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ABSTRACT: Electrochemical water splitting involving two-half chemical cell reactions is a
promising approach to generate hydrogen and oxygen. Although this method is sustainable, the
sluggish kinetics of the oxygen evolution reaction (OER) occurring at the anode due to a high
overpotential is an issue to be addressed. Recently, various chemical and structural engineering
approaches have been explored to improve the efficiency of the OER by reducing the
overpotential. Among them, incorporating noble metals into the electrodes by doping or
creating heterojunctions is an appealing approach to develop efficient OER electrocatalysts.
Based on this principle, herein, we synthesized a bismuth-oxide (Bi,O;) electrocatalyst
incorporated with silver nanoparticles (Ag NPs) by a facile one-step hydrothermal method to
take advantage of the high conductivity of Ag NPs and the low band gap along with fast redox
reaction of Bi,O;. With the Ag* concentration in the hydrothermal precursor solution, the
thickness of hydrothermally formed Bi,O; nanoplates decreases, resulting in the increased T
electrochemical surface area (ECSA) from 71 to 300 cm® The optimal electrode,

heterojunction-formed Ag—Bi,O; (denoted H-Ag, 4,-Bi,O;), exhibits the lowest overpotential of 260 mV for the OER at a current
density of 10 mA cm™? with an excellent durability of 77.5% after stability tests for 240 h due to the number of active sites produced
by Ag doping (manifesting defects), and heterojunction established between Ag nanoparticles and Bi,O; nanoplates. The approach
explored in this work could be further utilized to produce other effective electrocatalysts for accelerating OER performances.
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B INTRODUCTION

Electrocatalytic water splitting (EWS) is a promising approach
to generating hydrogen at the cathode [hydrogen evolution
reaction (HER)] and oxygen at the anode [oxygen evolutlon
reaction (OER)] surfaces by applying an external potential."

ysis, thereby limiting EWS performances. Post-transition
metals are also promising due to their unique electronic-,
optoelectronic-, and catalytic properties;lo_12 however, the
oxide layer on their surface may reduce conductivity, resulting
in insufficient electrical properties for electrochemical

Although, HER has gained substantial attention as a
sustainable way to generate hydrogen environmentally,”’ the
sluggish kinetics of the OER due to the high overpotential
(>1.23 V) inevitably retards HER simultaneously.” Therefore,
various studies have recently focused on developing electro-
catalysts to accelerate OER activity by overcoming the high
overpotential.’

Among various OER electrocatalysts, RuO, and IrO, are
recognized as excellent candldates, but they have limitations in
terms of cost and scarc1ty Therefore, numerous alternative
electrocatalysts, such as transition-metal alloys, noble metals,
and post-transition metals, have been developed to replace
them.”” Transition metals are resistant to corrosion and can
easily be functionalized by incorporating with heterogeneous
metals to form composite materials; however, their intrinsically
limited conductivity hinders electron transfer during electrol-
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applications. To address this issue, incorporating a small
amount of highly conductive agents, such as noble metals, into
nanostructured post-transition metals is considered a compel-
ling strategy to synthesize effective electrocatalysts due to
multiple oxidation states and facile formation of uniform 3D
nanostructures of post-transition metals.”” Recently, as an
example of noble-metal-decorated post-transition-metal oxide
nanostructures, Bi,O; decorated with silver (Ag), gold (Au),
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Figure 1. (a) Preparation of the hydrothermal precursor solution, (b) XRD patterns of D-Ag, s(@Bi,O; and H-Ag, 00 @Bi,0;, (c,d,f,g) HR-TEM
images, and (e,h) SAED patterns of (c—e) D-Ag,,@Bi,O; and (f—h) H-Ag, 0o@Bi,0;.

and platinum (Pt) have demonstrated their superior catalytic
properties for various electrocatalytic applications."*'* In
particular, Ag-incorporated Bi,O; (Ag—Bi,O;) have demon-
strated their unique synergistic effects'®'” by taking advantage
of the low band gap (2.6—3.9 eV), facile formation of various
nanostructures of Bi,O;,"" as well as the relatively high metallic
conductivity of Ag."”

In principle, topographies and electronic properties are key
parameters for optimization in OER electrocatalysts.”’ Doping
introduces trace or small amounts of a dopant (£10 wt % of
the host material) and generates impurities in the host
material’s structure; consequently, the electronic structure can
be tuned without changing the host material’s topography.”' In
contrast, establishing a heterojunction may induce comple-
mentary properties, i.e., both diverse topographies and built-in
electric fields can be generated and influence the kinetics of
OER.>* Based on this underlying principle, we designed
various forms of Ag—Bi,O; electrocatalysts: (i) Bi,O; nano-
plates (no Ag), (ii) Ag-doped Bi,O; nanoplates, and (iii) Ag—
Bi,O; with heterojunctions, by identifying the various ratios of
the materials. The morphological and electrical differences, as
well as the OER performances affected by them, were
distinguished and explored by various characterization
methods. Moreover, density functional theory (DFT) was
simulated for clarifying the atomic structure of Ag—Bi,O; in
doping, heterojunction, and the kinetic energy during OER on
the surface of these samples. According to the results, the
thickness of the Bi,O; nanoplates decreased with an increase in
Ag" concentrations, resulting in larger electrode/electrolyte
interfaces that may accelerate the redox reaction. Among the
various electrodes, the sample named H-Ag, ,,@Bi,0; (Ag—
Bi,O; with a heterojunction synthesized by using an Ag"
concentration of 1.0 mM) exhibits the highest OER perform-
ance, with a low overpotential of 260 mV at 10 mA cm™, alow
Tafel slope of 141 mV dec”’, and a large electrochemical
surface area (ECSA) of 230 cm ™2 The stability of the sample

was tested for up to 240 h, and a real-state full-cell test using
double AAA batteries as an external potential supplier was
performed to explore its stability for 72 h under a 1.0 M KOH
electrolyte solution. The H-Ag; ,0@Bi,O; electrocatalyst
demonstrated its durability by maintaining a stability of
91.1% compared to its initial value after 100 h of testing.
This strategy to synthesize composite electrodes by doping and
establishing heterojunctions via incorporating heterogeneous
elements could be further extended to develop other effective
combinations of electrodes for wide applications.

B RESULTS AND DISCUSSION

Structural and Morphological Characterizations. As
shown in the schematic in Figure la, a hydrothermal synthesis
was employed to produce Ag—Bi,O; electrocatalysts. To
understand the morphological evolution of Ag—Bi,O; as a
function of concentration in Ag" in the hydrothermal precursor
solution, a range of Ag" concentrations from 0 to 1.5 mM was
utilized. Depending on the Ag" concentrations, two growth
mechanisms were identified: (i) Ag doping into Bi,O;
(samples denoted D-Ag,,s@Bi,0; and D-Ag,,@Bi,0;) at
low concentrations of Ag* (from 0.25 to 0.50 mM) and (ii)
establishment of a heterojunction between Ag and Bi,O,
(samples denoted H-Ag,,;@Bi,O; to H-Ag, @Bi,0;) at
high concentrations of Ag* (from 0.75 to 1.50 mM). Table S1
details the synthetic conditions for all of the electrocatalysts.

The distinctions between Ag doping into Bi,O; and
establishing a heterojunction with Ag—Bi,O; were confirmed
through morphological and electrocatalytic characterizations.
X-ray diffraction (XRD) analyses of D-Ag,s,@Bi,O; and H-
Ag, 00@Bi,O; (Figure 1b), along with pristine Bi,O; and Ag
(Figure S1), revealed the face-centered cubic crystal structure
of §-Bi,0; (JCPDS-74-1633) with characteristic peaks at 26
angles of 31.6°, 45.2°, 65.9° and 72.8° corresponding to (1 1
1),(220),(002),and (1 1 0) planes, respectively, indicating
highly crystalline structures.” The presence of Ag metal was
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Figure 2. (a—c) FE-SEM images of (a) Bi,O5, (b) D-Agysq@Bi,03, (c) H-Ag; 4o@Bi,0;, and (d,e) EDS mapping of (d) D-Ag,5,@Bi,0; and (e)

H-Ag; 00@Bi,0;.

confirmed by reflections at 38.26° (1 1 1), 44.48° (2 0 0),
64.71° (2 2 0), and 77.74° (3 1 1) from JCPDS-87-0719.**
Notably, a peak at 33.13° (S 0 1) indicated the presence of
Ag;(BiO;) in D-Ag,sc@Bi,O; according to JCPDS-81-1713,
confirming successful Ag doping into Bi,O;.”> We note that
the existence of C (JCPDS-48-1449) and Ni (JCPDS-87-
0712) originated from a carbon tape and a nickel foam
substrate, as described in Figure S2. On the other hand, Bi,O, g
peaks confirmed by JCPDS-74-1999 were formed probably
due to the bismuth ions reduced by the high temperature and
pressure applied during the hydrothermal synthesis.”® The
crystallite sizes of the materials were characterized using
transmission electron microscopy (TEM) and HR-TEM, as
shown in Figure 1c,d/f,g, for D-Ag,s;@Bi,O; and H-Ag, ;0@
Bi,O;, respectively. The average interplanar distances were
estimated via fast Fourier transforms, with Bi,O; (1 1 1) at
0.32 nm and Ag (1 1 1) at 0.23 nm.

Moreover, selected area electron diffraction (SAED) was
employed to analyze the diffraction patterns. In principle, the
diameter of each ring corresponds to the interplanar distance
of identical crystalline phases observed in the XRD patterns.
The primary distinction between D-Ag,,@Bi,O; and H-
Ag, 00@Bi,0; lies in the concentration of Ag® in the
hydrothermal precursor solution. Therefore, in D-Ag,s,@
Bi,O; (Figure le), bold rings correlate with high-intensity
XRD peaks of Ag (1 1 1) (2 00) and Agy(BiO3) (50 1). In
contrast, a faint ring associated with the XRD peak of Ag (2 2
0) is observed in the SAED pattern of H-Ag, 40@Bi,05 (Figure
1h), indicating a higher Ag content within the lattice structures
of H-Ag; 00@Bi,0; (Ag (11 1) and Ag (2 2 0)) compared to
D-Ag,s0@Bi,0; (Ag (1 1 1)); the higher ratio of lattice
structures of H-Ag, ,@Bi,O; may result in higher OER
performances than that of D-Ag,@Bi,O;. The calculation
SAED results shown in Figure S3 provide approximate “d”
values based on information from JCPDS-74-1633 (Bi,O),
JCPDS-87-0719 (Ag), and JCPDS-81-1713 (Ag,(BiO;)).

As depicted in FE-SEM images (Figure 2), the electro-
catalysts exhibit nanoplate-like structures with an average

length of approximately S00 nm. The Bi,O; nanoplates show a
thickness of approximately 100 nm (Figure 2a), which
decreases with increasing Ag" concentration due to the Ag
impurities retarding the recrystallization of Bi,O; in the
composite. As shown in Figure 2b,c, D-Ag, sc@Bi,O; and H-
Ag; 00@Bi1,0; display thinner nanoplates of 65—93 and 27—45
nm, respectively. The FE-SEM image of H-Ag ;,@Bi,O;
obtained from the highest Ag" concentration (1.50 mM) in
the hydrothermal precursor solution shows the thinnest
nanoplate thickness (18—41 nm), highlighting the influence
of the heterogeneous element (Ag) on the growth inhibition of
Bi,O; nanostructures (Figure S4). Thinner nanoplates
inherently provide larger surface areas with numerous
topographical pores, enhancing the electrode—electrolyte
interfaces crucial for promoting redox reactions during the
OER performance. Consequently, the Ag—Bi,O; electrodes
exhibit stronger potential than pure Bi,O; for accelerating
OER performance.

To characterize the distribution of elements on the thin
layers of the electrodes, EDS mapping of D-Ag, so@Bi,O; and
H-Ag, oo@Bi,0; is analyzed, as shown in Figure 2d,e. The
presence of elements Ni (from the nickel substrate), Bi, and O
(from Bi,O;), as well as Ag (from doping and hetero-
junctions), confirmed the successful formation of Ag—Bi,O; on
the nickel substrate by hydrothermal synthesis. As shown in
the energy count per second (Cps) graphs, D-Ag,s,@Bi,O;
exhibits higher energy but lower Cps (energy range: 0—30 kV,
Cps: 0—0.2 eV) compared to H-Ag; o@Bi,O; (energy range:
0—10 kV, Cps: 0—150 eV), indicating a lower density of Ag
element on the surface of D-Ag, s(@Bi,0;, which may require
higher energy to obtain lower response Cps than H-Ag; oo@
Bi,O;. As Ag incorporates more into Bi,O;, it may inhibit the
formation of Bi,Oj, resulting in thinner nanoplates of Bi,Oj, as
supported by FE-SEM images and mapping extracted from
HR-TEM images (Figure SS).

The full-scan XPS spectra of D-Ag, 5o@Bi,0; and H-Ag, ,,@
Bi,O; across a broad range of binding energy (BE) from 0 to
600 eV are shown in Figures 3a and S6a. For comparison, the
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Figure 3. (a) Full-scan XPS spectrum and (b—d) XPS profiles of (b) Bi 4f, (c) Ag 3d, and (d) O 1s for D-Ag, 5,@Bi,0; and H-Ag; 00@Bi,0s.

XPS spectrum of pure Bi,O; is presented in Figure S6. The
high-resolution spectra of Bi 4f and Ag 3d show doublets at
BEs around 150—170 and 360—380 eV, respectively. The O 1s
spectrum appears as a sharp peak at approximately 500 eV BE.
Due to the low concentration of Ag 3d in D-Ag, s(@Bi, O3, the
intensity of the Ag 3d peaks is too small to identify. The atomic
ratio (Bi 4f/Ag 3d) extracted from the full-width at half-
maximum in XPS was compared to the molar ratio (Bi**/Ag")
of the hydrothermal precursor solution, as shown in Table S2.
The discrepancy between XPS results and the molar ratio
(Bi**/Ag") of the hydrothermal precursor solution is probably
due to the limitation of the surface characterization methods
such as XPS and EDS mapping used to scan up to the
microscale depth of the sample. However, inductively coupled
plasma optical emission spectroscopy (ICP-OES) was used to
analyze the content and the ratio of Bi and Ag in the
composites by measuring the emission spectra of elements in a
plasma. By acid-treatment of the samples at 200 °C for 16 h,
the composite of Ag@Bi,O; was dissolved and subsequently
formed Bi** and Ag" in the solution. As shown in Table S3, the
element ratios of Bi/Ag in D-Ag,,@Bi,O; and H-Ag, ;@
Bi,O; are 10.71:1.00 and 3.16:1.00, respectively; while the
molar ratio of Bi**/Ag' in the hydrothermal precursor
solutions for D-Agy so@Bi,O; and H-Ag; oo@Bi,O; is approx-
imately 10.00:1.00 and 5.00:1.00, respectively.

The XPS profiles of Bi 4f are shown in Figures 3b and S6b;
the BE values of pure Bi,Oj; at the peak positions of 4f;,, and
4f,/, are 164.5 and 159.2 eV, respectively.”” However, in the
binary Ag—Bi,O; samples, the peak positions shift toward a
negative direction, including D-Ag, s@Bi,0; (164.4 and 159.0
eV, respectively) and H-Ag; (o@Bi,O; (163.4 and 158.2 eV,
respectively). Note there are two factors presumably affecting
the shifting of BE values of Bi 4f in XPS results: (1) the lower
electronegativity of Ag compared to Bi (1.93 and 2.02,
respectively) and (2) the increased atomic ratios of Ag (4.73%

12310

in H-Ag; 0@Bi,0; and 0.27% in D-Ag, ;(@Bi,O;). Thus, the
paired electrons in the Ag—Bi bond prefer to move toward Bi
due to the higher electronegativity of Bi,”® causing a greater
number of electrons surrounding Bi as a function of the Ag
ratio in the electrode. Clearly, with the same Bi nuclear energy,
the increased electron density surrounding it induces a lower
BE between the single electron and the Bi nucleus; therefore,
the energy required to separate electrons in Bi 4f from the Bi
atom decreases, resulting in the negatively shifted BE values of
the electrodes with increasing Ag ratios (H-Ag; ,,@Bi,0; < D-
Ago50@Bi, 05 < Bi,0,).”

In Figure 3c, the high-resolution Ag 3d spectrum is fitted
with two distinguished peaks. The BE values of Ag 3d;/, and
Ag;/, were located at 374.0, 368.1 eV (for H-Ag, o(@Bi,0;),
and 374.6. The BE value of 368.5 eV (for D-Ag,s(@Bi,0O3)
indicated the presence of metallic Ag (Ag’) in the electro-
catalyst.”” While the peaks located at 529.3 (H-Ag; 0o@Bi,O5)
and 529.8 eV (D-Ag5o@Bi,O;) correspond to lattice oxygen
(O*) in the Bi—O bond,”" the higher BE components can be
ascribed to the hydroxide (OH™) and adsorption of H,O from
the air and humidity’” (Figures 3d and S6¢).

Electrocatalytic Properties. The electrocatalytic proper-
ties of the electrodes for the OER application were studied in a
1.0 M KOH electrolyte under ambient conditions. The results
of linear sweep voltammetry (LSV), overpotential (77), Tafel
slopes, Nyquist plots, chronopotentiometry, full-cell device
tests, and DFT calculations are discussed. The LSV was
conducted at a low scan rate of 2 mV s™' to explore the
electron-transfer kinetics in redox reactions. Figure 4a,b
presents the LSV curves of the electrocatalysts at current
densities of 200 and 70 mA cm™? respectively. The
overpotential and Tafel slope of Bi,O;, D-Ag,,s@Bi,O; H-
Ag, 00@Bi,03, and NF are shown in Figure 4c,d, respectively.
The polarization curve of NF exhibits an authenticated
oxidative peak at 1.37 V vs reversible hydrogen electrode,
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Figure 4. (a) LSV curves with IR correction, (b) LSV curves at low current density, (c) overpotential (17) at current densities of 10 and 100 mA
em™2, (d) corresponding Tafel plots, (e) Nyquist plots of B,O;, D-Agy5e@Bi,O3, H-Ag; 0o@Bi,03, and NF, and (f) chronopotentiometry of H-
Ag, 1o@Bi,O; at a current density of 10 mA cm™” during electrochemical testing for 100 h; the inset shows the Nyquist plots, (g) LSV curves before
and after the stability test for 100 h and (h) FE-SEM image of H-Ag, 0o@Bi,O; after the stability test for 100 h.

verifying the oxidation reaction of Ni species in all samples due
to the NF substrate.®® For the OER application, NF
demonstrates a poor electrocatalytic efficiency with over-
potentials of 363 and 635 mV at 10 and 100 mA cm™?
respectively, a high Tafel slope of 244 mV dec”’, and an
electrode resistance (R,) of 1.7 Q and was extracted from the
Nyquist plot. Thus, the enhanced OER performance is
primarily attributed to the Ag—Bi,O; electrocatalysts.
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Compared to NF, the improved OER performance is
observed for pure Bi,O; nanoplates deposited on the NF
substrate, presumably due to the low band gap of bismuth-
based materials and the highly flexible conversion of Bi**/Bi*".
The overpotential is reduced to 314 mV at 10 mA cm 2, while
at a high current density of 100 mA cm ™, the overpotential is
effectively improved to 457 mV compared to that of bare NF.
The Tafel slope and R values were also reduced to 150 mV
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dec™! and 1.3 Q, respectively. These results indicate that the
nanoplate-like structures of Bi,O; create numerous nanopores,
increasing the electrode/electrolyte interfaces, and the redox
reaction of Bi**/Bi’* contributes to the accelerated OER
performance.

To investigate the effect of Ag on the OER applications, we
evaluated the LSV, overpotential, Tafel slopes, and Nyquist
plots for NF, pure Bi,O;, and Ag—Bi,O; electrocatalysts with
varying Ag" concentrations, as shown in Figure S7. Among the
Ag-doped Bi,O; electrodes (D-Agy,s@Bi,O; and D-Ag ;@
Bi,0;), D-Ag,so@Bi,O; exhibited a superior performance.
Similarly, among Ag—Bi,O; with heterojunctions (H-Ag,,s@
Bi,0;, H-Agio@Bi,0;, H-Ag,s@Bi,0; and H-Ag, so@
Bi,0;), H-Ag; Bi,O; demonstrated the highest OER
performance. Therefore, we compared the OER performances
of D-Agyso@Bi,0; (doped) and H-Ag, oo@Bi,O; (hetero-
junction) with those of pure Bi,O; and NF, as shown in Figure
4a—e. The overpotentials of D-Agy so@Bi,O; at 10 and 100 mA
cm™? were estimated to be 284 and 442 mV, respectively, with
a Tafel slope of 160 mV dec™ and a R, value of 1.1 . Despite
containing a small amount of Ag (1.04% of Ag atomic ratio, as
shown in Figure 2d), D-Ag,5,@Bi,0; achieved an impressive
overpotential of less than 300 mV at 10 mA cm™> However, at
higher current densities, the LSV curves of Bi,O; and D-
Ag) 50@Bi, 05 closely overlap, indicating a lower efficiency of
D-Ag, s0@Bi,O;. Therefore, to transition from doping to
establishing heterojunctions at the interface, we increased the
Ag amount to 5.77% Ag atomic ratio (as shown in Figure 2e).
As depicted in Figure 4, H-Ag, (Bi,O; exhibits the lowest
overpotentials of 260 and 406 mV at 10 and 100 mA cm?,
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respectively, along with the smallest Tafel slope of 141 mV
dec™! and an R, value of 1 Q. Thus, H-Ag, ,,@Bi,O; represents
the optimal electrocatalyst with an ideal ratio for accelerating
the OER activity. H-Ag, ,,@Bi,O; has been tested using the
five different electrodes to clarify the highly stable OER
performances (Figure S8).

Furthermore, the ECSA was determined by CV measure-
ments across a wide range of scan rates (10-800 mV s™'), as
shown in Figure S9. The ECSA values increased with the Ag*
concentration in the electrocatalysts: NF (11.62 cm?), Bi,O;
(71.51 cm?), D-Ag,o@Bi,05 (149.57 cm?), and H-Ag, 4@
Bi,0; (178.75 cm®). The ESCA values for the remaining
samples are presented in Figure S10. The results emphasize
that a higher Ag* concentration in the hydrothermal precursor
solution leads to a larger electrochemical active area for the
electrocatalysts, supported by FE-SEM analysis and OER
performance data. However, despite H-Ag, c@Bi,O; exhibit-
ing the highest ECSA of 300.25 cm? its OER performance is
lower than that of H-Ag; o ,@Bi, O3 presumably due to
electrode corrosion in the 1.0 M KOH electrolyte and the
presence of numerous Ag nanoparticles potentially infiltrating
the pores of Bi,O; and decreasing the effective surface area.

Chronopotentiometry was employed to conduct stability
tests on the optimal electrocatalyst, H-Ag, oo@Bi,O;. These
tests were performed over various durations (25, 50, 100, and
240 h) under constant current densities of 10 mA cm™> and
100 mA cm™ and a high current density of 200 mA cm ™ in a
1.0 M KOH electrolyte, with a graphite rod used as the inert
counter electrode.>™*° As depicted in Figure S10, the stability
of H-Ag, 00@Bi,0; at 10 mA cm™> were 87.7% and 97.7% after
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25 and 50 h, respectively, but decreased to 91.1% and 77.5%
after 100 and 240 h, respectively, indicating the degradation of
porous morphologies (Figure 4f—h). We note that the OER
stability can be manipulated by initial activation, electrode
degradation, and changes in electrolyte pH.** The lower
stability observed after 25 h (87.7%) is likely due to the
inadequate adsorption of electrolyte ions onto the electrode,
which may recover during subsequent electrochemical tests.
Conversely, long-term stability issues may arise from complex
cyclic oxidation reactions, leading to electrode degradation.
Interestingly, the H-Ag, 00@Bi,0; at 100 mA cm™> exhibited
the most stable result of 98% compared to that of the electrode
at 10 mA cm™2 (91.1%) and 200 mA cm™2 (89%) for the100 h
durability test (Figure S11).

To understand the enhanced OER performance mechanism
using Ag-incorporated Bi,O; electrocatalysts, DFT calculations
were conducted to compute the Gibbs free energy (AG)
required for four-step OER reactions using three electro-
catalysts: (i) Bi,O; [Bi,O5 (1 1 1)], (ii) D-Ag, s0@Bi,0; [Ag(1
1 1)@Bi,05 (1 1 1)], and (iii) H-Ag; 0@Bi,0; [Ag(1 1 1)@
Bi,O; (1 1 1) and Ag(2 2 0)@Bi,0; (1 1 1)]. By estimating
the spontaneous AG of H,0O (—12.524 eV) and H, (—6.59
eV) (Table S4), the extraction of “O” from H,O results in
varying AG values for each OER intermediate reaction step on
the electrocatalyst surfaces (eqs 6—8, Table SS). Among the
OER intermediate steps, the second step (HO* — O%)
exhibits the highest change in the free-energy change,
indicating the slowest kinetics for oxygen generation during
the OER. Therefore, the efficiency of an electrocatalyst can be
assessed by the extent of reduction in AG, specifically during
this crucial second OER intermediate step. Figure Sa—c
illustrates that the AG values for the second OER intermediate
step in Bi,O; [B,O5 (1 1 1)], D-Agy50@Bi,05 [Ag(1 1 1)@
Bi,0; (1 1 1)], and H-Ag, (0@Bi,0; [Ag(1 1 1)@Bi,05 (1 1
1)] are 2.14, 1.80, and 1.58 eV, respectively. These values
correlate with the overpotential changes (7) of these
electrodes, which are 0.92, 0.57, and 0.35 V, respectively.
The adsorption of HO* on the surface of each electrocatalyst,
as depicted in the insets of Figure Sa—c, likely influences these
results. Increasing the Ag content in the electrocatalyst
accelerates the charge-transfer rate, facilitating the transfer of
free electrons to the surface, thereby enhancing the adsorption
of HO* and improving the OER performance.””**

We also carried out DFT calculations for the H-Ag, 0@
Bi,0; [Ag(2 2 0)/Bi,05(1 1 1)] surfaces for H-Ag; 0@Bi,Os.
The catalytic activity of the H-Ag; o0@Bi,O; [Ag(2 2 0)/
Bi,O,(1 1 1)] surfaces for the OER was found to be superior
by the potential-determining step (PDS) occurring at 1.5335
V. This corresponds to an overpotential () of 0.3035 V,
determined as the difference between the PDS potential and
the equilibrium potential for the OER (1.23 V). The lower
overpotential of the H-Ag, ,0@Bi,O; [Ag(2 2 0)/Bi,05(1 1
1)] surface indicates a more efficient catalytic performance
compared to that of the H-Ag; oo@Bi,O; [Ag(1 1 1)/Bi,05(1
1 1)] surface. The enhanced activity can be attributed to the
higher thermodynamic stability of the Ag(2 2 0) surfaces,
which facilitates favorable adsorption and activation of key
intermediates involved in the OER process. These findings
highlight the importance of the crystal facet in determining the
catalytic efficiency of silver and underscore the role of the
combination of Ag (1 1 1) and Ag(2 2 0) surfaces in H-
Ag, 00@Bi,O5 as a highly active site for the OER than that of
D-Ag 50@Bi,O; exhibiting only Ag (1 1 1).

To evaluate the real-time water splitting efficiency of H-
Ag, 00@Bi,O3 as the positive electrode, a full-cell test was
conducted using external components, including two AAA
batteries (1.5 V) as the power source. The negative electrode
comprised a platinum plate (Pt plate) submerged in a 1.0 M
KOH electrolyte. Figure 5d illustrates the generation of oxygen
(O,) on the surface of H-Ag; 0o@Bi,0; and hydrogen (H,) on
the Pt plate. The total duration of water splitting was 72 h,
during which corrosion was observed on the H-Ag, ,,@Bi,0;
electrode, as detailed in Figure S12. This study highlights the
effectiveness of Ag—Bi,O; heterostructures, evidenced by their
lower overpotential and superior OER performance compared
to previous investigations (Table 1).

Table 1. Comparison of the Overpotential at 10 mA cm™>
for Various Electrocatalysts in 1.0 M KOH in OER
Applications

overpotential at

10 mA cm™ Tafel slope
electrocatalyst (mV) (mV dec<sup>~')  refs.
Ag-doped MoO, 344 (10 mV s71) 55.0 39
StosAgo RuO, 220 156.0 40
NiCo@Ag,o/NFf-Ar 370 104.0 41
(140 mA cm™2)
Ag-doped CoOOH 256 64.6 42
Ag/NiFe LDH 267 23 43
Agy,Nig 3O 305 93 44
AV-Er,0;-doped 6-Bi,O; 445 45
Ag,PO,—Bi,WO,—TiO, 360 64 46
[Ag + Bi]O, 700 70 47
(100 mA cm™2)
H-Agl.00@Bi203 260 141 this

work

B EXPERIMENTAL SECTION

Materials. Ag nitrate (ACS reagent, >99.0%), bismuth(III)nitrate
pentahydrate (ACS reagent, >98.0%), potassium hydroxide (ACS
reagent, >85.0%, pellets), and sulfuric acid (ACS reagent, 95.0%—
98.0%) were sourced from Sigma-Aldrich (Germany). Solvents,
including DI water and acetone, were obtained from Samchun
(Korea).

Preparation of Ag—Bi,0; Electrocatalysts. A piece of nickel
foam (2 X 4 cm) was sanitized with sulfuric acid, DI water, and
acetone. The detailed process was reported in our previous
publication.** The cleaned nickel foam was placed in a Teflon liner,
and 60 mL of a § mM Bi(NO,); solution was added. Various
concentrations of Ag, ranging from 0 mM (Bi,O;), 025 mM (D-
Agors@Bi,03), 0.50 mM (D-Agyso@Bi,03), 0.75 mM (H-Agy7s@
Bi,0;), 1.00 mM (H-Ag, o@Bi,0;), and 1.25 mM (H-Ag, ,s@Bi,0;)
to 1.50 mM (H-Ag, c@Bi,0;), were incorporated into Bi,Oj; to form
the composites. The hydrothermal reactions were maintained at 180
°C for 6 h. Afterward, the samples were rinsed with DI water and
acetone and dried at room temperature (Scheme 1). The details of
the synthesis conditions are described in Table S1.

B CONCLUSIONS

In this work, we synthesized a bismuth-oxide (Bi,O;)
electrocatalyst incorporated with silver (Ag) elements by a
facile one-step hydrothermal method for application in OER.
We studied morphologies and electrochemical behavior of the
doped- and heterojunction-formed Ag—Bi,O; electrodes
manipulated by the various concentrations of Ag NPs in the
hydrothermal precursor solutions. According to the results, we
explored each role of Ag, Bi,O3;, and Ag—Bi,O; composites:
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Scheme 1. Schematics Showing the Synthesis of Ag—Bi,O; Electrocatalysts
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(1) a large surface area of the Ag electrode created by Bi,O;
nanoplate morphologies can accelerate the OER activity due to
the increased electrode/electrolyte interfaces; (2) the excellent
conductivity of Ag NPs and the low band gap of Bi,O;
semiconductor can allow the high rate of electron transfer,
resulting in the rapid OER; and (3) the interaction of Ag—Bi in
the bimetallic can improve the conductivity and simultaneously
increase the active sites as well as the stability compared to that
of the individual materials. The optimized electrode (H-
Ag, 00@Bi,03), synthesized with 1.0 mM Ag in the hydro-
thermal precursor solution, exhibited superior OER perform-
ance, achieving a low overpotential of 260 mV at a current
density of 10 mA cm™ in the 1.0 M KOH electrolyte, a
corresponding Tafel slope of 141 mV dec™’, and a low
impedance of 1.0 €. Furthermore, the durability of the
electrodes was demonstrated by stability values of Ag@Bi,0;
after testing for 100 (91.1%) and 240 h (77.5%). The
performances in a full-cell test using double AAA batteries
further demonstrated the robust properties of the electro-
catalyst. Theoretical DFT calculations supported the exper-
imental findings by providing AG values for each intermediate
reaction of the OER. This approach to create the noble metal-
decorated post-transition metal composite electrocatalyst
would be further utilized to explore other effective combina-
tions of electrocatalysts for accelerating the OER reaction.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.4c22156.
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TEM; XPS spectrum and high-resolution XPS survey of
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100 mA cm™?, corresponding Tafel plots, and Nyquist
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LSV curves of five H-Ag oo@Bi,O3; CV and Cy results
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chronopotentiometry test of H-Ag, ,,@Bi,O; for 100 h
at different current densities of 100 mA cm™ and 200
mA cm % photos showing the experimental setup for
the full cell test and electrolyte before and after the
stability test for 72 h ; synthetic conditions for
electrocatalysts; comparison between the atomic ratios
(%) of Bi 4f and Ag 3d extracted from XPS results and
molar ratios of Bi’* and Ag" used in experiments for
synthesizing the D-Ag,s;@Bi,O; and H-Ag, ,,@Bi,0;,
respectively; comparison between the ICP-OES results
and the molar ratio of hydrothermal precursor solution
for D-Ag, 50@Bi,03 and H-Ag, oo@Bi,O3; free energy of
H,O and H, calculated; and AG of Bi,O; D-Ag,si@
Bi,0;, and H-Ag, oc@Bi,0; calculation (PDF)
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