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Au@h-BN Core–Shell Nanostructure as Advanced
Shell-Isolated Nanoparticles for In Situ Electrochemical
Raman Spectroscopy in Alkaline Environments

Jee Hyeon Kim, Jihyun Ra, Younghee Park, Junyeon Yoon, Eunji Lee, and Hyunseob Lim*

Recent advancements in in situ electrochemical Raman spectroscopy using
shell-isolated nanoparticles have facilitated direct analysis of electrochemical
mechanisms. However, shell materials such as SiO2 and Al2O3 commonly
adopted for shell-isolated nanoparticle-enhanced Raman spectroscopy are
unstable and unreliable in alkaline environments, posing significant obstacles
for relevant research in the alkaline environment. While alternative shell
materials have been explored, finding suitable replacements for traditional
SiO2 shells is still challenging. To address this issue, this study proposes
hexagonal boron nitride (h-BN), with atomically ultrathin and insulating
properties, as an alternative shell material. Specifically, pinhole-free Au
nanoparticles coated by an h-BN shell (Au@h-BN) with a uniform thickness
of 1 nm are synthesized through a controlled two-step process. The resulting
Au@h-BN exhibits more pronounced Raman scattering and long-term stability
under alkaline conditions compared to Au@SiO2. Theoretical simulations
support a stronger electromagnetic field distribution around Au@h-BN
compared to that around Au@SiO2. In situ Raman studies conducted
during electrochemical reactions of Ni and Cu electrodes demonstrate the
superior Raman enhancement effect and durability of Au@h-BN compared
to Au@SiO2. These results suggest that Au@h-BN holds significant potential
for advancing long-term in situ Raman studies in alkaline systems, supporting
the development of efficient catalysts for sustainable energy applications.

J. H. Kim, J. Ra, Y. Park, E. Lee, H. Lim
Department of Chemistry
Gwangju Institute of Science and Technology (GIST)
Gwangju 61005, Republic of Korea
E-mail: hslim17@gist.ac.kr
J. H. Kim, J. Ra, H. Lim
Center for Quantum Conversion Research (QCR)
Institute of Basic Science (IBS)
Gwangju 61005, Republic of Korea
J. Ra, J. Yoon, E. Lee
School of Materials Science and Engineering
Gwangju Institute of Science and Technology (GIST)
Gwangju 61005, Republic of Korea

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202504706

© 2025 The Author(s). Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/adfm.202504706

1. Introduction

Electrochemical processes stand at the
core of diverse energy applications, in-
cluding batteries,[1] fuel cells,[2] hydrogen
generators,[3] ammonia synthesis,[4] and
CO2 reduction systems,[5] all of which are
central to the development of sustainable
energy solutions.[6] In recent years, in situ
Raman spectroscopy has emerged as a
powerful technique for acquiring in-depth
insights into molecular vibrations and
interactions under realistic conditions,
rendering it highly effective for the explo-
ration of electrochemical mechanisms.
Nevertheless, the inherently weak Raman
scattering cross-section obscures the pre-
cise detection of chemical species on the
electrode surface. To overcome this chal-
lenge, localized surface plasmon resonance
(LSPR) has been employed to enhance
the Raman signal. Originally proposed
in 1974 in the context of electrochemical
reactions on roughened silver electrodes,[7]

LSPR paved the way for surface-enhanced
Raman spectroscopy (SERS) using
plasmonic metal nanoparticles (NPs).
This approach further evolved into

shell-isolated nanoparticle-enhanced Raman spectroscopy
(SHINERS), wherein a dielectric shell isolated the metal NP
from direct contact with the target analyte. By splitting un-
wanted electrochemical reactions, this configuration reduces
background noise and bolsters both stability and reproducibility.
Since its inception in 2010,[8] SHINERS has gained widespread
attraction for investigating complex electrochemical phenomena,
offering profound insights into their underlying mechanisms.

Over the past decade, the field of in situ electrochemical study
combined with SHINERS (EC-SHINERS) has seen remarkable
advancements not only in instrumentation and in situ cell design
but also shell engineering. Nonetheless, the majority of SHINs
are still predominantly fabricated using SiO2 and Al2O3 shells,
with certain inherent limitations. Therefore, other metal oxide
materials, including MnO2,[9] TiO2,[10] SnO2

[11] and ZrO2,[12]

have also been proposed as alternatives. Despite these sugges-
tions, the isotropic crystal structures of metal oxides lead to ther-
modynamic instability in atomically thin structures, making it
difficult to achieve ultrathin, pinhole-free shells, especially with
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Scheme 1. Schematic depicting the synthesis process for Au@h-BN NPs in a CVD system.

thicknesses below 2nm, although it is of great significance to im-
prove the detection sensitivity of surface-adsorbed molecules.[13]

Additionally, the limited stability of these ceramic material-based
shells in strongly alkaline environments limits their applicabil-
ity under extreme electrochemical conditions. To address these
issues, alternative shell materials including 2D materials were
suggested for increasing stability in alkaline solution.[14] The ab-
sence of dangling bonds on 2D material surfaces offers several
advantages such as atomically thin thickness, chemical stability,
and chemical inertness. Among the various 2D materials, hexag-
onal boron nitride (h-BN) has emerged as an ideal candidate as
shell material for SHINs in in situ electrochemical study due to
its insulating electronic characteristics and exceptional chemical
stability. However, while graphite shells have been explored,[15]

h-BN shells have not yet been demonstrated for SHINs.
In this work, we report a synthetic method to produce h-BN-

encapsulated AuNPs (Au@h-BN), forming a core–shell structure
that delivers notable advantages. Remarkably, the synthesized
Au@h-BN NPs not only show structural stability without any pin-
holes but also exhibit improved Raman scattering enhancement
effects compared to the conventional Au@SiO2 SHINs. We also
demonstrate the robust, long-term stability of Au@h-BN in in
situ Raman studies under alkaline conditions, effectively over-
coming the limitations of conventional SHINs for the first time.
Although some studies have shown that alternative metal oxides
shells such as MnO2, SnO2, and ZrO2 can be more stable than
SiO2 shells under alkaline conditions in previous literature.[9–12]

While these demonstrate the feasibility of these oxide shells in al-
kaline media, there remain key limitations. Their surface charge
states vary significantly with pH, affecting the orientation and
coverage of adsorbed analytes and thus complicating spectral
analysis. MnO2 can also work as a catalyst for oxygen reduc-
tion and evolution (ORR and OER),[16] while SnO2 is active as
a catalyst in CO2 and N2 reduction,[17] both potentially obscur-
ing baseline electrode reactions. Their typical Raman enhance-
ment factors reported in the literature have generally been lower
than those of Au@SiO2. In contrast, the h-BN shell offers extraor-
dinary chemical inertness and structural robustness compared
to these metal oxide shells even under strongly alkaline condi-
tions. Owing to the lack of dangling bonds, h-BN remains non-
reactive and does not undergo redox reactions that could inter-

fere with sensitive target electrochemical measurements. Conse-
quently, we believe that Au@h-BN would be more suitable for
long-duration, high-pH EC-SHINERS measurements, enabling
stable and artifact-free in situ monitoring of electrode reactions in
alkaline media. Overall, our approach involving the use of Au@h-
BN NPs is anticipated to enhance the utility of molecular analyses
across various scientific fields and promote the development of
innovative methodologies in electrochemical research.

2. Results and Discussion

2.1. Synthesis and Characterization of Au@h-BN NPs

Au@h-BN NPs were synthesized through a controlled two-step
process. The first step involved the wet-chemical synthesis of
AuNPs solution with a size of 80 nm, while the second step
involved chemical vapor deposition (CVD) to encapsulate the
Individual AuNPs within an ultrathin h-BN shell. The wet-
chemical synthesis of AuNPs relied on a modified seed-mediated
method.[18] During this process, the diameter of the AuNPs was
regulated to 80 nm by adjusting the concentration of HAuCl4.
The prepared AuNPs solution was then mixed with fumed sil-
ica powder as the supporting ceramic material. Subsequently,
a few layers of h-BN were grown on the individual AuNPs us-
ing borane-ammonia complex (NH3BH3) as the precursor at a
growth temperature of 1100 °C under an Ar/H2 atmosphere in
a CVD furnace (Scheme 1). Following the synthesis of Au@h-
BN NPs, the supporting silica was removed through dissolution
in hydrogen fluoride (HF) solution and centrifugation. The sam-
ples were then cleaned through deionized water (DW) and cen-
trifugal separations (see the Experimental Section in Support-
ing Information for a detailed preparation process). Finally, the
pellet collected after the final centrifugation was dissolved in a
small amount of DW. This solution containing the synthesized
Au@h-BN NPs was then characterized by various spectroscopic
and microscopic techniques. In the UV–vis spectra of the original
AuNPs, exhibiting an average size of 79.5± 0.8 nm (Figure S1a,b,
Supporting Information), a strong absorbance peak appears at
548 nm (Figure 1a, black). Meanwhile, in the UV–vis spectra of
the Au@h-BN, this peak undergoes a redshift to 554 nm and
demonstrates slight width broadening (Figure 1a, purple). These
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Figure 1. Characterization of Au@h-BN NPs. a) UV–vis spectra of bare AuNPs (black) and Au@h-BN NPs (purple). b) Raman spectrum of Au@h-BN.
c) Survey XPS spectrum of Au@h-BN NPs on SiO2/Si substrate. d) High-resolution XPS spectra of N 1s and B 1s orbitals. Dotted lines denote the raw
data, while straight lines denote the simulated peaks. e) TEM image of 100 nm Au@h-BN NP. f) HR-TEM image of the region highlighted by a white
dotted box in Figure 1e. (Inset) FFT image and line profile of the h-BN shell along the red dotted-arrow in Figure 1f. g) Scanning TEM image (i) and EDS
mapping images of Au (ii), B (iii), and N (iv). Scale bar: 100 nm.

changes suggest moderate aggregation of the AuNPs at a high
temperature before the growth of the h-BN shell in the CVD fur-
nace. Notably, an additional weak peak appears ≈202 nm, indica-
tive of h-BN absorption.[19] Our next analysis focused on assess-
ing the size distribution of Au@h-BN NPs using scanning elec-
tron microscopy (SEM). The average size of the Au@h-BN NPs
was determined to be 99.1 ± 0.7 nm, indicating an increase in
the size of AuNPs during h-BN growth (Figure S1c,d, Supporting
Information). To affirm the presence of the h-BN shell, various
additional characterizations were performed. The Raman spec-
trum of Au@h-BN corroborates this, clearly depicting a promi-
nent peak at 1360 cm−1, corresponding to the E2g phonon mode
of h-BN (Figure 1b).[19] In the survey X-ray photoelectron spec-
troscopy (XPS) spectra of Au@h-BN (Figure 1c) display various
peaks related to Au@h-BN and SiO2/Si substrate. Particularly,
high-resolution (HR) XPS spectra of N 1s and B 1s photoelec-
trons show prominent peaks at 397.5 and 190.0 eV (Figure 1d),
respectively, consistent with those observed in h-BN.[19,20] Trans-
mission electron microscopy (TEM) analyses provided more di-
rect evidence confirming the presence of the h-BN shell on the
AuNPs (Figure 1e,f). HR-TEM image of Au@h-BN NPs as shown
in Figure 1f reveals the presence of layered structures on the
surface of AuNP, with an interlayer spacing of 0.337 nm. This
value is consistent with the d-spacing of the (0002) planes for
h-BN.[21] Hence, two spots marked by yellow circles in the in-
set of Figure 1f, which depicts a fast Fourier transform (FFT)
image, correspond to the (0002) planes of h-BN. Notably, most
AuNPs are enveloped by three layers of h-BN, while a few are
enclosed by four layers of h-BN (Figures S2 and S3, Supporting
Information). The presence of h-BN shells on the AuNPs was
further confirmed through a spatially resolved elemental analy-
sis using energy-dispersive X-ray spectroscopy (EDS). The EDS
mapping images displayed in Figure 1g indicate the presence of
B and N elements onto AuNPs. However, resolution limitations
prevent clear distinctions between the characteristic X-rays origi-
nating from the B 1s and C 1s core levels (Figure S4, Supporting
Information).[22] Hence, the intensity observed in regions sur-

rounding the AuNPs in Figure 1g(iii) is primarily attributed to
the C 1s signal emitted by the thin carbon film of the TEM grid,
rather than the B 1s signals. These analytical results conclusively
demonstrate that the specified synthesis conditions yield AuNPs
that are uniformly encased in tri-layered h-BN shells, offering po-
tential enhancements in stability and functionality across various
applications.

Notably, the growth temperature for the h-BN shells in our
study was set at 1100 °C, which exceeds the melting point of
100 nm-sized AuNPs (1064 °C).[23] Consequently, the growth
mechanism of the h-BN shell likely follows the vapor-liquid-solid
(VLS) process (Figure S5, Supporting Information), similar to the
growth mechanism of the h-BN film on a liquid Au substrate.[24]

During the CVD process, the pristine AuNPs may undergo melt-
ing at 1100 °C, forming liquid-phase Au nanodroplets. How-
ever, the supporting silica powder can help prevent the coales-
cence of Au nanodroplets. As confirmed by previous analyses
through SEM, the average size of the AuNPs increased from
≈80 to 100 nm after the CVD process, likely owing to Ostwald
ripening.[25] Larger particles can form under certain conditions,
but we remove these outliers via centrifugation. Consequently,
while the overall size distribution broadens slightly compared to
the initial solution, it remains fairly narrow, as confirmed in the
histogram shown in Figure S1 (Supporting Information). Previ-
ous studies indicate that only a monolayer h-BN can be grown
using a liquid Au substrate owing to the poor solubilities of B
and N in liquid Au.[24] In contrast, the Au@h-BN NPs synthe-
sized in this study are enclosed within a uniform tri-layered h-BN
shell, deviating from the typical growth behavior observed when
using bulk liquid Au. Numerous studies have demonstrated that
the physical properties of metal NPs depend on their sizes.[26]

Due to their small size and high curvature, AuNPs exhibit signif-
icantly higher surface energy compared to bulk Au. Additionally,
catalytic activity levels on the surface of Au nanodroplets, as well
as the solubility of B and N in these nanodroplets, likely exceed
those in bulk liquid Au. Although there are no direct studies on
the solubility of B and N in AuNPs, similar findings have been
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Figure 2. Raman scattering enhancement effect of Au@h-BN compared with transitional Au@SiO2 NPs. a) Raman spectra of 10−5 M R6G without
SHINs (black) and with Au@h-BN NPs (th-BN ≈ 1 nm, red), Au@SiO2 NPs (tSiO2 = 2 nm, blue), and Au@SiO2 NPs (tSiO2 = 7 nm, green) on Si
substrate. b) Front-view FDTD simulation images of 100 nm AuNP encapsulated by a thin shell of varying thicknesses: 2 nm-thick SiO2 shell in Au@SiO2
(i, ii) and 1 nm-thick h-BN shell in Au@h-BN (iii, iv) on Si substrate. c) EM field enhancement profiles of h-BN (purple) and SiO2 shells (green) of varying
thicknesses, ranging from 1 to 7 nm. Filled symbols denote a pinhole-free condition, while empty symbol denotes the presence condition of a pinhole.

reported for carbon solubility.[27] For instance, research has
shown that carbon solubility increases dramatically at the
nanoscale, causing unexpected volume changes in AuNPs. This
supports the conclusion that high surface energy and enhanced
atomic diffusion in NPs can facilitate multilayer growth. TEM
images in Figure S2 (Supporting Information) show the Au@h-
BN with a core size of ≈60 nm (Figure S2a–c, Supporting Infor-
mation) and ≈110 nm (Figure S2d–f, Supporting Information),
respectively. While 6–10 layers (2–3 nm) of h-BN shells were con-
firmed on ≈60 nm Au NP, 1–2 layers (<1 nm) of h-BN shells were
only confirmed on the ≈110 nm AuNPs. In our work, the result-
ing Au@h-BN shells typically consisted of 3–4 layers (≈1 nm) of
h-BN (Figures S2g and S3, Supporting Information). This find-
ing supports also the idea that shell thickness can be influenced
by the curvature of the AuNPs. Therefore, we believe that these
factors contribute to the successful multilayer growth of h-BN on
Au nanodroplets. In terms of reproducibility for SHINs prepa-
ration, the uniform thickness of the h-BN shell achieved by our
approach is a significant advantage over conventional SiO2-based
SHINs, which require precise control over shell thickness.

2.2. Properties of Au@h-BN as SHINs

To obtain SHINs demonstrating optimal performance in in situ
electrochemical Raman analysis, they must satisfy several criti-
cal criteria. For instance, the SHINs must exhibit robust Raman
scattering enhancement, possess a pinhole-free structure, and
demonstrate long-term stability in both acidic and alkaline envi-
ronments. To investigate the Raman signal enhancement effect
of the synthesized Au@h-BN NPs, we conducted a Raman analy-
sis of rhodamine 6G (R6G) using Au@h-BN NPs and compared
the obtained results with those of Au@SiO2 NPs. AuNPs were
synthesized with SiO2 shell thicknesses of 2 and 7 nm, respec-
tively. As illustrated in Figure 2a, the Au@SiO2 NPs with a thin-
ner shell (2 nm) exhibited a stronger signal enhancement effect
in Raman compared to those with a thicker shell (7 nm).[28] In-
triguingly, Au@h-BN NPs (≈1 nm) exhibited even greater peak
intensities compared to Au@SiO2 with a 2 nm shell, despite
their similar shell thicknesses. This suggests that the h-BN shell

is the more efficient insulating shell material for SHINs com-
pared to Au@SiO2. Notably, shell materials with high refractive
index are known to boost the Raman scattering enhancement
effects of core metal NPs in SHINERS fields. In this context,
the high-frequency dielectric constant of amorphous SiO2 (ɛ

∞
)

ranges from 2.0 to 2.2,[29] while its static dielectric constant (ɛ0)
is ≈3.9.[30] In contrast, the dielectric constant of h-BN varies de-
pending on the crystallographic direction due to its anisotropy
properties. Specifically, the dielectric constant of h-BN in the out-
of-plane direction (ɛ(⊥, ∞)) is 3.03, while in the in-plane direction
(ɛ(‖, ∞)), it is 4.98.[31] Using these values, we conducted finite-
difference time-domain (FDTD) simulations to comprehend the
more pronounced Raman signal enhancement effects of Au@h-
BN over those of Au@SiO2, as evidenced by experiment data. It
is noteworthy that atomically thin h-BN features a slightly lower
dielectric constant than bulk h-BN.[31] However, given that the
dielectric constant of atomically thin SiO2 is unknown, we used
the bulk dielectric constant of h-BN and SiO2 in the FDTD sim-
ulations for consistency. In FDTD calculations, the shell thick-
ness in Au@h-BN and Au@SiO2 was determined based on the
minimum effective thicknesses of the shell materials for SHIN-
ERS as practical applications (h-BN: 1 nm and SiO2: 2 nm),[32]

corresponding to the pinhole-free thickness of the Au@h-BN
and Au@SiO2 experimentally verified in Figure 3a,e. Partially,
Figure 2b shows the electromagnetic (EM) field distribution of
Au@SiO2 (2 nm) and Au@h-BN (1 nm), respectively, indicating
that the EM field is maximum at the interface between the sin-
gle SHIN and Si substrate. The EM field around Au@h-BN is
stronger than that around Au@SiO2. Here, the enhancement fac-
tor (EF) of the SHINs was calculated using the following simple
Equation (1):

EF =
|
|
|
|

Emax

E0

|
|
|
|

4

(1)

Using this formula, the theoretical EF of Au@h-BN was esti-
mated to be 1.28 × 106, while that of Au@SiO2 was estimated to
be 3.30× 105. Here, Emax values were calculated based on the max-
imum EM field values generated between the SHIN monomer
and substrate from the FDTD results. These experimental and
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Figure 3. Pinhole detection and alkaline-stability test of Au@h-BN compared with Au@SiO2. a,e) Raman spectra of 25 mM pyridine with Au@h-
BN NPs (a) and Au@SiO2 (e) deposited onto Si (i), Au (ii) substrate, and onto Si immersed in a 1.0 M KOH solution for prolonged durations (iii).
b–d) HR-TEM images of Au@h-BN before and after dipped in 0.1 M KOH for 8, and 120 h. (Inset) Intensity profiles of h-BN shell region marked by
the red-dotted arrow. Scale bar: 5 nm. f,g) TEM images of the Au@SiO2 NPs before and after immersion in a 0.1 M KOH for 120 h. Scale bar: 20 nm.
h) Time-dependent Raman spectra of pyridine in the presence of Au@SiO2 NPs deposited onto a Si substrate during immersion in a 1.0 M KOH solution
for 8h. The pink-highlighted regions in Figure 3a,e,h indicate peaks associated with the vibrational modes of pyridine.

simulation results indicate that the EF value of Au@h-BN NPs
offers ≈4 times higher Raman signal enhancement than that of
Au@SiO2 NPs, suggesting their potential for in situ electrochem-
ical Raman applications in any substrates. To further investigate
the impact of the dielectric characteristics on Raman signal en-
hancement, we simulated the EM field distributions of Au@h-
BN and Au@SiO2 with varying their shell thickness (Figure 2c).
Notably, throughout the investigated thickness range from 1 to
7 nm, Au@h-BN NPs consistently exhibit higher EF compared
to Au@SiO2 at the same thicknesses, suggesting that SHINs
with a higher dielectric constant exhibit greater Raman scattering
enhancement. Although the higher dielectric constant of h-BN
compared to that of SiO2 potentially contributes to its enhanced
Raman signal effects, the more significant factor in enhancing its
performance as a SHINs is likely its extremely low minimum ef-
fective thickness (less than 1 nm), which is attributed to its high
stability in a 2D geometry and exceptional flexibility compared to
conventional dielectric materials.

To verify the integrity of the core–shell structure of Au@h-
BN NPs, we conducted tests to confirm the presence of pin-
holes in the h-BN shell.[32] In the content of SHINs, pyridine is
a commonly used chemical molecule for gauging the pinhole-
free nature of SHINs.[32] If pyridine is adsorbed onto the sur-
face of the AuNPs, two prominent peaks must appear at ≈1003
and 1034 cm−1.[33] The absence of these peaks would confirm the
lack of pinholes in the h-BN shell. No noticeable peaks were ob-
served for the Au@h-BN or Au@SiO2 NPs with thin shell thick-

ness deposited onto the Si substrate (Figure 3a(i),e(i)). In con-
trast, the results of our tests conducted on pinhole-free Au@h-
BN NPs and Au@SiO2 deposited onto an Au substrate revealed
the presence of two pyridine peaks (Ring breathing modes, v1
and v12), indicating that pyridine molecules adsorbed onto Au
substrate as shown in Figure 3a(ii),e(ii). These results indicate
that Au@h-BN with a thickness of 1 nm and Au@SiO2 NPs
with a thickness of 2 nm lack any pinholes in their shells.
However, Au@SiO2 synthesized in a different batch displayed
pyridine-related Raman peaks, suggesting that the reproducible
synthesis of pinhole-free Au@SiO2 below a 2 nm-thick shell is
challenging.[32] Furthermore, upon immersing the Au@h-BN
and Au@SiO2 deposited onto the Si substrate in 0.1 M KOH
over 6 h, the Raman spectrum displayed pyridine peaks after
several hours for Au@SiO2, not Au@h-BN (Figure 3a(iii),e(iii)).
TEM images displayed in Figure 3b–d reveal that the tri-layered
h-BN shells remain intact even after immersion in 1.0 M KOH
solution for 120 h. In contrast, TEM images of Au@SiO2 after
long-term storage in 1.0 M KOH revealed the complete disap-
pearance of the SiO2 shell compared to pristine Au@SiO2 with
a thickness of 5 nm (Figure 3f–g). Additionally, time-dependent
Raman analysis demonstrated two pyridine peaks emerging af-
ter 6 h of KOH treatments (Figure 3h), indicating that the SiO2
shell could be damaged by an alkaline solution.[13b] Consequently,
Au@h-BN demonstrates superior stability in alkaline condi-
tions for over 120 h, significantly outperforming conventional
Au@SiO2 NPs.
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Figure 4. Au@h-BN-assisted in situ Raman analysis of Cu and Ni electrodes in alkaline electrolytes. a) LSV curve of the Cu electrode in the presence
of Au@h-BN in 0.1 M KOH. b) Contour map of in situ Raman spectra on Cu recorded during LSV from −0.1 V to 0.8 V versus RHE. c) Comparison
of Raman spectra on Cu electrode at the Vapp of 0.65 V versus RHE without any SHINs (black), with Au@SiO2 NPs (green), and with Au@h-BN NPs
(purple). d) LSV curve of the Ni electrode in the presence of Au@h-BN in 0.1 M KOH. e) Contour map of in situ Raman spectra on Ni acquired during
LSV (d) from 0.8 to 1.6 V versus RHE. f) Comparison of Raman spectra on Ni electrode at the Vapp of 1.6 V versus without any SHINs (black), with
Au@SiO2 NPs (green), and with Au@h-BN NPs (purple).

2.3. In Situ Electrochemical Raman Spectroscopy Analysis Using
Au@h-BN in Alkaline Environments

Electrochemical water splitting in alkaline electrolytes has gar-
nered significant interest because it allows the use of non-noble
metal electrodes and offers better corrosion resistance compared
to acid-base systems.[34] Therefore, acquiring a fundamental un-
derstanding of the mechanisms of electrochemical reactions oc-
curring in alkaline electrolytes is significant. Notably, the long-
term stability of Au@h-BN NPs makes them ideal for SHINs
utilized in electrocatalysis in extreme environments, particularly
alkaline conditions. To explore the potential of Au@h-BN NPs for
in situ electrochemical Raman studies under alkaline conditions,
we studied the kinetics of oxidation reaction on two metals such
as Cu and Ni using Au@h-BN as the standard alkaline electro-
catalysis system,[35] particularly focusing on OER for Ni electrode.
For this analysis, we employed a custom-built Raman spectrome-
ter, and an in situ Raman cell equipped with a vertically adjustable
working electrode holder, along with reference and counter elec-
trodes as shown in Figure S6 (Supporting Information). This
setup allowed the working electrode to be positioned close to the
glass window, maintaining a 0.2 mm gap to prevent bubble for-
mation through capillary effects.[36] Consequently, this arrange-
ment facilitated effective in situ Raman measurements on the
as-known metal electrode during oxidation reaction. The experi-

ments were conducted in a 0.1 KOH electrolyte using a Hg/HgO
reference electrode and an Au wire as the counter electrode. Fur-
thermore, in situ electrochemical Raman spectra were obtained
on Cu or Ni electrodes as the working electrode by irradiation of
a He-Ne laser for 30–60 s during linear sweep voltammetry (LSV)
from−0.1 to 0.8 V versus RHE for Cu, and 0.7 to 1.6 V versus RHE
for Ni, at an anodic scan rate of 1 mV s−1 for Cu, and 3 mV s−1

for Ni (Figure 4a,d). Here, Au@h-BN and Au@SiO2 NPs were
employed as the Raman scattering enhancer materials to com-
pare their activity for enhancement of the Raman signal. In ex-
periments on the Cu electrode, when using Au@h-BN NPs, Ra-
man peak shifts corresponding to Cu─OH and Cu2O were con-
firmed depending on the applied electrochemical potential (Vapp)
(Figure 4b).[35a] In particular, strong Raman intensity correspond-
ing to Cu─OH appeared at 701 cm−1 when the Vapp is –0.1 V ver-
sus RHE; however, their intensity gradually decreased during a
positive voltage sweep. At the Vapp value of 0.6 V versus RHE,
Cu2O peaks emerged ranging from 450 to 600 cm−1, indicating
the conversion of Cu─OH on the surface of the Cu electrode to
Cu2O during the anodic voltage sweep. Notably, the intensity of
these peaks was confirmed to be stronger when using Au@h-
BN compared to that when without SHINs and using Au@SiO2
(Figure 4c).

In similar experiments on the Ni electrode, when the Vapp
reaches the 1.5 V versus RHE, strong Raman signals appear

Adv. Funct. Mater. 2025, 2504706 2504706 (6 of 9) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Long-term stability of Au@h-BN and Au@SiO2 under the alkaline condition. a,d) CV curve of Ni in presence Au@h-BN (a) and Au@SiO2
(d) at step of st cycle and 5000th cycles. b,e) Raman spectra of Ni electrode with Au@h-BN (b) and Au@SiO2 magnified 10x (e) at the Vapp of 1.66 V
versus RHE in 1.0 M KOH after n cycles of CV (n = 0, 1000, 2000, 3000, and 5000). c,f) SEM images of Au@h-BN (c) and Au@SiO2 (f) after CV 5000
cycles in 1.0 M KOH. Scale bar: 200 nm.

at 494 and 564 cm−1 (Figure 4d,e), corresponding to the bend-
ing mode (𝛿) of NiIII-O and the stretching mode (𝛾) of NiIII-O
in NiOOH.[35b,c] These results also highlight the significant role
of Ni (III) species in OER catalysis on polycrystalline Ni foils.
In addition to these experiments, two control experiments were
also performed: in situ Raman measurements without any Ra-
man enhancer materials, and with Au@SiO2 NPs. As shown in
Figure S7 (Supporting Information), no significant peaks were
observed without any SHINs even at the Vapp value of 1.6 V ver-
sus RHE. Conversely, when conventional Au@SiO2 NPs were
used, distinct two peaks corresponding to NiOOH were detected
above the Vapp value of 1.5 V versus RHE but with lower intensi-
ties compared to those observed with Au@h-BN NPs (Figure 4f).
Additionally, we monitored the Raman spectra changes on Ni
electrodes subjected to long-term cyclic voltammetry (CV) in the
presence of Au@h-BN and Au@SiO2, respectively (Figure 5a,d).
These spectra were recorded at the Vapp of 1.66 V versus RHE af-
ter n cycles (n = 0 to 5000), respectively. When using Au@h-BN,
highly enhanced Raman intensities of NiOOH were uniformly
apparent even after 5000 cycles (Figure 5b), indicating minimal
changes in the Raman spectra over this extensive cycling period.
In contrast, when using Au@SiO2, the Raman signal intensi-
ties were relatively weak and increased with the number of cy-
cles (Figure 5e), unlike the spectra of Au@h-BN. In the presence
of Au@SiO2, the Raman peak intensity increased with the pro-
gression of CV. The Raman intensity change of Au@SiO2 can be
explained as follows. The SiO2 shell dissolves in the alkaline so-

lution, resulting in a thinned SiO2 shell that then causes slightly
enhanced EF. However, this enhancement remains lower than
that observed with Au@h-BN, likely due to deformation during
multiple cycles, as the dissolution of SiO2 removes the protective
layer. Notably, we demonstrated the stability of Au@h-BN and
Au@SiO2 NPs over 5,000th CV cycles as shown in Figure 5. For
the Ni electrode within Au@h-BN, there is no significant differ-
ence between the 1st and 5,000th cycles (Figure 5a,b), providing
evidence that the Au@h-BN NPs do not interfere with the elec-
trochemical stability of the system during in situ experiments. In
contrast, a substantial change is observed in CV within Au@SiO2
(Figure 5d,e), indicating that the presence of Au@SiO2 NPs in-
fluences the electrochemical behavior, and the structural change
of Au@SiO2 causes the reaction environment during prolonged
electrochemical reactions. We believe that the negatively charged
surface of SiO2 under alkaline conditions (pH > pKa of silica sur-
face) substantially affects the electrical double layer formation at
the interface between electrode and Au@SiO2, creating a differ-
ent electrochemical reaction environment. Rather, the removal
of SiO2 may lead to a recovery of the original CV characteristics.
SEM images also reveal the higher stability of Au@h-BN NPs
than Au@SiO2 and bare Au after the multiple cycles (Figure 5c,f;
Figure S8, Supporting Information). While the well-dispersed
Au@h-BN NPs are observed without observable structural degra-
dation, the morphological changes by agglomeration of SiO2-
dissolved Au NPs are observed after the 5000 cycles. These re-
sults indicate that the application of Au@SiO2 as an adjuvant in
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fields for long-term in situ electrochemical Raman study could
be constrained due to variations in the degree of Raman signal
enhancement effects on the thickness of the silica shell during
measurements. These findings suggest that Au@h-BN NPs are
more suitable for long-term in situ Raman studies, as they do not
suffer from chemical instability issues encountered when using
Au@SiO2 NPs. Notably, the Raman peak of NiOOH at the Vapp
persisted even after 10k cycles (Figure S9, Supporting Informa-
tion), demonstrating the prolonged stability of Au@h-BN NPs
under alkaline conditions and their suitability for long-term in
situ Raman analysis.

3. Conclusion

In summary, this study comprehensively explores the synthe-
sis, characterization, and enhanced Raman signal properties as-
sisted by Au@h-BN NPs, presenting them as an unprecedented
type of SHINs for electrocatalysis analysis in alkaline-base elec-
trochemical reactions. To overcome the limitations of traditional
Au@SiO2 core–shell structures, we successfully utilized h-BN as
an efficient protective shell material, leveraging its 2D insulating
properties and exceptional chemical stability. Through meticu-
lous control experiments and in-depth spectroscopic and micro-
scopic analyses, we realized the controlled synthesis of Au@h-
BN NPs with a targeted shell thickness of ≈1 nm ensuring opti-
mal electrochemical performance. Our findings also emphasize
the reproducible pinhole-free characteristics of Au@h-BN NPs,
required for SHINERS applications. Particularly, in situ electro-
chemical Raman spectroscopy analysis revealed the enhanced Ra-
man intensity and long-term stability of Au@h-BN NPs during
the oxidation process compared to conventional Au@SiO2 NPs,
underscoring their potential as SHINs for alkaline water electrol-
ysis and other electrochemical processes in extreme conditions.
The feasibility of using Au@h-BN in an alkaline environment is
anticipated to enhance the current understanding of fundamen-
tal electrocatalysis, which accelerates the broader comprehension
of electrochemical processes and offers valuable insights into the
design and engineering of efficient catalysts for alkaline electro-
chemical applications.
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