
The in situ formation of Ag nanoparticles for HER sheds light on
how to fabricate metal nanocatalysts electrochemically that can
be used in various applications.

4. Experimental Section

Synthesis of Ag,B;,H;,:  The electrochemical synthesis of Ag,B,H1,
on Ag foil was carried out in 20 mm Na,By,H;, aqueous solution using
a standard three-electrode setup. A CHI electrochemical workstation was
used to regulate the voltage and current. Pt was used as the counter elec-
trode, and Ag/AgCl was used as the reference electrode. Ag foil (0.1 mm
thick, purity 99.9%) was used as a working electrode that was first cleaned
in acetone and sonicated for 5 min before the experiments. The influence
of voltage, current, time of growth, and concentration of Na,B;,H;, on
the size and morphology of Ag,B;,H;, was studied.

Annealing Ag,B;,H;,:  The thermal anneal of the as-synthesized
Ag,B,Hy, film was carried out from 350 to 550 °C for 1 h, respectively,
under a continuous flow of 5% H, /Ar gas mixture inside a tubular furnace.
H, was used to prevent sample oxidation during the reaction. Annealing
was carried out by slowly ramping up (10 °C min') to the desired temper-
ature, holding at that temperature for 1 h, and then naturally cooling the
sample to room temperature.

Characterization: ~Scanning electron microscopy (SEM) images and
energy dispersive X-ray (EDX) spectra were obtained on Zeiss Supra 55 VP
instrument. 1-5 kV operating voltage and <5 mm working distance were
used to get the SEM images. EDX analysis was carried out at 5 kV. For imag-
ing the Ag,B,H;, thin films by SEM, a Leica EM ACE600 sputter coater
was used to coat the sample with 5-10 nm of Au coating. Raman spectra
of the samples were acquired using the 632.81 He-Ne laser source in a
Renishaw Raman spectrometer. X-ray photoelectron spectroscopy (XPS)
analysis was performed using the PHOIBOS 100 hemispherical analyzer
and Al Ka as the X-ray source. Casa XPS software was used to analyze the
XPS results. Data were calibrated using the C 1s peak position at 284.8 eV
as a reference. "'"B NMR spectra were acquired on a Bruker Avance Neo
400 spectrometer at 298 K. X-ray diffraction (XRD) analysis was carried out
on Bruker D8 Discover diffractometer. Cu Ka (wavelength = 1.54178 A) X-
ray source was used to test the sample at 40 kV and 40 mA voltage and
current, respectively. Data were collected within the 5-90° 26 range. A Dek-
tan Stylus Profilometer was used to measure the Ag,B;,H;, film thickness
on Ag foil.

Electrochemical Analysis: HER performance was evaluated by analyz-
ing the linear sweep voltammetry (LSV) polarization curves of the samples.
Graphite rod was used as the counter electrode. All the electrochemical
potentials were expressed versus the reversible hydrogen electrode (RHE)
potential. The LSVs were obtained from +0.1to —0.8 V vs RHE, with a scan
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rate of 10 mV s~'in 0.5 M H,SO, solution. Nernst equation was used for
the conversion of the potential to the RHE.

Ernie = Eng/agcl +0.1976 V +0.0591 x pH m

The electrochemical impedance spectroscopy (EIS) measurement was
performed with the three-electrode system in 1T M KOH solution, with the
frequency ranging from 100 KHz to 0.1 Hz and an alternating current (AC)
amplitude of 10 mV. The data were analyzed using ZView software. Tafel
curves were obtained within 0.4 V to 0.5 V vs RHE overpotential.

Calculation of Electrochemically Active Surface Area (ECSA): The value
of ECSA was calculated from the equation ECSA = Cy/Cs. In the three-
electrode system, the open circuit potential was determined to be »
0.185 V vs Ag/AgCl. To measure the electrochemical double-layer capaci-
tance (Cy)), CV curves at different scan rates (10, 20, 30, 40, and 50 mV's™")
between 0.135 and 0.235 V were scanned in an H,SO, solution (0.5 m).
The differences in charging current density (Aj/2 = |j, —jc|/2) were plotted
as a function of the scan rate. The Cy was characterized by the slope of
the fitted curve. According to the literature,[38] the general value of specific

capacitance (Cg) was found to be 0.04 mFEéSA.
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