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Hexagonal boron nitride (hBN) has long been considered chemically inert due to its wide bandgap and
robust covalent bonds. Its inertness hinders hBN from functionalization for energy conversion
applications. A question arising is whether it is possible to make hBN chemically reactive. Here, we
report cryomilling in liquid N2, as an effective strategy to activate the chemical reactivity of hBN by
engineering different vacancies to produce defective-BN (d-BN). The local reactivity of the vacancies is
probed by photoluminescence (PL) emissions and electron spin resonance spectroscopy (ESR). Density
functional theory calculations reveal that the formation of different vacancies with/without oxygen
cause the creation of mid-gap states that are responsible for the PL emissions in the visible region. These
vacancies also generate localized free radicals which are both theoretically and experimentally
confirmed by spin density calculations and ESR. Due to the vacancy induced free radicals and Fermi
level shifts, d-BN can be controllably functionalized with single metal atoms by the spontaneous
reduction of metal cations; mono-metallic or bi-metallic clusters can also be effectively reduced. As a
proof of concept, the surface-bound metal nanostructures, especially substrate confined single metal
atoms, exhibit improved hydrogen evolution catalytic performance, and can be further used for
sensing, and quantum information.
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Introduction
Hexagonal boron nitride (hBN) is a structural analog of graphite,
where alternating B/N atoms are covalently bonded into hexago-
nal layers, which are held together by weak van der Waals forces.
The main distinction is that the B-N covalent bonds are polar and
partially ionic due to the electronegativity difference between B
and N [1]. Namely, graphene has evenly distributed p electrons,
whereas hBN has a reduced electron-delocalization in the p bonds
because the lone pair electrons in the pz orbital of N atoms are
more confined [2]. These unique structural properties in hBN
result in electrical insulation, high thermal conductivity, excel-
lent oxidation resistance, and hydrophobicity, which promotes
various applications such as dielectric layers, anti-wear/
corrosion coatings, and high-temperature crucibles [1,3–7]. How-
ever, its chemical inertness and mechanical robustness have
made hBN functionalization difficult.

Defect engineering has emerged as a primary approach to tai-
lor the physicochemical properties and further extend the func-
tionalities of layered materials [8]. By introducing defects, some
properties were observed such as defect states, bandgap reduc-
tion, and free radicals in hBN [7,9–18]. However, energy-
demanding methods, such as plasma [19–22] and ball-milling
[23,24], are needed to introduce defects and functional groups
due to the hBN mechanical robustness. Ball-milling is a scalable
approach to introduce defects in hBN, but the prolonged milling
time (>20 h) may lead to unwanted contamination from the
milling environment [25,26]. Accordingly, we hypothesized that
ball-milling in a cryogenic environment (i.e. cryomilling in N2 at
77 K) could be more selective in the generation of homogeneous
defects because several undesirable side-reactions will be sup-
pressed due to the low thermal energy available. We also inferred
that this selectivity might help in energy efficiency, thus reduc-
ing the milling time. This technique, cryomilling, has been
widely used to obtain fine-grained metallic nanostructures for
improved mechanical properties [26]. During the conventional
ball milling, the temperature usually rises with the milling time,
which always leads to structure recrystallization and promote the
side reaction with the milling media, such as oxidation when O2

is presented. By maintaining the cryogenic environment, those
side reactions can be significantly suppressed, which further
shortened the milling time and lead to a finer grain structure
[26]. Other than metallic nanostructure, due to its high strain rate
deformation at cryogenic temperature, it has also been used to
unzip carbon nanotubes into graphene [27], which shows its
potential to break the covalent bonds and create defects in 2D
materials.

Here, we show that defects can be introduced into bulk hBN
by a scalable cryomilling process in a matter of minutes. Cry-
omilling takes advantage of conventional milling and cryogenic
N2 environment so that the milling time can be significantly
reduced, and oxidation can be substantially suppressed. During
cryomilling, hBN can be activated by the creation of vacancies
with hydroxyl groups to produce defective-BN (d-BN). PL emis-
sions within the visible region and electron spin resonance
2
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(ESR) signals can be detected in d-BN, implying the changes in
the band structure and the creation of free radicals. Subsequently,
this d-BN is able to donate electrons to metal cations (Ag, Fe, Cu,
Au, and Pt) to form into single atoms and sub-nanoclusters (2–
8 nm in diameter) at room temperature (RT). To further under-
stand this phenomenon, we turn to theoretical calculations
which revealed that different types of vacancies present in d-BN
significantly change the band structure and shifts of Fermi energy
(EF) higher than the reduction potential of the metal cations. The
calculated spin density maps near the vacancies are well aligned
with the ESR spectra that free radicals can be observed near the
vacancies in d-BN. In essence, these vacancies are the reactive
sites to reduce metal cations spontaneously on the d-BN surface,
as well as the PL emission sites within the visible region. Due to
the differences in diffusion barriers and adsorption energy, differ-
ent metal species are formed into various size and morphologies,
that single Pt atoms are confined at the vacancies, while Au, Ag,
Fe, and Cu are formed into sub-nanoclusters. Atomically dis-
persed Pt atoms is a promising platform for single atom catalysis
(SAC), while d-BN support may hinder the overall electron trans-
port. To improve the electron transport, bi-metallic AgPt sub-
nanocluster with atomically dispersed Pt atoms were reduced
by d-BN (d-BN:AgPt). Electron donation from Ag to Pt is con-
firmed by both X-ray photoelectron spectroscopy (XPS) and den-
sity functional theory (DFT) calculations. The materials were then
tested as the catalysts for the hydrogen evolution reaction (HER),
and d-BN:AgPt shows excellent HER activity with a turnover fre-
quency (TOF) of 10.17 H2 s

�1 at 100 mV overpotential when both
Ag and Pt atoms are considered as the active sites, which is better
than commercial Pt/C catalysts. This superior performance is
attributed to the robust anchoring of atomically dispersed Pt
atoms and the synergetic effects among AgPt and d-BN. Our
results highlight how cryomilling can be used to nanoengineer
defects in bulk hBN and to stabilize different metal nanostruc-
tures, including single atoms and mono/bi-metallic nanoclusters
with broad applications in sensing, catalysis, quantum informa-
tion and aerospace systems. This strategy can be applied to other
metals and other layered materials, thus opening new horizons in
the activation of inert materials.
Results and discussion
Boron nitride activation
Pristine hBN powders were subjected to cryomilling in liquid N2

(77 K) to produce d-BN. The degree of defectiveness in d-BN is
controlled by the cryomilling time. The main advantage of
milling hBN at 77 K is the reduced milling time, due to the pro-
motion of fracture and pulverization. Different d-BN samples
with various cryomilling times (9, 18, 27, 45, 90, 120, 150, and
900 min) were prepared and named as 9BN, 18BN, 27BN,
45BN, 90BN, 120BN, 150BN, and 900BN, respectively. Structural
pulverization and amorphization of hBN is commensurate with
the cryomilling time [28] (Fig. 1a). X-ray diffraction (XRD) pat-
terns further confirmed a gradual rise in disorder as the
016/j.mattod.2021.09.017
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FIGURE 1

hBN activation via cryomilling: (a) TEM images of pristine hBN, 45BN, 90BN, and 900BN, which show BN platelets undergo deformation and amorphization
with longer cryomilling time. (b) XRD spectra of hBN and d-BN taken at different cryomilling times, up to 900 min. (c) BET surface area and total pore volume
values are directly correlated to cryomilling time. (d) Representative HR-TEM images of the 90BN show defective edges and amorphous-like regions; insets
depict scanning transmission electron microscopy-annular dark-field (STEM-ADF) images of triangular and point vacancies. HAADF images of (e) hBN and (f)
90BN, show the corresponding EELS mappings of B, N, and O. (g) The FTIR spectra of hBN and 90BN, and the inset shows the zoom in of 4000–3000 cm-1.
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cryomilling time increases, as evidenced by the hBN (002) peak
becoming weaker and broader (Fig. 1b). Longer cryomilling times
result in a decrease of both the crystalline grain size (Fig. S1a) and
the overall particle size (Fig. S1b), caused by the shearing force
during milling. Thus, more surfaces and edges become exposed
with longer cryomilling times, which significantly increase the
surface area from 37 to 234 m2 g�1 (Fig. 1c). This was confirmed
by N2 adsorption isotherms of different d-BN materials (Fig. S2)
and is consistent with shear exfoliation promoting the formation
of small particles. High-resolution transmission electron micro-
scopy (HRTEM) reveals defects in atomic scale, including triangu-
lar/point vacancies (Fig. 1d) and disordered structures with
extended vacancies (Fig. S3). Due to the dangling bonds, the
vacancies and edges are more favorable to adsorb heteroatoms
from the milling media. In this case, hBN was loaded to the cell
under the air. Thus, the oxygen (O) tends to be adsorbed during
the milling process. Electron energy loss spectroscopy (EELS)
mappings (Fig. 1e–f) reveal that more O can be found in 90BN
Please cite this article in press as: Y. Lei et al., Materials Today (2021), https://doi.org/10.1
vs. hBN, especially at the edges. XPS indicates that the O content
increases by �2 at.% on the surface of 90BN when compared to
pristine hBN. The O was also probed by FTIR (Fig. 1g), that a
broad shoulder at 3419 cm�1 emerged as cryomilling time
increased, indicating the formation of hydroxyl groups bonded
with BN (BN-OH) in 90BN [5].

Due to the similarity in the atomic number (Z) contrast
between B and N, the directly identification of the types of vacan-
cies in bulk d-BN samples by STEM is challenging. Temperature
dependent X-band ESR was then carried out with frequency = 9
.43 GHz (Fig. 2a), to identify the presence of paramagnetic defects
in d-BN by detecting the unpaired electrons near the vacancies.
Defect-free hBN should not show any ESR-active features due to
its intrinsic diamagnetism [29]. However, in practice, the starting
hBN was found to be B-rich (Fig. S4), which is consistent with
previous studies [30]. It results in small ESR signals found in pris-
tine hBN (Fig. S5) with a g value of about 2.0021 (resonance field
3351 G) when the measurements were carried out at room
3
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FIGURE 2

hBN activation mechanism. (a) ESR spectra obtained at 60 K for hBN, 45BN, and 90BN. (b) Room-temperature PL spectra of 90BN and hBN with a 488 nm
excitation laser. (c) Top: A band alignment diagram with respect to vacuum for pristine hBN (bulk-, monolayer), and with defects (VN, VN-OH, VBN, V3N3B, V3N4B,
V6N2B, V6N3B, V6N3B-OH, V6N3B-2OH, V6N3B-3OH, V6N3B-3O) as well as Ag

+/Ag0, Pt4+/Pt2+, Au3+/Au0, Cu2+/Cu+, and Fe3+/Fe2+ standard reduction potentials (green
lines). The red lines indicate the Fermi energy; Bottom: Calculated PL emissions due to the listed defects above. (d) Selected spin density maps created for
V6N3B-OH, V6N3B-2OH, and V6N3B-3OH.
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temperature (293 K). The peak intensity is commensurate with
the cryomilling time as shown by ESR measurements of 45 and
90BN d-BN samples performed at 60 K, which reveals an intense
ESR signal with a g value of 2.0045 and a peak-to-peak line width
(DHpp) of 26 G. These ESR features are consistent with the exis-
tence of an unpaired electron localized at the nitrogen-vacancy
sites (boron-rich vacancies) [29]. In other words, more nitrogen
vacancies were produced with longer cryomilling times, as shown
by the signal intensity being directly proportional to spin con-
centration. Furthermore, these introduced vacancies are also
responsible of defect-induced levels between the valence and
conduction bands of hBN, giving rise to various photon emis-
sions ranging from 1.56 to 2.1 eV (Figs. 2b and S6). Among those,
emissions at 1.66, 1.75, 1.78, 1.82, 1.87, 1.89, and 1.95 eV are
commonly found with the occurrence above 60 % (Fig. S6). Pre-
vious studies have indicated that the PL emissions in the visible
region from hBN is due to the formation of structural vacancies,
which means that the vacancies could serve as the single photon
emitters [15].

In order to elucidate the roles of vacancies in d-BN, first prin-
ciples calculations were performed at the level of unrestricted
hybrid density functional theory (UDFT) with dispersion correc-
tions; UDFT/B3LYP-D2 (or DFT for short) [31,32–35]. As a scal-
4
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able process to create defects in bulk hBN, cryomilling tends to
create various types of defects. XPS analysis (Fig. S4b), ESR
(Fig. 2a) signals, and FTIR results (Fig. 1g) indicate that the major-
ity of the defects are B-rich vacancies (N vacancies) with OH
groups. Thus, various possible defects in the d-BN have been
investigated by developing 11 model systems (Fig. S7). Each
defect is named differently where the sub-index indicates the
atom missing while the hyphen is to show the terminal group
in the defect, e.g. VN, VN-OH, VBN, V3N3B, V3N4B, V6N2B, V6N3B,
V6N3B-OH, V6N3B-2OH, V6N3B-3OH, V6N3B-3O. The results indi-
cate that each defect modifies the electronic properties differently
(Table S1). The Fermi energy (EF) is upward shifted by the listed
defects (Fig. 2c, up). For instance, by creating a single nitrogen
vacancy into BN (VN), the EF shifts to �1.57 eV, which is well
above the reduction potentials of metal ions, including Ag+/Ag
(�5.30 eV), Pt4+/Pt2+ (�5.23 eV), Au3+/Au0 (�5.44 eV), Cu2+/
Cu+ (�4.66 eV), and Fe3+/Fe2+ (�5.27 eV). Other than VN, the
other defects show a similar trend, which suggests that they
can serve as the reactive sites to transfer electrons to selected
metal ions for the reduction reaction. In addition, the band gaps
(Eg) of various theoretical d-BN can vary from 1.16 to 4.88 eV.
These values are close to the experimental PL data (Fig. 2b),
which suggest the identification of the defect types. More
016/j.mattod.2021.09.017
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FIGURE 3

Metal reduction by d-BN. STEM/EDX and XPS characterization of (a, f) 90BN-Ag, (b, g) 90BN-Pt, (c, h) 90BN-Au, (d, i) 90BN-Cu and (e, j) 90BN-Fe. (k) Summary of
metal diameters obtained from the STEM images, and the relation with the reported metal diffusion barriers and binding energies on hBN40. (i) Comparison
of metal diameters for Ag and Pt on 9BN, 45BN, 90BN, and 150BN, inset is the zoomed in region for Pt diamaters.
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specifically, the electronic band gaps of VN, VN-OH, V3N3B and
V6N2B agree well with the some of the experimental PL peaks
(Fig. 2c, bottom). On the other hand, V3N3B, V6N3B-OH, V6N3B-
2OH, V6N3B-3OH and V6N3B-3O exhibit intra-band transitions
which matches with other experimental PL peaks (Fig. S6,
Table S1). Therefore, the combination of PL measurements and
quantum calculations have identified the defects present in the
d-BN. Moreover, the electron spin densities of these various d-
BN were also computed (Figs. 2d and S8). The spin density calcu-
lates the differences of spin up (a) and spin down (b). In other
words, this is another way to estimate the presence of unpaired
electrons. In the B-rich triangular vacancy terminated with OH
groups (V6N3B-OH, V6N3B-2OH, and V6N3B-3OH), electron spin
density distribution was observed around the defect which indi-
cates the existence of free radicals (Fig. 2d). This is a similar
behavior for other defects that have been identified on this sys-
tem (Fig. S8). Therefore, the spin density analysis explains the
detected unpaired electrons by ESR in d-BN (Fig. 2a). It also
reveals the mechanism of how the identified vacancies are able
Please cite this article in press as: Y. Lei et al., Materials Today (2021), https://doi.org/10.1
to reduce the metal ions, which is by having available unpair
electrons that can be transferred when enough potential energy
is available (Fig. 2c).
Metal reduction
Experimentally, different d-BNs samples were mixed with differ-
ent aqueous solutions of metal precursors to reduce different met-
als into single atom and/or nanoclusters (Fig. 3). In particular,
9BN, 90BN, and 150BN samples were mixed with AgNO3, PtCl4,
FeCl3, CuSO4, and HAuCl4 to obtain Ag, Pt, Fe, Cu, and Au,
respectively. More specifically, when d-BNs were added into the
AgNO3 aqueous solution, the color changed from white to dark
gray indicating the reduction of Ag (Fig. S9a). It is worth noting
that the reactivity towards reducing Ag+ is directly related to
the cryomilling time, since more Ag is reduced when using
150BN than with 9BN. This is consistent with the proposed
reduction mechanism because more cryomilling time generates
more defects which increase the reducing power of d-BN towards
5
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Ag+. XRD patterns show further evidence that Ag reduction is cor-
related to the presence of cryomilling induced defects; i.e. the Ag
(111) peak emerges and increases directly proportional to cry-
omilling time (Fig. S10). A similar trend was observed when the
metal precursor was changed to PtCl4 (Fig. S9b, inset). UV–Vis
spectroscopy confirms the shifts to shorter wavelength (i.e. hyp-
sochromic) in adsorption maxima when comparing 90BN and
150BN with 9BN, indicating that more [PtCl6]

2� ions are reduced
and immobilized on 90BN and 150BN (Fig. S9b) [36]. Similar
trends are observed for reductions of Au, Cu, and Fe (Fig. S9c–
e). STEM images and the Ag energy-dispersive X-ray spectroscopy
(EDX) mapping reveal that Ag nanoparticles have an averaged
diameter of 8.2 nm in 90BN, which is consistent with a nanoclus-
ter being formed (Fig. 3a). For the Pt case, the size distribution
analysis in 90BN-Pt reveals that most of the isolated atoms
(Fig. 3b). The Pt single atoms are also confirmed by extended X-
ray absorption fine structure (EXAFS) spectra at the Pt L3-edge
of 90BN-Pt as shown in Fig. S11a; as well as from Pt foil and
PtO2, which are the references for Pt-Pt and Pt-O bonds, respec-
tively. The Fourier transform spectra exhibits one prominent
broad peak centered at �1.7 Å for 90BN-Pt (Fig. S11a). The Pt–
Pt bonding length obtained from Pt foil is �2.55 Å, which is
clearly larger than that obtained for our electrocatalyst samples.
In addition, when compared to PtO2, no second-shell Pt-Pt peak
at �3 Å can be observed in 90BN-Pt, thus confirming the pres-
ence of atomically dispersed Pt in 90BN-Pt. Similarly, for Au,
Cu, and Fe reduction; nanoclusters were formed with diameters
ranging from 2 to 4 nm, which were identified by STEM
(Fig. 3c–e). The XPS peaks show that ions have been reduced,
i.e. the Ag 3d, Pt 4f, Au 4f, Cu 2p, and Fe 2p electrons for
90BN-Ag, 90BN-Pt, 90BN-Au, 90BN-Cu, and 90BN-Fe, respec-
tively (Fig. 3f–j). The binding energy of the Ag 3d5/2 peak is at
368.2 eV indicating the reduction of Ag+ into metallic Ag0 by
90BN (Fig. 3f) [37]. Unlike Ag, the peak for Pt 4f7/2 is at
73.20 eV (Fig. 3g), which is �3 eV higher than those of bulk Pt.
The positive chemical shift for 90BN-Pt relative to bulk Pt is
caused by the formation of isolated Pt atoms as seen in Fig. 3b
[38,39]. In 90BN-Au (Fig. 3h), the lower binding energy Au 4f7/2
peak (84.35 eV) was consistent with metallic gold, and a second
Au 4f7/2 peak at 86.9 eV can be assigned to Au+, indicating the
reduction of Au3+ to Au0 and Au+ by 90BN. Similar reduction
can also be found in Cu and Fe (Fig. 3i-j). In addition, XPS anal-
ysis (Fig. S12) reveals that the metal loadings (Ag, Pt, Au, Cu, Fe)
are 0.24, 0.05, 0.5, 1.0, and 0.2 at.%, respectively. Though the
metal reductions are thermodynamically favorable for all the
tested metals (Ag, Pt, Au, Cu, Fe), the disparity in the morpholo-
gies could be related to the BN-metal binding energies and kinetic
barriers of metals on hBN [40], as well as the defect density in d-
BN. As seen in Fig. 3k, Ag has the minimum diffusion barrier and
binding energy, thus, small Ag clusters have the tendency to
migrate and coalesce into larger nanoparticles, which has also
been observed for other oxides [41,42] and chalcogenide [43] sur-
faces. On the contrary, Pt has the highest diffusion barrier and
binding energy, which limits the Pt migration confining the Pt
atoms within the vacancy sites after nucleation. As a result, Pt
atoms are atomically dispersed on d-BN, rather than forming into
nanoclusters or nanoparticles. For Fe, Au, and Cu, the diffusion
barriers and binding energies are moderate, resulting in the for-
6
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mation of nanoclusters with diameters ranging from 2 to 4 nm
(Fig. 3k). The particle size and morphologies are also related to
the defect density in d-BN. Fig. 3l summarized the metal particle
sizes of Ag and Pt which were reduced with d-BN at different cry-
omilling times (9, 45, 90, and 150 min). It is clear that both Ag
and Pt particle diameters are commensurate with the cryomilling
time, but most of the Pt still remains in single atoms when the BN
cryomilling time is less than 90 min. By increasing the cry-
omilling time, the distance between defects is significantly short-
ened, thus facilitate the metal diffusion and aggregation,
resulting in larger metal particles.

Electrocatalytic activities
On the basis of the aforementioned analysis, d-BN offers a unique
platform to reduce and stabilize nanoclusters, and even single
atoms with the potential towards catalysis, and even SAC. In
recent years, Pt-free [44–47] and Pt based SACs [48–52] for hydro-
gen evolution reaction (HER) has gained extensive attention. As a
proof of concept, d-BN with atomically dispersed Pt atoms were
used as the catalyst for HER. In order to improve the electrical
conductivity, bi-metallic AgPt nanoclusters with different Ag:Pt
ratios (90BN-Ag2Pt1, 90BN-Ag1Pt1, and 90BN-Ag1Pt2) were syn-
thesized on d-BN by using Ag and Pt precursors. In 90BN-
Ag1Pt1, the Ag and Pt atoms can be distinguished by Z-contrast
in STEM-ADF images with atomic resolution, i.e. Pt (Z = 78) atoms
are brighter than Ag (Z = 47) atoms (Fig. 4a–c). The image shows
that Pt atoms are atomically dispersed within the Ag-Pt clusters
(Fig. 4c). Similar to 90BN-Pt, the absence of the second-shell Pt-
Pt peak and the lack of first-shell Pt–Pt bond when compared to
Pt foil confirms the presence of atomically dispersed Pt in
90BN-Ag1Pt1 as well. However, due to the similarities in scatter-
ing strength among B, N, and O, it remains a challenge to distin-
guish Pt–O, Pt–B, and Pt–N bonds by studying the Pt L3-edge
EXAFS spectra [53].

The HER performance of d-BN with different metal particles:
d-BN:Pt, d-BN:Ag and d-BN:AgPt (Ag1Pt2, Ag1Pt1, and Ag1Pt2) as
well as Pt/C, was investigated in 0.5 M H2SO4 solutions
(Fig. 4d–g). To improve the kinetic transport, we mixed the BN
related samples with conducting carbon and Nafion (see Method
in Supporting Information). Since the metals are mainly deco-
rated on the surface of BN, the network formed by the conduct-
ing carbon and Nafion can efficiently transfer both electron
and proton through the interface to the outer circuit. The as-
prepared 90BN and 90BN-Ag electrodes exhibit negligible HER
performance when compared to electrodes with Pt (90BN-Pt,
90BN-AgPt series, and the Pt/C), indicating that only the catalysts
that contain Pt atoms are highly active (Fig. 4d). Among the elec-
trodes with atomically dispersed Pt atoms, HER performances
vary with the Ag to Pt molar ratio. In order to precisely count
the Pt atoms in d-BN:Pt and d-BN:AgPt, proton-induced X-ray
emission (PIXE) was utilized, as this is a non-destructive and sen-
sitive approach to detect elements at the trace level. According to
the PIXE analysis, any significant amount of contaminants could
be detected in the studied samples, and the Ag to Pt molar ratio in
the resultant hybrid compound with d-BN is close to that of the
precursor (Table S2). The onset potential (over potential at
10 mA cm�2), Tafel slope, turnover frequency (TOF), and
exchange current are summarized and compared to other
016/j.mattod.2021.09.017
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FIGURE 4

Characterization of AgPt bi-metallic sub-nanoclusters on d-BN and their HER performance. Representative 90BN-Ag1Pt1 STEM-ADF images at (a) low and (b, c)
high magnifications, where the atomically dispersed Pt atoms in the Ag-Pt cluster are highlighted with red dashed circles. (d) HER polarization curves and (e)
Tafel plots of 90BN with Ag, Pt, Ag1Pt1, Ag1Pt2, Ag2Pt1 are compared to Pt/C. (f) Durability measurements of the 90BN-Ag1Pt1, where the polarization curves
were recorded at the 1st cycle, and after 10,000 cycles; (g) The amperometric I-t stability curve at a constant overpotential of 35 mV for 10 h. XPS for (h) Ag
3d5/2/Ag 3d3/2 and (i) Pt 4f7/2/Pt 4f5/2 peaks measured at different Ag-Pt compositions.

Materials Today d Volume xxx, Number xx d xxxx 2021 RESEARCH
reported state-of-the-art Pt-based catalysts (Table S3) [54–56]. For
90BN-Pt, the onset potential (over potential at 10 mA cm�2) is
82 mV with a Tafel slope of 51 mV dec�1 (Fig. 4d). The HER on
the Pt surface undergoes the Volmer-Tafel reaction where the
rate-limiting step is often the recombination step [57]. However,
in 90BN-Pt, given that single Pt atoms are isolated within the
inert hBN, the recombination of chemisorbed hydrogen atoms
becomes sluggish, resulting in a relatively higher Tafel slope for
90BN-Pt when compared to that of Pt/C. Interestingly, the HER
performance can be significantly improved by forming bimetallic
Ag-Pt sub-nanoclusters. The best HER performance was achieved
when the Ag to Pt molar ratio is 1 (90BN-Ag1Pt1); this electrode
features an onset potential (over potential at 10 mA cm�2) of
30 mV and a Tafel slope of 33 mV dec�1. The TOF of 90BN-
Ag1Pt1 is �194 times higher than that of Pt/C @ 100 mV
(Table S3) when only Pt atoms are considered as the active sites.
Please cite this article in press as: Y. Lei et al., Materials Today (2021), https://doi.org/10.1
The exchange currents obtained from 90BN-Ag1Pt1 are 4.4 times
higher than that of Pt/C (Table S3) [56,58]. Since the Pt atoms are
atomically dispersed on the support, the electrochemical active
surface area (ECSA), which is proportional to the double-layer
capacitance (Cdl), was used to compare the Pt active site density
(Fig. S13a–e). Though 90BN-Ag1Pt2 has the highest Pt content
based on PIXE results (Table S2), the Cdl of 90BN-Ag1Pt2 is
5.095 mF cm�2, which is smaller than that of 90BN-Ag1Pt1
(5.795 mF cm�2). This indicates that the excess of Pt atoms is
not exposed on the surface, and results in a decrease of the
exchange current (0.65 mA cm�2) in 90BN-Ag1Pt2 when com-
pared to that of 90BN-Ag1Pt1 (Table S3). Furthermore, the lifetime
of the best performing catalyst 90BN-Ag1Pt1 was evaluated, and
surprisingly after 10,000 cycles, the performance is comparable
to that of the 1st cycle (Fig. 4f). Moreover, the amperometric cur-
rent–time stability curve shows that the 90BN-Ag1Pt1 is stable
7
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and robust by maintaining �10 mA cm�2 without significant cur-
rent loss for 10 h (Fig. 4g), and �20 mA cm�2 for 50 h (Fig. S14a).
No obvious morphology change (Fig. S14b) can be found in the
STEM image of 90BN-Ag1Pt1 after the 50 h stability test, which
further indicates the stability of our hBN materials. The long-
term stability further confirms the confinement of the metals
within d-BN regions while the surrounding inert hBN signifi-
cantly limits the metal migration.

Electrochemical impedance spectroscopy (EIS) was used to
evaluate the charge transfer resistance among the electrodes
and a Randle circuit was used to model the electrochemical reac-
tion near the surface (Fig. S13f). The fitting results show that the
charge transfer resistance (Rp) is reduced by forming bimetallic
AgPt clusters compared to 90BN-Pt (Table S4), indicating a faster
Faradaic process at the catalyst/electrolyte interface when form-
ing Ag-Pt clusters.

XPS analysis was used to investigate the electron transfer
between Ag and Pt (Fig. 4h-i and S15). The spin–orbit splitting
of Pt 4f was found to be 3.35 eV (Fig. S15a), and that of Ag 3d
is about 6 eV (Fig. S15b). The peak positions of Pt 4f and Ag 3d
are summarized in Fig. 4h–i. The binding energies of Pt 4f shift
to a lower value as the Ag concentration increases, while binding
energies of Ag 3d shift to higher values (Fig. 4h–i). The negative
shifts in the Pt binding energy indicate that the Ag atoms donate
electrons to the Pt atoms [59,60].

To further understand charge transfer between Ag and Pt in d-
BN; the equilibrium structures, electronic band structures and
Density of States (DOS) were calculated for d-BN:Pt and d-BN:
Ag1Pt1 (Figs. S16-S17a). The DFT calculations showed that Pt
and Ag1Pt1 adsorption on the d-BN surfaces is favorable as the
formation energy (DE) of both systems are �2.57 eV and
�2.89 eV, respectively, and their electronic properties indicate
that the bandgap is reduced (Table S5). The electronic properties
of the d-BN:Ag2Pt2 system were also computed by increasing the
Ag and Pt atoms cluster size (Fig. S18a-b). Its formation was found
to be also favorable with DE = �2.72 eV (Table S5). The d-
subshells contributions of Pt atoms in the total DOS were calcu-
lated for d-BN:Pt (Fig. S16) and d-BN:Ag1Pt1 (Fig. S17a), showing
that the major contributing component is the d-subshells from
the Pt. However, for d-BN:Ag1Pt1, a small contribution of the
Ag 5s-subshell is observed around the EF (Fig. S17a). Another con-
figuration that is consistent with the experimental measurements
is when the Ag1Pt1 is bonded through an O bond to the d-BN sur-
face (Fig. S18c-d), however the results do not differ from the pre-
vious configuration.

To explain the HER mechanism of d-BN:Ag1Pt1, the reaction
pathways for the d-BN:Pt, d-BN:Ag1Pt1, and d-BN:Ag2Pt2 were
considered as: (i) cluster formation on d-BN; (ii) H+ absorption
on the metal cluster followed by reduction, i.e. H+ + e�? Had;
and (iii) H2 formation, known as the Volmer-Tafel reaction, i.e.
2Had ? H2 and the Volmer-Heyrovsky reaction. The potential
energy surface of the reaction pathway, with the free energy
(DG) in the solvent (H2SO4) were calculated for d-BN:Pt , d-BN:
Ag1Pt1 and d-BN:Ag2Pt2 (Figs. S19, S17b, and S20, respectively).
The rate determinant step of the HER is the Volmer-Heyrovsky
reaction when the H2 molecule is formed. The barrier for d-BN:
Pt (DGH* = 7.8 kcal mol�1), is larger than for either d-BN:Ag1Pt1
(DGH* = 2.26 kcal mol�1) or d-BN:Ag2Pt2 (DGH* = 3.44 kcal mol�1),
8
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which shows better HER catalytic activity for d-BN:Ag1Pt1 and d-
BN:Ag2Pt2.

While electrocatalysis is a proof-of-concept application, these
experimental insights into the selective reduction of metal ions
on activated BN are universal to create stabilized single metal
atoms and mono- or bi-metallic nanoclusters, that can be used
for other emerging applications, e.g., other catalysts, such as N2

fixation [61], and virus/DNA sensing [62].

Conclusion
We demonstrate that vacancy engineering via cryomilling offers
an effective and scalable approach to activate inert hBN powders.
We have identified the reduction mechanism of the metals and
characterized the different vacancies present in d-BN by both
experimental and computational approaches. Using first-
principles calculations, we have elucidated the mechanisms
whereby specific vacancies in d-BN serve as the PL emission cen-
ters and the reactive sites for metal reductions. Combining this
experimental-theory approach: we have demonstrated that d-
BN reduces and deposits various metals, including Fe, Cu, Au,
Ag, and Pt, into single atoms or nanoclusters. The latter particles
could serve as stable catalysts or sensing sites for biomolecules.
Additionally, d-BN:AgPt sub-nanoclusters containing atomically
dispersed Pt atoms showed the best HER activity in acidic solu-
tions, with a TOF of 10.17 H2 s�1 at 100 mV overpotential when
both Ag and Pt atoms are considered as the active sites. Our
results pave a new way to activate hBN, which is long considered
to be inert, via cryomilling. Cryomilling constitutes a reliable
general method to introduce vacancies in bulk layered materials
or bulk ceramics, which can reduce different metal atoms
for catalysis, sensing, quantum information, and aerospace
applications.

Materials and methods
Detailed materials and methods can be found in the supplemen-
tary information.
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