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Rapid-heating-assisted metal—support interaction
formation: Pd nanoparticles on boron nitride
nanotubes as electrocatalysts for high
N,-to-ammonia yields¥

Ji-Yoon Song,#?® Jaehyun Park, i Minsung Kang, {2 #°> Wooseok Lee,” Jee Ho Ha,°
Jinpil Ha,® Won Bo Lee, (29 Agil Jamal,© Issam Gereige,® YongJoo Kim, € *'
Hyeonsu Jeong, () ** Seokhoon Ahn, (2 *° Seok Ju Kang (2 *¢ and Hee-Tae Jung () *

The electrochemical nitrogen (N;) reduction reaction (eNRR) is pivotal for synthesizing green ammonia
(NHz) under ambient conditions. However, challenges such as mitigating the detrimental hydrogen
evolution reaction (HER) and overcoming the sluggish proton-coupled electron transfer (PCET) step limit
the efficiency of the eNRR process. Here, we present a metal-support heterostructure catalyst compris-
ing uniform and high-density palladium nanoparticles (Pd NPs) on defective boron nitride nanotubes
(D-BNNTSs) via the rapid radiative Joule-heating method. Notably, the strong electronic metal-support
interaction (EMSI) between the BNNT defects and Pd NPs creates an electron-deficient state in the
Pd NPs, significantly reducing the PCET step and suppressing the HER. This unique configuration of the
Pd NPs supported on the D-BNNT catalyst exhibits outstanding NHs selectivity, achieving 68.0% in
neutral aqueous electrolytes and 58.9% in acidic media with a yield rate of 8.69 x 107° mol s7* cm™2.
This approach offers a strategic pathway for catalyst engineering in electrochemical reactions,
presenting significant potential for practical applications.

The electrochemical nitrogen reduction reaction (eNRR) for ammonia synthesis is regarded as a potential alternative against the energy-intensive Haber-Bosch

process. However, the efficiency and selectivity of nitrogen-to-ammonia conversion have been hindered by the competing hydrogen evolution reaction (HER)
and the slow proton-coupled electron transfer (PCET) step. Herein, a novel catalyst design using palladium nanoparticles (Pd NPs) on defect-rich boron nitride

nanotubes (BNNTs) is presented. The key innovation lies in exploiting the strong electronic metal-support interaction (EMSI) between Pd and BNNT defect
sites, creating an electron-deficient state of Pd NPs by altering the electronic structure with high density. This lowers the activation barrier of the PCET step of

the eNRR process and also suppresses the HER, achieving high faradaic efficiency and ammonia yields. These findings underscore the importance of exploring
EMSI effects in metal-support heterostructure catalysts to make ambient eNRR a practical solution for sustainable and green ammonia production.
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with the Habor-Bosch process.'™ In particular, the electrocatalytic
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renewable sources such as solar, wind, etc.°'* However,
a major challenge is the competing hydrogen evolution reac-
tion (HER), which remains an insurmountable bottleneck
because both reactions involve the proton-coupled electron
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transfer (PCET) step under the potential range of below 0 V
versus the reversible hydrogen electrode (RHE) scale. From a
thermodynamic perspective, the activation energy required to
break the triple bond in N, demands a higher overpotential
than that for the HER, making N, adsorption generally less
favorable than that of hydrogenic ions (H* or H;0").'"> As a
consequence of these fatal issues, a novel way for developing
efficient electrocatalysts is of great interest in both suppressing
the HER and boosting the PCET step.

Among various approaches to limit the HER and accelerate
the PCET step to improve eNRR performance, modulating the
electronic structure of the electrocatalyst through the metal-
support heterostructure, known as the electronic metal-sup-
port interaction (EMSI) effect, has emerged as a potent strategy
for regulating the PCET step during the eNRR.'*™* This EMSI
effect profoundly influences catalytic activity by altering the
energy of the d-band center of metals, thereby redistributing
the charge density.'® Various metal-support heterostructures
such as Mo/VO,, Ru/TiO,, Fe/TiO,, Cu/CeO,, FeCu/g-CN, Au/TiO,,
PdCu/TiO,, Cu/TiO,, and Cu/polyetherimide have shown potential
in enhancing eNRR performance and suppressing the HER
by creating Lewis-acidic sites and promoting asymmetric elec-
tron distributions."*™"*"7">* Nevertheless, prior attempts have
struggled to achieve significant electron transfer to activate the
PCET step towards the exothermic state, which remained
limited in performance improvement. Boron nitride (BN), with
its high hydrophobicity and a stronger proton adsorption
energy compared to the carbon surface, has received interest
as a support material for HER suppression.”*** Additionally,
defective BN can significantly alter the electronic structure of
the metal catalysts, enhancing their electrochemical reaction
performance through the EMSI effect.>*">® Nevertheless, apply-
ing BN analogs as a supporting material in the eNRR poses
challenges due to their insulating nature and the difficulty of
uniformly depositing metal nanoparticles on their surface.

In this context, we present a catalyst engineering approach
utilizing defect-rich boron nitride nanotubes (BNNTs) as a
support for metal nanoparticles. Before using BNNTs as a
support material for metal nanoparticles, it was observed that
raw BNNTs contain amorphous boron and various hBN-like
impurities of differing sizes (unreacted hBN, crystalline hBN,
hBN shells, etc.).>®*° These impurities were removed by
applying previously reported methods, and BNNTs with large
impurities removed were used.*" Using a rapid radiative Joule-
heating (RRJH) process, high-density Pd nanoparticles are
uniformly decorated on defective BNNT (D-BNNT) catalysts.
The resulting catalysts impressively suppress the HER, enhan-
cing the selectivity of the eNRR. The improvement of electro-
chemical performance is carefully confirmed through a
combination of computational studies and experimental evi-
dence, which indicates that the defects in BNNT support
induce a significant change in the electronic structure of
metal catalysts, leveraging the EMSI effect of BNNT support
for high-performance eNRR. This catalyst achieves a faradaic
efficiency (FE) of 58.9% and a yield rate (YR) of 8.69 x
10 ' mol s~ emge, * in 0.25 M H,S0, at —0.1 Vgyyg, marking
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the highest areal NH; production rate among catalyst engi-
neering approaches.

Results and discussion
Computational studies of eNRR electrocatalysis

To elucidate the crucial role of defects in the BNNT support in
the proton-coupled electron transfer (PCET) step and hydrogen
evolution reaction (HER), we conducted density functional
theory (DFT) calculations of charge modulations and their
eNRR pathways (Fig. 1). Boron nitride, serving as a support
material, not only exhibits high hydrophobicity but also exhib-
its a stronger proton adsorption energy compared to carbon
surfaces, enabling the successful suppression of the HER.>***
We utilized a well-known eNRR metal catalyst of palladium (Pd)
to enhance eNRR performance due to its low overpotential
towards the eNRR.?> Therefore, we postulate that the defects in
the BNNT support might alter the electronic structure of the Pd
metal catalyst, which results in substantial improvement in
activity due to the highly localized electrons increasing the
electron transfer between the Pd metal-BNNT support interface
and maximizing the electronic metal-to-support interaction
(EMSI) effect.>>33737

A single layer of boron nitride and six Pd (111) clusters were
used for the calculation as illustrated in Fig. 1a (more details in
the Experimental and Fig. S1-S3 for the optimization process of
DFT, ESIt). The Bader charge results show that the defect site in
BN attracts more electrons from the Pd cluster (0.064 for each
Pd atom) than that of the plane (crystalline structure) of BN
support (0.012 for each Pd atom), indicating that the active
electronic effect occurs between Pd and the defect site than the
plane of BN (Fig. 1b).

To explore the influence of the highly electron-deficient
state of Pd on eNRR performance, we further carried out DFT
calculations of Pd slabs on the plane and defect site. Given that
the initial hydrogenation step of adsorbed nitrogen is the PCET
step for the NRR process, we first investigated the Gibbs free
energy change for converting *N, to *N,H (AGpcgr). As men-
tioned earlier, Bader charge analysis revealed that the strong
EMSI effect between the BN and Pd NPs results in an electron-
deficient state for the Pd NPs. Thus, an electron-deficient Pd
slab was modeled to represent Pd NPs on BN using calculated
Bader charges. Compared to the neutral Pd slab, electron-
deficient Pd slabs significantly stabilized N, adsorption and
stabilized N,H adsorption, reducing AGpcgr from 0.808 eV to
0.682 eV and 0.005 eV at Pd on the plane and Pd on the defect,
respectively, in the enzymatic pathway (Fig. 1c). In addition to
the tremendous decrease of AGpcgr in the enzymatic pathway,
the Pd slab on the defect can effectively drop AGpcgr
during the alternative/distal pathway and suppress the adsorp-
tion of *H, which is the reactant of the competing HER
(Fig. 1d). H adsorption (*H) is thermodynamically more favored
than N, adsorption (*N,), and most surfaces of metal catalysts
are covered by *H.*® These adsorbed *H sites not only promote
unwanted side reactions but, more seriously, also obstruct the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Computational studies of electronically tuned catalysts for eNRR electrocatalysis. (a) Bader charges for each Pd atom on the crystalline plane
of BN (left) and defective BN (right) supports. (b) Average electron density of Pd on supports. (c) Calculated absorption configurations of the Gibbs
free energy reaction path for the PCET step on bare Pd, Pd on the plane, and defects (enzymatic). (d) Gibbs free energy change of the PCET step
in alternative, distal, enzymatic pathways, and *N, selectivity on the catalyst surface. (e) Schematic illustration of the expected eNRR performance

of Pd/D-BNNTs.

active sites for initiating NRR by blocking the N, adsorption
sites (*N,), which caused a considerable decreasing the FE and
yield rate of NH;. For that reason, *H/*N, selectivity has been
considered an important factor in enhancing the FE and yield
rate of NH;. *H/*N, selectivity (Axg(*H/*N,)) can be confirmed
by comparing AG(*N,) and AG(*H), AG(*N,) — AG(*H).*>*° The
H adsorption energies of the Pd, Pd on the plane, and Pd on
the defect are similar with values of —0.738, —0.727, and
—0.711 eV, respectively (Table S1, ESIf). Contrary to this, the
AG(*N,) sites in the enzymatic pathway were significantly
different at —0.157, —0.18, and —0.551 eV, respectively. Each
*H/*N, selectivity was 0.581 (Pd), 0.547 (Pd on the plane), and
0.16 (Pd of the defect) eV, indicating that the catalyst surface of
Pd on the defect is significantly suppressing H adsorption.
These simulation results account for Pd slabs on the defect
sites of BN are highly impactive to eNRR activity, suggesting the
realization of dense formation of metal nanoparticles is crucial
to carry out high eNRR performance.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Catalyst preparation and characterization

Fig. 2a illustrates the overall scheme for the fabricating proce-
dure of the Pd/D-BNNT heterostructure. Synthesizing dense Pd
NPs on the BN surface is challenging due to the limited binding
affinity between the metal and BN support. Specifically, using a
thermal synthetic method with a furnace often leads to the
formation of agglomerated metal nanoparticles by Ostwald
ripening, migration, and coalescence, mainly due to its long
thermal exposure time.**™** Therefore, we adopted the rapid
radiative Joule-heating (RRJH) process to facilitate the for-
mation of high-density metal nanoparticles without significant
aggregation (Fig. S4 and S5, ESIT). This short thermal exposure
time of less than 0.5 seconds allows the dense Pd NPs to
form on boron nitride (Pd/BNNT) and enables precise control
over the structural validation and electronic properties of Pd
nanoparticles.

The cross-sectional scanning electron microscopy (SEM)
image of Pd/BNNT/CP reveals that the Pd NPs were selectively

EES Catal., 2025, 3, 763-774 | 765
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Fig. 2 Morphological and electronic structural characterization. (a) Schematic illustration of the fabrication process of the defective BNNT (D-BNNT)
and Pd/BNNT/CP electrode. The temperature versus time plot shows the RRIH operation profile. The inset shows the digital photograph image of the
sample during the RRJH process. (b) Cross-sectional SEM image of the Pd/D-BNNT/CP electrode and corresponding EDS mapping images in the red
dotted square region. The blue, green, and magenta maps represent C, N, and Pd, respectively. (c) Top-view SEM image of the Pd/BNNT layer. (d) HRTEM
bright-field image of the Pd/BNNT layer. (right) FFT patterns indicate the Pd (111) and BNNT (002) planes. (e) Plot of Pd NP size distribution. (f) XPS B 1s
spectra of D- and C-BNNTSs. (g) XPS Pd 3d spectra of Pd/D-BNNTs, Pd/C-BNNTSs, and Pd/CP. (h) Plot of the quantitative relationship between the defect
amount in BNNT and binding energy shift. (i) Plot of the bandgap structures of C- and D-BNNT layers before and after Pd NP formation.

formed on the BNNT layer. This is further confirmed by
corresponding X-ray energy-dispersive spectroscopy (EDS) map-
ping images (Fig. 2b). The magenta color, representing Pd
atoms, was predominantly observed on the green-colored layer,
indicating the presence of N atoms within BNNTs, while Pd
showed marginal contrast in the blue-colored area representing
C atoms. One plausible explanation for this observation is
the high polarity of the BNNT surface due to the formation of
B-N bonds, which are the group III-V compounds in the
periodic table leading to electron localization due to its larger

766 | EES Catal, 2025, 3, 763-774

electronegativity difference, which provides anchoring sites for
Pd metal NPs under high-temperature conditions during a rapid
Joule-heating process.**

The top view of the Pd/BNNT layer, as displayed in Fig. 2c
and Fig. S6 (ESIT), shows that Pd NPs are well dispersed on the
BNNT layer over a large area with a uniform particle size of
approximately 17 nm (as shown in the inset histogram in
Fig. 2e). The results reveal that the ultra-short heat exposure
time (~0.5 s) and rapid cooling rate (650 K s~ ) successfully
prevent the aggregation typically caused by Ostwald ripening

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and coalescence which is in contrast to the conventional
furnace and hydrothermal synthesis protocol.*>**

The formation of the metallic Pd state was further con-
firmed by X-ray diffraction (XRD) spectroscopy and X-ray photo-
electron spectroscopy (XPS) of the surface of the Pd/BNNT layer
(Fig. S7, ESIt). In the resulting XRD pattern, BNNTs have been
reported to exhibit a broad and weak peak at 25.6°.*® CP has
been reported to exhibit a very sharp diffraction peak at
26.5°.7*® This strong peak from CP obscured the broad and
weak diffraction pattern of BNNTs, making it indistinguishable
(Fig. S7, ESIT). On the other hand, the distinct peaks at 40.1°,
46.7°, and 63.2° correspond to Pd (111), (200) and (220) planes,
respectively.***? Additionally, the presence of Pd 3d peaks at
341.0 and 335.9 eV and Pd 3p peaks at 560.6 eV in the XPS
survey spectrum supports the formation of Pd NPs on the BNNT
layer following the RRJH process. Moreover, the high-resolution
transmittance electron microscopy (HRTEM) bright-field image
of the Pd/BNNT layer in Fig. 2d visualizes apparent BNNT
bundles in a dotted square and Pd NPs in yellow dotted square
regions. The corresponding fast Fourier transformation (FFT)
patterns extracted from these dotted square regions in the
HRTEM image reveal lattice spacing of 0.34 nm and 0.22 nm,
attributed to the (002) plane of BNNTs and (111) plane of Pd,
respectively (Fig. S6 and S7, ESIt). The measured lattice dis-
tance extracted from the FFT patterns is well-matched with XRD
patterns (Fig. S8, ESIt). Furthermore, Scherrer ring patterns
corresponding to the (111), (200), and (220) planes of Pd and
the (100) and (002) planes of BNNTs clearly indicate the co-
existence of both materials in selected area electron diffraction
(SAED) patterns (Fig. S9, ESIT). Thus, it is reasonable to con-
clude that our synthetic approach combined with the polar
chemical bonds of BN and a rapid Joule-heating synthesis
allowed us to fabricate an electrocatalyst electrode that poten-
tially caused the strong EMSI effect.

The formation of the BNNT defects generated by the jet
plasma process was verified by XPS investigation. In the high-
resolution XPS B 1s spectra (Fig. 2f and Fig. S10, ESIt), the
deconvolution of the D-BNNTs and C-BNNTs shows peaks
arising from B-N at ~190.5 eV and N-B-O at ~191.5 eV,
respectively.*****" Among these, the presence of N-B-O has
been reported to increase as the defects in BNNTs increase.’?
The D-BNNTs showed a significantly higher B-N-O bond
concentration (filled with pink gradation in the deconvoluted
plot) compared to the C-BNNTs. This result indicates that the
crystalline structure and N-B-O bond orientate from dangling
B-O bonds where N-vacant regions are considered defect sites
in the BNNT structure.*»**** The N-B-O to B-N bond ratios
are 0.36 for D-BNNTs and 0.12 for C-BNNTs, indicating that
D-BNNTs have three times higher defect sites than C-BNNTSs
(Fig. S10, ESIT). The strong interaction between Pd and D-BNNTSs
is further characterized by XPS Pd 3d spectra in Fig. 2g. The
binding energy shift of Pd on D-BNNTs (Pd/D-BNNTs), C-BNNTs
(Pd/C-BNNTs) and carbon paper (Pd/CP) indicates the inter-
action between Pd metal and support. For instance, the binding
energy in Pd/D-BNNTs (335.49 eV) and Pd/C-BNNTs (335.33 eV)
negatively shifts relative to that in a control sample of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Pd/CP (335.22 eV). Significantly, the binding energy of
Pd/BNNTs is more negatively shifted ~0.27 eV than that of
Pd/C-BNNTs (~0.11 eV). This larger shift in Pd on D-BNNTs
indicates a more significant charge transfer between Pd metal
and D-BNNT support, resulting in a substantial change in
the electronic structure of the heterogeneous catalyst.**>>
Furthermore, the amount of defects in BNNTSs is quantitatively
related to corresponding binding energy shifts of Pd 3d on
each BNNT (Fig. 2h), indicating electrons in Pd become
significantly deprived by defective sites on BNNTSs, and this
correlation corresponds with Fig. 1a.

The bandgap of electrodes is also characterized by reflective
electron energy loss spectroscopy (REELS) (Fig. 2i and Fig. S11,
ESIT). Pristine C-BNNTs showed a band gap of 5.90 eV, while
the bandgap of pristine D-BNNTs was slightly narrower, with a
value of 5.78 eV. The 0.12 eV bandgap difference between D-
BNNTs and C-BNNTs strongly signifies a higher concentration
of defects from the valence band, such as N vacancies and
N-B-O bonds, leading to a higher localization state.’* After the
formation of Pd NPs through RRJH, the altered band structures
of BNNT substrates were observed. A narrowing of the band gap
and the appearance of mid-gap after combination with Pd NPs
(Fig. S11, ESI}) reflect the strong electronic interaction between
Pd and BNNT supports.>*>® Notably, the difference in the band-
gap of D-BNNTs before and after Pd decoration is higher than
that of C-BNNTs, which supports that the higher polarity from
rich defects on D-BNNTs supplies the higher charge transfer.
Thus, the observed electronic effect through theoretical simu-
lation and experimental analyses suggests that the strong
interaction between the Pd metal and D-BNNT (Pd/D-BNNT)
heterostructures positively enhances eNRR performance.

Electrochemical N, reduction performance of Pd/D-BNNTs

Fig. 3 presents the electrochemical eNRR performances of Pd/
D-BNNTs. In Fig. 3a, the N, gas contact angle of Pd/D-BNNTs is
shown alongside the BNNT sample, illustrating that Pd/D-
BNNTs maintain a similar N, contact angle to the BNNT sample.
This observation suggests the preservation of the hydrophobic
nature of the BNNT supports even after decorating the Pd NPs,
which is advantageous for facilitating efficient three-phase inter-
faces, thereby contributing to the improvement of N, adsorption
kinetics during the eNRR process.””*® The advantages arising
from the strong interaction between the Pd and defective BNNTs
are further supported by measuring the eNRR and H, evolution
activity using a conventional H-type three-electrode beaker cell
alongside comparisons with Pd/C-BNNTs and Pd/CP (Fig. S12,
ESIT). To ensure a supply of pure N, gas to the electrolytic cell,
the N, gas was passed through a 0.5 M KMnO, gas trap and
subsequent moisture trap before being introduced into the
electrolysis system (Fig. S13 and S14, ESIt). Upon analyzing the
linear sweep voltammetry (LSV) trajectories and corresponding
Tafel plots obtained under N,-saturated 0.25 M H,SO, aqueous
electrolyte, a noticeable decrease in current response with an
increased Tafel slope of 131 mV dec™ ' was observed for the Pd/D-
BNNT sample. Compared to those of Pd/C-BNNTs (101 mV dec ')
or Pd/CP (96 mV dec ), the high Tafel slope can be attributed to

EES Catal., 2025, 3, 763-774 | 767


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ey00210e

Open Access Article. Published on 12 March 2025. Downloaded on 1/16/2026 10:53:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper EES Catalysis
a b Gas inlet ------- > N» at h
150 | v v e -> Gas outlet ol 2 2 atmosphere
] to mass A —
i n l r spectrometry A ==
-~ 14 b 1 1 4 »
% 145 4 Rubber O-ring <, — & . / g
© g ¢ =
- 24 ’ =
8 < ) Pd/D-BNNT g
T 140 . : £ o0 -~
8 Working, auxiliary, and = A )
= 3 reference electrodes -3 /’ Al c
/ | &
135 4 T { A
5 , 44 | . % m/z =2
0 , ~ i ¥/ / ‘ e Y-
D-BNNT Pd/D-BNNT 0.2 01 0.0
Potential (V versus RHE)
104 YR(x10""mol s cm?)
c 100 10 d 100 e
Pd/C-BNNT
— Y %
= Pd/D-BNNT = 8l This work
80 A s & 80 4 (0.25 M H,SO,)
\
noN =
= i 2 = PdCu 6.
S ) = S
R A=\ e o g 601 0 20 40 60 80 100
£ / \ £ . L .
z / 3 z PdCu/TiO2x0 FE (%
w4 p \ L, 3 W] Pd ¢ 4{CON-SCF (%)
4 o 12 A
’/ ,Q\ oL Pd\JB/ Fe@Pd Au/Sns. UiO-66-NH:
204 . 2 3 20 PdAg o 2
5 &> xo”' Pdp 5 PdH _ReS/TiO:
S— N Y
0 . —_— = 0 0 e Fd %_ Mo/HNG
-0.15 -0.10 -0.05 0.00 PBS H2SO04 PdO/Pd/CNT

Potential (V versus RHE)

Fig. 3 Electrochemical performance of the Pd—D-BNNT catalyst under ambient conditions. (a) N, gas contact angle measurement of D-BNNT and

Pd/D-BNNT electrode materials. (b) A schematic illustration of the gas-tight three-electrode cell (left) and plot of real-time H, gas (m/z =

2) evolution

measurement results of D-BNNT and Pd/D-BNNT electrocatalysts under LSV measurement at a scan rate of 2 mV s~ (right). (c) Calculated faradaic
efficiency (FENHS) and yield of NHz as a result of time-dependent chronoamperometry measurement with Pd/C-BNNT and Pd/D-BNNT catalysts,
respectively. (d) Plot of pH-dependent FE evaluation under PBS (pH 7) and H,SO4 (pH 1) solutions. (e) Literature comparison of FEnn, and yield of NH3z
with state-of-the-art electrocatalysts for eNRR. The detailed values for previous reports, including this work, are noted in Table S2 (ESI+).

the reduced H, evolution activities (Fig. S15, ESIf). Real-time
differential electrochemical mass spectroscopy (DEMS) measure-
ment was further conducted under a gas-tight three-electrode
cell system with LSV measurement to corroborate the HER
activities (Fig. 3b).>° The resulting H, gas (m/z = 2) evolution
graph reveals the delayed H, evolution potential of the Pd/D-
BNNT sample compared to Pd on CP. These results further imply
an efficient HER blocking by the BNNT substrate through the
redistributing electronic structure, driven by the interaction
between the Pd metal and defect-rich BN analogs, thus enhan-
cing the catalytic activity towards the high-efficiency eNRR.
Following the time-dependent chronoamperometry (CA)
measurement at various potentials, the eNRR activities were
evaluated by measuring the yield and faradaic efficiency (FE)
of the NH; product (Fig. S16, ESIt). The produced NH; was
measured with colorimetric analysis and "H NMR spectra
(Fig. S17-S19, ESI}).°>®" As the H, evolution was monitored
through the DEMS measurement (Fig. S20, ESIT), the optimal
values of FE and yield for Pd/D-BNNTs were determined to be
58.9 (+1.07)% and 8.69 (+0.158) x 10 '° mol s™' cmye, 7,
respectively, at a potential of —0.10 V versus RHE with a partial
NH; current density response (jwu,) of —0.245 mA CMge,
(Fig. 3c and Fig. S21, ESIt). These values were achieved by
optimizing the Pd content and thickness of the BNNT layer
(Fig. S22 and S23, ESIT). We also evaluated the eNRR perfor-
mance of Pd/C-BNNTs and Pd/CP (5.96%) which shows negli-
gible yield and unsatisfied FE, indicating the strong interaction
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between the metal and defect-rich BNNTSs plays a critical role in
suppressing the HER and accelerates the eNRR (Fig. S24, ESIT).
Interestingly, when electrolysis is conducted using the D-BNNT-
coated CP (BNNT/CP) under N, or Ar bubbling, marginal NH;
or HER activity was observed under the potential range of 0.0 to
—0.2 Vversus RHE, suggesting that neither the BNNT itself nor
the nitrogen atoms in the BNNT layer participate in the
electrochemical reduction of N, (Fig. S25, ESIt). Remarkedly,
using the 0.1 M phosphate-buffered saline (PBS) solution
(pH 7.4) with Pd/D-BNNT achieved an exceptionally high FE
towards NH;3, approximately 68.0% at the potential of —0.05 V
versus RHE, despite reduced effective current densities for NHj;.
This underscores the importance of adequately regulating
proton and charge transport in the electrocatalyst for N,
electrolysis as promising approaches toward high eNRR perfor-
mances (Fig. 3d and Fig. $26-528, ESI}).">'*® The comparison
of overall eNRR performance concerning the FE and yield of
NH; with the previously reported state-of-art electrocatalysts is
summarized in Fig. 3e and Table S2 (ESIY), revealing the RRJH-
induced Pd/D-BNNT electrocatalysts can be a viable approach
to achieve higher active and selective towards eNRR by regulat-
ing the charge transport kinetics of metals on the BNNT layer.

Fig. 4 shows the qualification of the product from eNRR and
its stability. We note that eliminating the possibility of a false-
positive eNRR process is important to accurately assess the true
catalytic performances of metal-based electrocatalysts for
the eNRR. Rigorous control experiments and purity checks

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Qualification of products from N, electrolysis under ambient conditions. (a) UV-Vis spectroscopic investigations of possible contamination of
NO,™~ and hydrazine byproducts. (b) *H NMR spectra and (c) comparison of the calculated product FE at —0.1 V versus RHE from normal and isotope-
labeled N, (*°N,) gas-fed. The full *H NMR spectra can be found in Fig. $36-542 (ESI), raw NMR. (d) Full-pathway DFT calculation of the eNRR process of
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are essential to ensure reliability and advance the eNRR cred-
ibly. Thereby, the presence of byproducts and contaminants
during NH; production is further confirmed by investigating
the hydrazine (N,H,) and NO, contaminants. The method was
validated using a colorimetric assay (Watt and Chrisp reaction
and Griess reaction).*>®* The results indicate that there is
negligible N,H, (FE < 1%) throughout the entire potential
range (Fig. S29, ESIt). Moreover, to rule out the possibility of
nitrate or nitrite (NO;~ or NO, ) contamination from sources
such as the fed N, gas, Nafion membrane, or any instruments,
the concentration of NO, was measured in a controlled
solution, where the N, gas was bubbled with OCV held for
one hour (Fig. 4a and Fig. S30, ESIt). To ascertain the origin of
the produced ammonia, the eNRR was conducted using isotope
N, gas. The data reveals a distinct peak split for "’NH; with
a coupling constant (J, ’N-'H) of ~73.4 Hz in 'H NMR
measurement, whereas a triplet for "*NH; was obtained with
7 (**N-"H) = 54.2 Hz from "N, experiments (Fig. 4b). According
to the time-dependent electrolysis test, the calculated FE value
obtained from the spectrophotometric analysis and "H NMR
calibration for one- and two-hours "°N, experiments also agree
well with those of the N, experiments (Fig. 4c and Fig. $31 and
S32, ESIY). This confirms that NH; produced in our experi-
ments originated solely from the N, gas fed during the electro-
chemical reactions.

Regarding alternative and distal pathways in Fig. 4d, the
PCET step was thermodynamically uphill compared to the
enzymatic step, but the N, adsorption step was considerably
more stabilized. The first NH; production step (*N,H; — *N +
NH3;) in the distal pathway is hard to proceed with due to a high
energy barrier of approximately 1.89 eV, which can be specu-
lated that the enzymatic pathway is the dominant pathway to

© 2025 The Author(s). Published by the Royal Society of Chemistry

produce NH; of the Pd/D-BNNTs. Based on these results, the
electron-deficient state of the Pd slab significantly promotes
the PCET step of the NRR process over the HER process.
Moreover, the theoretical results align with the experimental
NRR results, providing strong support for the successful imple-
mentation of catalytic engineering of NRR electrocatalysts
based on the EMSI effect. Additionally, the eNRR performance
measurement following the accelerated durability test (ADT) in
an Ar atmosphere shows the robust electrocatalytic NRR per-
formance of Pd/D-BNNTs. Following 10000 cycles of CV and
consecutively performed CA results demonstrated negligible
FE and morphological degradation, indicating the feasibility
of Pd/D-BNNTs as an efficient eNRR electrocatalyst (Fig. 4e and
Fig. S33 and S34, ESI¥).

Conclusions

We demonstrated the strong EMSI effect between the defect
sites of BNNTs and Pd NPs for the efficient catalyst for the
eNRR. Employing the robust and straightforward RRJH method,
we successfully fabricated uniform and dense Pd NPs on the
BNNT support and confirmed through careful theoretical studies
and various experimental results. The resulting Pd/D-BNNT
catalyst achieved a high NH; selectivity of approximately 68%
in neutral aqueous electrolytes and a formation rate of 8.69 x
10 ' mol s~ ' emg,, > in acidic media in a low potential range
(—0.05 to —0.1 Vgpg) under ambient conditions. This perfor-
mance is primarily attributed to the proposed EMSI effect
between Pd NPs and defective BNNTs. Moreover, we examined
the real-time HER suppression phenomenon by in situ DEMS
and the reduction of Gibbs free energy for the PCET step using
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DFT calculations, further supporting the superior performance
of the Pd/D-BNNT catalyst. These findings provide a viable
strategy for designing eNRR catalysts and highlight the poten-
tial applications of metal and BN heterostructures using the
RRJH method. Looking forward, our interests would move
forward to the high-entropy alloy electrocatalyst for additional
electronic structure modifications.

Experimental

Materials

Palladium chloride (PdCl,, 99.9%) and ethanol (anhydrous,
>99.5%) were purchased from Sigma-Aldrich and used without
further purification. A proton exchange membrane (Nafion®
117, Dupont) and all electrode instruments were purchased
from Wizmac (South Korea). All chemicals for color reagents
were purchased from Sigma-Aldrich and used without further
purification.

DFT calculations

All DFT calculations were performed using the Vienna ab initio
simulation package (VASP).®>°® We used the projector augmented
wave (PAW) method to describe the effective potential between
ionic cores and electrons and adopted the Perdew-Burke-Ernzer-
hof (PBE) functional within the generalized gradient approxi-
mation (GGA) for simulating the exchange-correlation energy.®”
The plane-wave energy cutoff was set to 520 eV, and the Brillouin
zone integrations were performed using the Monkhorst-Pack
scheme with a (4 x 4 x 1) k-point grid. For calculating adsorption
energies, we used a Pd slab containing three (111) planes
(27 atoms total), and a 40 A vacuum layer along the z-axis was
set to prevent the interaction between two adjacent periodic
images. The Pd atoms in the bottom two layers of the slab were
fixed at their bulk positions, while the atoms in the top layer and
the absorbate molecules were allowed to relax. In geometry
optimizations, the total energy was converged to 10 ° eV, and
forces acting on ions were required to be less than 0.01 eV A"
The Gibbs free energy change (AG) of the eNRR intermedi-
ates absorbed Pd was calculated using the following equation:

AG = AEpgr + AEzps — TAS

where AEppr is the reaction energy between the adsorption
structures of the intermediates, AEpg is the zero-point energy,
AS is the entropy change, and T is the temperature of 298.15 K.

Synthesis of Pd/BNNTs

Defective BNNTs (D-BNNT) were synthesized using thermal
jet-plasma systems.>>*° To remove the amorphous boron
source in the as-prepared D-BNNTs, the washing process
reported in previous studies was adopted.®® A prepared sample
was treated with thermal oxidation in a muffle furnace at 670 °C
for over thirteen hours to oxidize amorphous boron into B,0;.
Subsequently, B,O; was removed through the washing process
with hot distilled water/methanol over three times. The pre-treated
D-BNNTs were dispersed in a 60 wt% tert-butanol/distilled water at
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a concentration of 0.15 mg ml~" and allowed to settle for twelve
hours to remove h-BN-like impurities. The purified BNNTs in the
supernatant were used to synthesize Pd/BNNTs.*' Then, the
obtained supernatant was poured onto carbon paper (CP, Sigracet
39 AA, Fuel Cell Store) and slowly vacuum-filtered. Washing with
ethanol and drying at 60 °C for over twenty-four hours gives
a D-BNNT/CP sample.

The D-BNNT on CP was cut into a length of 25.0 mm and a
width of 5.00 mm. To this, 76.0 uL of precursor solution (0.1 M
PdCl, in ethanol) was drop-cast on the D-BNNT side and dried
overnight in a 60 °C oven. For RRJH, the PdCl,/D-BNNT
electrode was connected to a copper tape (3M™) with a length
of 20.0 mm (this synthetic method is based on the carbother-
mal shock (RRJH) method).®®7° A current of 2.80 A is applied to
the PdCl,/D-BNNT electrode for 0.50 seconds by using a power
supply (Keithley 2461) in an Ar-filled glovebox. RRJH tempera-
ture was measured using an infrared thermometer (Optis).
An as-synthesized Pd/D-BNNT electrode was used without
further washing.

Crystalline BNNTs (C-BNNTs, BNNT SP10-R Refined Puffball,
BNNT LLC., USA) were synthesized by the laser ablation method
and were used without further purification.”* Pd/C-BNNT and
Pd/CP samples were prepared using the same method as Pd/D-
BNNTs, using C-BNNTs or without the BNNT layer.

Physical characterization

SEM images were taken using an FEI Magellan 400. XRD was
conducted with a Rigaku Smartlab system using a Cu-Ka
source. TEM bright field images and EELS were conducted
using a Titan G2 Cube at 80 kV and a Tecnai G2 F20 X-Twin
(FEI, USA), and cross-sectional TEM specimens were prepared
using an FIB-SEM (Helios 650). XPS analyses were performed
using a K-Alpha spectrometer (Thermo VG Scientific). The
binding energy was corrected to 284.8 eV for the C-C bond.
REELS for bandgap analysis was conducted using an Axis-Supra
(Kratos). The N, gas contact angle was measured by a captive N,
gas bubble using a homemade container and DSA100S (KRUSS,
Germany). Gas products were analyzed using a lab-built gas-
tight three-electrode cell and differential electrochemical mass
spectrometry (DEMS) system.72 A DEMS system was constructed
using a series connection of Ar gas (99.999%) or Ar/N, gas (10:90
in volume; purity of Ny: 99.999%), a multiport valve (VICI Valco,
USA), a lab-built gas-tight electrochemical cell (Fig. 3b), and
a quadrupole mass spectrometer (RGA200, Stanford Research
System, USA). An RGA200 mass spectrometer was preliminarily
calibrated using an Ar/H, mixed gas with various mixing ratios.
Throughout the CA measurement, the respective carrier gas
periodically sweeps the evolved H, gases in the headspace to
deliver them to the mass spectrometer. The recorded mass
spectrum of m/z = 2 was used as an H, gas signal.

Setup for eNRR measurement

All electrochemical measurements were recorded using a multi-
channel electrochemical workstation (VMP3, Bio-Logic Corp.,
France). A typical two-compartment H-type cell was fabri-
cated using respective catalyst electrodes, a graphite rod, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a saturated calomel electrode (SCE; saturated KCl filling) as
working, counter, and reference electrodes. The graphite rod
electrode was separated using a Nafion®™ 117 membrane.
A Nafion 117 membrane was used after pretreatment.”® Initi-
ally, a dry Nafion membrane of size 1.5 x 1.5 cm underwent a
sequential treatment step involving 5% H,O,, distilled water
(MiliQ@‘], and 0.5 M H,SO,, and further rinsed under ambient
conditions with ultrasonication for twenty minutes per step.
Subsequently, the membrane was thoroughly washed with
distilled water, immersed in distilled water, heated at 80 °C
for a minimum of twelve hours, and stored at room tempera-
ture until use. The membrane underwent a final treatment with
0.1 M H,SO, and distilled water in sequence before use. The
reference electrode was calibrated to the reversible hydrogen
electrode (RHE) scale. The calibration was performed by record-
ing the open-circuit potential (OCP) in a saturated H, electro-
lyte using the platinum rod as both working and counter
electrodes: V(RHE) = V(SCE) + 0.248 V for 0.25 M H,SO, and
V(RHE) = V(SCE) + 0.610 V for 0.1 M PBS solution, respectively
(Fig. S35, ESIt). Each chamber was filled with 30.0 mL of
electrolyte. The electrolytes were pre-purged by bubbling N,
(99.999% purity, 10 ml min~") for one hour and continuously
purged with N, at the same flow rate of 10 ml min~" during
electrolysis. Every measurement was performed with a newly
synthesized catalyst electrode. A controlled experiment with an
Ar gas was performed with the same setting. All polarization
curves were presented after iR-compensation with the series
resistance of catalysts, which was determined by electrochemi-
cal impedance spectroscopy (EIS) measurements.

Product analysis

The produced NH; was quantified by using the modified indo-
phenol blue method.®® The colorimetric reagent was prepared
by dissolving NaOH (4.00 g, 1.00 M), salicylic acid (5.00 g,
5.00 wt%), and sodium citrate (5.00 g, 5.00 wt%) in 100 mL of
distilled water. To a 2.00 mL aliquot of the respective electrolyte
after electrolysis were added 2.00 mL of the above colorimetric
reagent, 1.00 mL of 0.05 M sodium hypochlorite (NaClO) in
distilled water, and 0.20 mL of 1.00 wt% sodium nitroferri-
cyanide (Na[Fe(NO)(CN)s]) in distilled water. After standing for
two hours in the dark, the UV-vis absorption spectrum (V-750,
JASCO, Japan) was recorded. The absorbance at a wavelength
of 660 nm was used to determine the NH; concentration. The
standard solution was prepared using ammonium chloride
(NH4CI). "H NMR spectroscopy (VNMRS 600, Agilent Techno-
logies Inc, USA) was measured by mixing the solution with
DMSO-d; as an internal reference. The calibration was performed
by calculating the relative intensity of NH; with the DMSO-dg
peak after baseline correction. “*NH,CI and ">NH,Cl were used
as standard solutions. The hydrazine was determined by the
Watt and Chrisp test.*® A mixed solution of hydrochloric acid
(HCl, conc., 10.0 mL), ethanol (100 mL), and p-dimethylamino-
benzaldehyde (2.00 g) was used as a color reagent. Hydrazine
monohydrate (N,H,-H,0) was used as a standard reagent. After
the eNRR measurement, 1.50 mL of electrolyte was taken and
mixed with the same volume of color reagent solution as the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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above. The mixed solution was allowed to stand in the dark for
half an hour before recording UV-vis absorption spectra.
An absorbance peak at a wavelength of 460 nm was used for
hydrazine detection (Fig. S29, ESIt). The nitrite ion concen-
tration was determined using the Griess test.®’ Two color
reagents (reagents A and B) were respectively prepared. Reagent
A: to a 10.0 mL of 37 wt% HCI was dissolved in 35.0 mg of
sulfanilamide, and the mixture was diluted to 200 mL with
distilled water. Reagent B: to 10 mL of 37 wt% of HCl was added
29.0 mg of 1-naphthyl amine and diluted to 200 mL with
distilled water. These color reagents were stored in the dark
and used within a week. 10.0 mL of the target sample was
mixed with 1.00 mL of reagents A and B. The reaction mixture
was shaken well and stood for ten minutes. The absorbance at a
wavelength of 541 nm was used for the concentration of NO,™
determination. NaNO, was used for standard solution prepara-
tion (Fig. S30, ESIY).

The faradaic efficiencies of NH; and H, and the NH; yield
were calculated using the following equations:

FE(NH;) = enp, X My, X F + Qor X 100 (%)

FE(H,) = en, X My, X F + Quor X 100(%),
where Qo = [I(1)dt
Yield(NH;) = (Cni, X Velectrolyte) = (£ X A)

where FE(NH:;), FE(HZ)y F, MNHSy MHZ; e, Qtots CNH37 Velectrolytey
t, and A are the faradaic efficiencies of NH; and H,, the faradaic
constant (96485 C mol '), the measured amount of NH;
and H, evolution from the indophenol protocol and DEMS
measurement, the number of electrons (3 for the NRR and 2 for
the HER), the total charge passed under CA measurement, the
concentration of the measured NH;, the volume of the electro-
Iyte, the time passed during CA measurement, and the area of
the electrode, respectively.

°N, isotope-labeling experiments

Isotope labeling experiments were carried out using '°N, as the
feeding gas (Sigma-Aldrich, 98%). Due to the high cost of °N,,
the electrolyte was first purged with Ar gas for one hour, and Ar
gas purging was maintained in the headspace to prevent the N,
gas from entering the air. The >N, gas was bubbled at a fixed
flow rate of 10.0 ml min~" for ten minutes before electrolysis
and continuously purged at a flow rate of 5 ml min~" during
electrolysis. During the electrolysis at a fixed potential of
—0.10 V, 2.00 mL of electrolyte was obtained after one hour to
investigate the concentration of '>NHj as a function of electro-
lysis time. The 'H NMR calibration curve for "NH; was
determined by using various concentrations of "’NH,CI as the
standard solution (Fig. S32, ESIt).
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