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ABSTRACT

Electrochemical NO-to-NH; under ambient conditions could be a viable alternative having advantages in terms of energy
consumption and exhaust gas recycling of NO, replacing a traditional ammonia synthesis method of the Haber—Bosch process.
In synthesizing boron (B-) and nitrogen (N-) co-doped carbon nanotube (CNT) based gold (Au) catalysts, B-dopants elevate the
conductivity of carbon nanotube by sp? hybridization on graphene and implant B-N domains within the graphene layer, and result
in facilitating the embedding amount of Au accompanied by high dispersibility with low particle size. Theoretical density functional
theory (DFT) calculations elucidate that the electron cloud transmitted from B-dopant to the active site of Au induces the Lewis
acidic site, and the O-distal pathway occurs following a spontaneous reaction. Increment of the electron-deficient B-doping area
accompanied by N-defects and B—O edges retains the major valence state of Au as Au®, and suppresses hydrogen evolution
reaction (HER) by repulsing the hindrance of H*. This record exhibits the highest faradaic efficiency (FE) of 94.7%, and NH; yield
rate of 1877.4 pg-h''mg, ', which is the optimal yield over energy consumption in the field of the ambient reduction of aqueous

NO.
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1 Introduction

Nitrogen oxide (NO,) is an unavoidable hazardous gas prevalently
emitted from the fossil fuel burner of industrial devices and diesel
engines in vehicles, being cited as a direct candidate resulting in
serious harm to human respiratory and optic organs, as well as
environments such as acid rain, photochemical heavy smog, and
global warming [1,2]. Anthropogenic NO, emissions cause and
accelerate imbalances in the natural nitrogen cycle, necessitating
innovative approaches to reduce NO, emissions, especially for
major sources of emission from power plants, manufacturing
factories, and automobiles [3, 4].

To prevent excessive NO, emissions, typical post-combustion
methods such as high-temperature treatment and selective
adsorption—desorption have been flexibly applied in industrial and
automotive settings. Thermal treatment is classified by the
presence of catalysts, which are selective catalytic reduction (SCR)
and selective non-catalytic reduction (SNCR) [5, 6]. Today, these
thermal treatment methods have already achieved one-hundred
percent converting efficiency in converting NO, to a harmless
form of N, but still have issues to address related to the hazardous
in processing under high temperature (SCR > 150 °C and SNCR >
800 °C) and the requirement of the considerable amount of the
extra reducing agents (e.g. urea and ammonia (NH,)) [5, 7].

Moreover, recycling NO, as a valuable N-source beyond
converting to a harmless product has been actively studied as a
remarkable approach, especially among candidates. NH; is
considered a profitable material as a fertilizer, an essential
substrate for the manufacturing industry, and a hydrogen energy
carrier with a high-power density (4.3 kWhkg™) [8,9]. Although
the Haber-Bosch process is a traditional century-old method for
producing NH; from nitrogen (N,-to-NH,) successfully [10, 11], it
demands harsh temperature and pressure for dissociating N, into
single N (941 kJ-mol") and the necessary of hydrogen source from
the combustion of fossil fuel [12, 13]. Thus, the electrochemical
method, which is able to operate under ambient conditions and
convert renewable electrical energy into a chemical substrate
directly, has been considered a new paradigm [14-18].
Furthermore, a promising approach to synthesizing NH; using
NO,, known as electrochemical NO, reduction reaction
(eNO,RR), has emerged to overcome the limitation of low
productivity of N, (~ 5 x 10° mol-cm™h™) that does not reach the
US department of energy (DOE) target (3.4 x 10° mol-cm™h™)
[19-21], and for requiring less electron consumption than nitrate
(8 electrons per nitrate) [22]. Theoretical calculations suggest that
the conversion of NO, to NH; requires fewer electrons, as
demonstrated by the following equation: NO(g) + 6H' + 5¢ >
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NH," + H,O (E* = 0.836 Vi) [23]. The faradaic efficiency (FE)
and yields for NH; synthesis under aqueous and gaseous NO,
were respectively reported as 77% of FE and 8398 pg-h™-mg, " of
yield with aqueous NO,, and 96% of FE and 1239 pmol cm™h™
with gaseous NO, [21,23,24]. As a result, ongoing research in
electrochemical NO,-to-NH; aims to develop a high-efficiency
and low-energy consumption process. Moreover, the inherent
advantages of scale-up flexibility in electrical systems are expected
to be applied directly to the various facilities that emit high
concentrations of NO,, such as transportation and
semiconductor/display manufacturing, thus it is possible to evolve
into an immediate recyclable technology at the emitting point
(Fig. S1 in the Electronic Supplementary Material (ESM)).

Researchers have investigated different reaction pathways for
NO,-to-NH; depending on the types of catalytic metals (e.g. Fe,
Cu, Pd, Pt, Co, Os, Ru, Au, and Nb), heteroatomic supports (e.g.
boron nitride (BN), and binary heteroatom doped carbon), and
carbon supports (e.g. C,N, C;N,, graphene, and carbon nanotube
(CNT)) [6,21,23-34]. Each catalyst that follows a distal or
alternative mechanism has a different rate-limiting step (RDS).
For instance, a step resulting in HNO, by the first hydrogenation
on niobium carbon nanotube [21] or a step in forming H,NO on
the metal catalyst surface of Fe(110) and Pt(100) [23, 28] required
the highest activation energy. Thus, in the view of addressing
demands related to the activation energy, researchers are striving
to innovate the structure and configuration of metal and non-
metal catalysts, transform the phase of NO, to gas or aquatic
condition, add the selective absorbent and organic frameworks for
NO, fixation, and even combine with the external assistant energy
(e.g. plasma) to overcome the biggest energetic hurdle of RDS [23,
25,26, 35-38].

Heteroatomic carbon supports containing binary atoms (B, N,
P, and S) enhance stability in anchoring metallic catalyst on
carbon support as a single unit with high dispersibility, and
promote electrochemical efficiency by facilitating conductivity and
catalytic activity [34,38-43]. The different electronegativities of
heteroatoms (B < C < N; 2.04 < 2.55 < 3.04) allow for tuning the
band gap by changing the chemical composition, thus producing
noteworthy activation in reduction reactions [45-47]. They also
initiate breaking electroneutrality of carbon to promote the
electrical capacity of carbon support and create more active sites
[48-50]. In particular, boron can induce electron deficiencies
within graphene, facilitating the chemisorption of negatively
polarized reactants and repulsing Lewis acidic H* to suppress
unwanted competing reactions [51-53]. Co-doping two or more
heteroatoms have been studied recently; B and N co-doped
carbon exhibited extraordinarily enlarged properties in
morphology, porosity, surface oxygen functional groups, and
electronic structure [48,54-56]. Even the wettability of the
interface between aqueous electrolytes and a solid electrode was
improved [57].

Gold (Au) is a particular metallic catalyst that possesses high
inherent conductivity and catalytic activity as well [58].
Additionally, it is capable of forming strong sp* carbon lattice
bonds with heteroatom [59]. Due to these characteristics, Au has
been investigated as a strong candidate for N,-to-NHj, and in fact,
embedded Au is identified to be a crucial catalyst, creating stable
Au-NH* intermediates throughout the reaction mechanism [47,
60-63]. In predicting the eNO,RR pathway through density
functional theory (DFT) calculation, since the same intermediate
as above appears and the protonation reaction of NOH* is
deemed as RDS, those desired reactions can be activated by Au in
the same manner [64-66]. Recent studies have actively explored
the use of new designs of Au catalyst to improve the efficiency of
electrochemical reduction [66-68], however, in some cases,
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unexpected by-products of N-N dimers such as N,0O and N, have
been observed, that to be interpreted as a reaction between
adjacent N4, adsorbates on the catalyst active site [69]. To mitigate
the production of such by-products, researchers have attempted to
reduce their likelihood by embedding metal catalysts as single
atoms (SAs) [32,70,71], but interestingly, under some specific
reduction reactions with SAs, catalytic activity has been rather
reduced [27,72]. Au, in particular, is challenging to embed as SAs
since it readily aggregates into nanoparticles [42, 70], and can even
exist in a form where nanoparticles and SA co-exist [73]. Besides,
even if Au is doped as the nanoparticles, the charge of Au may
differ depending on the metal anchoring atoms, potentially
affecting the catalyst’s activity [74], so research purposes on
improving the dispersibility of Au and reducing its size through
the appropriate combination of Au and heteroatoms is necessary.

These metallic carbon catalyst composites where exposed to the
ambient atmosphere are enable the catalytic application, but
conversely, the thicker carbon layer may hinder the desired access
of mass transport due to its low porosity [38,75]. To overcome
this limitation, other types of carbon dimensions can be
constructed by manipulating the molecular weight of the
structural polymer of polyethylene glycol (PEG). Specifically, when
PEG is applied as electrochemical catalyst support [21, 44, 45, 48],
tuning the atomic bonds and achieving sufficient conductivity can
be secured to properly support the metal catalyst and ensure a
reaction part [41,43]. In this regard, for elevating the stability of
the catalyst, placing the actual reaction site of metallic catalyst and
organic framework into the nanotube-type conductive carbon
structure has also been studied as a practical strategy in the actual
electrolysis  [21,38]. Furthermore, constructing a three-
dimensional (3D) structure has been suggested for improving ion
diffusivity and deriving homogeneously interconnected carbon
nanotubes beyond the one-dimensional (1D) structure of carbon
nanotube; herein, the macro-scaled conductive material of
melamine foam (MF) has exhibited superior carbonaceous
structure promoting higher pore volume and surface area [48,
76-78]. Its macro-scaled 3D structures have shown remarkable
improvement, especially in the reaction of the gaseous reactant
with high selectivity by mesoporous structure [56,79,80]. The
application of the entangling tubular carbon nanotube on 3D MF
structure has advanced the energy capacitance of catalytic
electrodes in the area of energy storage [38,48], achieving
selectivity of NH; synthesis in actual NO,-to-NHj; reaching 77.0%
[21]. In this perspective, our study purposes improving the
electrical NH; synthesis efficiency by entangling Au-contained B
and N co-doped carbon nanotube (noted as Au-BNC) on MF,
thus the results showed an improvement in NO adsorption on the
catalyst and exhibited 94.7% of high NH; selectivity in NO,-to-
NH; with stability for 12 h.

2 Experimental

2.1 Chemicals and materials

Polyethylene glycol (PEG-2000), urea (NH,CONH,), boric acid
(H;BO3), chloroauric acid trihydrate (HAuCl,-3H,0), dipotassium
hydrogen phosphate (K,HPO,), potassium dihydrogen phosphate
(KH,PO,), trichloroacetic acid solution (C,HCL0,), 8-quinolinol
(CgH;NO), sodium  carbonate  anhydrous  (Na,COs3),
hydroxylamine solution (NH,OH), potassium sodium tartrate
tetrahydrate (C,H,O¢KNa-4H,0), Nessler reagent (K,Hgl,),
sodium nitrite-"N (Na*NO,), ammonium chloride-*N (*NH,CI),
and maleic acid (C,;H,0,) were purchased from Shanghai Macklin
Co., Ltd (China). Melamine foam (C;HN,) was purchased in
commercial type. Hydrochloric acid (HCI), sulfuric acid (H,SO,),
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and ammonium chloride (NH,Cl) were purchased from Beijing
Chemical Works (China), and ethanol (CH,CH,OH) and
Deuterium oxide (D,0) were purchased from Shanghai Aladdin
Bio-Chem Technology Co., Ltd (China). 5% Nafion® 117 solution
was purchased from Sigma-Aldrich. Nafion 117 membrane and
carbon paper were purchased from GaossUnion (China), and the
reaction gases of argon (Ar, > 99.999%) and NO (99.9%) were
purchased from Beijing huatong jingke gas co., Ltd (China). All
chemicals were used by analytic grades and deionized water
(DIW) was prepared by Milli-Q water (18.2 MQ-cm).

2.2 Preparation of Au-BNC and Au-NC

Synthesis of B and N co-doped carbon nanotube denoted as BNC
was prepared as follows: 0.5 g PEG-2000, 5 g urea and 0.15 g
H;BO; were dissolved in 50 mL of DIW, and the homogeneous
solution was obtained with stirring with 150 rpm for 30 min. 0.2 g
of MF was immersed in the homogeneous mixture, and then,
dried with heat in a vacuum oven at 80 °C for 24 h after
thoroughly stirring at room temperature for 24 h. The pyrolysis
was implemented consecutively in a fused-quartz tube heating at
900 °C for 6 h with the temperature increasing rate of 5 °C:min™*
under Ar atmosphere. The final calcined MF was ground by agate
mortar and pestle, and the final BNC product was collected, after
washing out with ethanol and DIW repeatedly for rinsing out the
unreacted precursors and the foreign matter. The Au-embedded
BNCs (Au-BNCs) were synthesized by manipulating the addition
of 2 wt% HAuCl, stock in the first step of preparing a
homogeneous precursor mixture by the final Au concentration
reaching 0.02, 0.05, 0.1, 0.2, 0.4, and 0.6 mM Au. For preparing
the comparative group without the presence of B-dopant, Au-
contained N doped graphene (Au-NC) was synthesized by getting
rid of only boric acid in the homogeneous mixture.

2.3 Material characterization

The morphology of the prepared catalyst samples was observed by
the field emission scanning electron microscopy (FESEM, ZEISS
GEMINISEM 500 electron field emission microscope).
Transmission electron microscopy (TEM, JEOL JEM-2100F)
equipped with energy-dispersive spectroscopy (EDS) was
performed with an accelerating voltage of 200 kV [81]. The
sample was prepared by depositing catalyst suspension, which of
dispersing the catalyst uniformly in ethanol with ultra-sonication,
on a carbon-coated molybdenum mesh grid (Gilder 200 mesh,
AG200M) and dried at room temperature [70]. High-angle
annular dark-field scanning transmission electron microscopy
(HAADEF-STEM) images were obtained by using a Hitachi S-5500
with an accelerating voltage of 30 kV. X-ray diffraction (XRD)
analyses were carried out using a BRUKER D8/Advance X-ray
diffractometer with Cu Ka radiation source (A = 1.5418 A, 40 kV
voltage, 40 mA current) at a scan rate of 10 ®min™ within 26 range
of 10°-70°. Au contents incorporated in Au-BNC were analyzed
by an inductively coupled plasma optical emission spectrometry
(ICP-OES, Thermo Scientific IRIS Intrepid II). X-ray
photoelectron spectroscopy (XPS) analysis was implemented
using a Thermo Scientific ESCALAB 250XI photoelectron
spectrometer with Al Ka X-ray radiation as the X-ray source
(1486.7 eV) for excitation and the optimal energy resolution <
0.45 eV. All binding energies were calibrated in reference to the C
1s main peak at 284.8 eV. Raman measurements were proceeded
on a Confocal Raman microscope (Renishaw inVia) with laser
excitation at 532 nm, and the spectral recording range was
500-4000 cm™ [21]. Attenuated total reflectance infrared
spectroscopy (ATR-IR) was recorded on a Thermo Fisher
Scientific Nicolet IS 10 flourier transform IR spectrometer on KBr
pellets. The nitrogen adsorption—-desorption isotherms were
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implemented at —196 °C on MicrotracBEL Corp, and specific
surface areas and pore size distribution were calculated according
to  multipoint  Brunauer-Emmett-Teller =~ (BET)  and
Barrett-Joyner-Halenda (BJH) [70, 81]. Prior to collecting data,
the samples were degassed at 200 °C for 4 h under a vacuum [70].
Electron paramagnetic resonance (EPR) spectra were obtained
with a JEOL FA-200 instrument at room temperature.

2.4 Installation of the electrochemical cell

The H-type electrolytic quartz cell was used for the
electrochemical nitrogen oxide reduction reaction (NORR) test.
Potentiostatic tests were performed using an electrochemical
workstation (CHI760E, CH Instruments, Inc., Chenhua,
Shanghai) equipped with a typical three-electrode system.
Prepared catalyst carbon papers doping catalytic inks on the layer
were applied to the working electrode (size: 1 cm x 0.5 cm), and
an Ag/AgCl electrode (with saturated KCl as the filling solution)
and the platinum plate (size: 1 cm X 1 cm) were respectively used
for reference and counter electrodes. The cathode and anode
compartments were separated by a proton exchange membrane
(Nafion 117), which were softened by soaking in DIW overnight.
0.1 M HCI aqueous solution [21] was applied as an electrolyte and
pre-purged with the relevant reaction gas for at least 30 min (10
sccm) in advance for proceeding with the electrochemical test in
order to remove residual air in the electrolyte. 100 mL of the
electrolyte solution was evenly distributed to the cathode and
anode compartments, and the test was conducted under stirring at
100 rpm. As for reactant gas, NO gas (99.9%) was continuously
injected with a flow rate of 20 sccm by a mass flow controller
(MEC, D07-7, Beijing SevenStar Flow Co., Ltd). All of the
measured potentials were converted to the reversible hydrogen
electrode (RHE) using the Nernst equation potential as follows

Erue (V) = Eagjaear (V) +0.0591 x pH —|—E‘,’\g/AgC]

where Epyyy; is the converted potential vs. RHE, E'yy50q = 0.1976 V
at 25 °C, and Ejgaqq is the experimentally measured potential vs.
Ag/AgCl reference.

Linear sweep voltammetry (LSV) tests were conducted with
NO and Ar saturated electrolyte along with the potential range
from +0.7 to —1.3 V vs. RHE with a scan rate of 10 mV-s™. All
LSV curves were induced under steady-state after repeating the
prior cyclic operation several times and directly used without
additional ohmic-drop correction [3,70]. Cyclic voltammetry
(CV) measurements were implemented with the potential
windows from +1.7 to —1.3 V vs. RHE. For comparing real active
surface sites on the working electrode, the electrochemical double
layer capacitance (EDLC) was measured by scanning the CVs
under each narrow potential window with different scan rates of
10, 20, 40, 60, 80, and 100 mV-s™. Every CVs were repeatedly
scanned by swinging 10 cycles through the potential windows.
Specific double layer capacitances (Cy) were derived by plotting
the charging current density difference (Aj = (J, — J.)/2) against the
scan rates (v), where J, and J. respectively indicate anodic and
cathodic current density. Electrochemical impedance spectroscopy
(EIS) [82] measurements were conducted at the frequency range
from 0.1 MHz to 102 Hz with an amplitude of 5 mV. All the
above-mentioned measurements were conducted at room
temperature under atmospheric pressure.

25 Product analysis

The electrochemical reduction reaction was conducted by means
of chronoamperometry (CA) for 2 h, and the concentrations of
the synthesized NH; and NH,OH were measured by colorimetric
methods. Dissolved ions by NH; to NH,” and NH,OH to
NH;OH" were detected by following their standard calibration
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curves. Standard curves were displayed by preparing reference
solutions with concentrations ranging from 0.4 to 4.0 ppm for
NH, and 01 to 128 ppm for NH;OH', and
spectrophotometrically determined by ultraviolet-visible (UV-vis)
spectrophotometer (DR6000, HACH Company Loveland, USA).
The specific procedures are as follows:

Measurement of ammonia (NH,)-N

The ionic concentrations of ammonia-N were determined
using the colorimetric reagent of the Nessler reagent method [81].
A certain amount of electrolyte collected from the electrolytic
chamber was diluted by 5.0 mL to be dragged into the scope of the
detectable range. 0.1 mL of potassium sodium tartrate tetrahydrate
solution (p = 500 g-L™") was added with vigorous mixing, and 0.1
mL of Nessler reagent was injected into the sample in sequence.
The absorbance of the yellowish-colorized mixture was recorded
at the wavelength of 420 nm after resting for 20 min at room
temperature. The calibration curve of absorbance against
ammonia-N concentration was derived through the serial diluted
standard solutions of ammonium chloride solution, and before
that, the ammonium chloride crystal was dried in advance at 105
°Cfor2h.

Measurement of hydroxylamine (NH;OH")-N

The ionic concentrations of hydroxylamine-N presented in
electrolytes were determined by the traditional spectrophotometric
method by Frear et al [21,25,83]. 1.0 mL of the electrolyte was
sampled from the electrolytic chamber and mixed with 1.0 mL of
phosphate buffer (PBS, 0.05 M, pH = 6.8), 0.8 mL of DIW, 0.2 mL
of trichloroacetic acid (TCA) solution (12 wt.% in DIW), and 1.0
mL of 8-quinolinol solution (1.0 g of 8-quinolinol in 100 mL of
absolute ethyl alcohol). 1.0 mL of sodium carbonate solution
(Na,COs;, 1 M) was sequentially added, and the final mixed
solution was placed in 80 °C of water bath for 1 min. After cooling
down for 15 min at room temperature, the absorbance of the
greenish-colorized mixture was recorded at the wavelength of 705
nm. The calibration curve of absorbance against hydroxylamine-N
concentration was derived through the serial diluted standard
solutions of the commercial hydroxylamine solution.

Calculation of yield and FE of NH;

After implementing the electrochemical reduction reaction of
NO-to-NH;, the yield of NH; was calculated by the equation as
follows

oy, XV

Yieldyy, = —————
163, My, X tX S

where ¢y is the mass concentration of NH; (g-L), V is the total
volume of cathode chamber (L), Myy; is the molar mass of NH;
(17 gmol™), t is the electrolysis implemented time (s), and S is the
geometric area of working electrode (1 cm’) [23, 70].

FE for product A was respectively calculated according to the
equation as follows, herein, product A is of electrochemically
synthesized NH; and NH,OH

nya X FXcy xV
FE (%) = Tig <00

where 1, is the electron number for A generation (n = 5 for NH;,
and n = 3 for NH,OH), F is the Faraday constant (96,485 C-mol™),
ca is the mass concentration of A (g'L™"), V is the total volume of
cathode chamber (L), M, is the molar mass of A (NHj: 17 g-mol™
and NH,0OH: 33 gmol™), and Q is the total charge passing
through the electrode [23, 70].

Differential electrochemical mass spectrometry experiments
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The in-situ online analysis for electrochemical reduction
reaction was conducted by differential electrochemical mass
spectrometry (DEMS, HPR-40, Hiden analytical, UK). NO gas
saturated 0.1 M HCI electrolyte was circulated with a circulating
rate of 2 sccm, and LSV with the potential range of +0.5 to 0.8 V
vs. RHE and CA test at +0.1 V vs. RHE was respectively carried
out. The mass signals of N-containing products (NH;, NH,OH,
N,, N,O, and N,H,) and H, were simultaneously recorded.
Detecting of the mass signals by CA test with the electrolyte of not
gaseous NO reactant but 10 mM of NH,0OH was additionally
performed to identify the reduction reaction pathways [81].

Isotope labeling experiments

The isotope labeling experiment was carried out using 'H
nuclear magnetic resonance ("H NMR, Bruker 600-MHz system)
with "NO as the feeding gas. "NO was experimentally synthesized
with the reaction as follows [23]

3Na”NO, + H,SO, — 2°NO(g) 1 +Na”NO, + Na,SO, + H,0

100 mL of 1 M H,SO, prepared in the Teflon bottle with a
rubber cap was pre-degassed with helium gas for at least 30 min
with the 20 sccm of flow rate, and 0.5 mL of 7.4 M Na”NO, was
added with installing gas sampling bag at the outlet line. This as-
prepared "NO gas was confirmed by gas chromatograph (GC-
9790 Fuli Analysis Apparatus Co., China).

Simultaneously injecting Ar through the Teflon bottle
continuously, all produced gases were directly moved toward the
cathodic chamber and participated in the reduction reaction as a
“NO feeding gas to the electrochemical cell. The actual reaction of
“NO-to-NH; was conducted with the same H-type electrolytic
quartz cell filled with 50 mL of 0.1 M HCI (pH = 1) electrolyte,
and the electrolysis test was conducted at +0.1 V vs. RHE for 1 h.
The "N-contained ammonium ions (“"NH,") in electrolyte samples
were detected by NMR as follows: (1) adding 20 mg maleic acid to
50 mL of resultant electrolysis, and (2) adding 50 pL of D,O to 0.5
mL of the above-prepared mixture. The standard curve of "NH,*
was derived by the ratio of peak area of "NH," over maleic acid of
the standard solution, prepared by 5 steps serial-diluted standard
solution with the concentration from 100 to 3.1 mM of *NH,CL
The linearly correlated standard curve was obtained, thus the
electrochemically synthesized "NH," was quantified by following
the induced standard equation.

2.6 Theoretical calculation

To get the model of the defective BNC monolayer with Au
embedment, a supercell containing carbon atoms, Au atoms, B
atoms, and N atoms with a vacuum of at least 15 A was set up
[32], where the ratio of the number of atoms is determined by
XPS. Calculations had been conducted by DFT with the projector
augmented wave method using the Vienne ab initio simulation
package (VASP) [23]. The generalized gradient approximation
(GGA) was designed by Perdew-Burke-Ernzerhof (PBE) with
van der Waals correction to optimize their geometric structure,
and the convergence criteria for energy and force were applied as
10° eV and 0.02 eV-A", respectively [21,23]. One-half of the
chemical potential of hydrogen as the chemical potential of the

1
proton-electron pairs; y (H") +pu(e”) = 2 (Hy(g)) [21,23], was
used as the computational hydrogen electrode model [21,23]. In
addition, AG value was computed as follows

AG = AE + AE + AGy — TAS

where AE is the electronic energy difference induced from DFT
calculations, AEpy, is the zero-point energy change, AGy, is the free

ﬁ ?/\ “é itk @ Springer | www.editorialmanager.com/nare/default.asp

Tsinghua University Press



Nano Res. 2024,17(3): 1151-1164

energy contribution corresponded by the applied electrode
potential (U), T is the temperature (298.15 K), and AS is the
change in entropy [21].

3 Results and discussion

3.1 Characterization of Au-BNC catalyst

Figure 1(a) illustrates the synthesis process and the fabrication
structure which is fostered with the BNC with metallic
nanoparticles of Au (Au-BNC). The basic backbone structural
carbon of N-doped CNT (noted as NC) comprised of carbon
polymer of PEG-2000 [41], and urea as a reductant and N-
dopant. Boric acid (H;BO;), a critical component in the reaction,
was added to prevent Au agglomeration and provide a B-
heteroatom source for co-doping with NC, and the addition of
HAuCl,:3H,0 embeds the metallic Au catalyst, creating the active
reaction site. The macro-scaled structure of MF was mixed with
the prepared precursors and dried in the oven at 80 °C after
sufficient stirring for 24 h under ambient conditions; during this
process, Au ions were instantly embedded as it was and
neutralized to metallic Au nanoparticles, and H;BO; was
dehydrated to B,O; [84]. All mixtures uniformly adhere to the
melamine structure, and during the pyrolysis process at 900 °C, B-
and N-dopants are implanted to the CNT by substituting carbon
atoms within the graphene patterns, while metallic Au stably
settles on newly created defects. The final Au-BNC containing Au
nanocrystals is eventually prepared after rinsing out B,O; foreign
matter with ethanol and DIW repeatedly. The ESM provides a
detailed account of the materials, preparation procedures, analysis,
characterization, and calculation.
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Figure 1(b) and Fig. S3 in the ESM show TEM and FESEM
images of BNC and Au-BNC, which reveal a hollow fiber array
morphology in CNT. The Au nanoparticles are uniformly
dispersed on the amorphous BNC support (Fig. 1(c)) with an
average size of 32.5 nm (Fig. 1(c), inset). The high-resolution TEM
(HRTEM) image in Fig. 1(d) shows that the particles have good
crystallinity with lattice fringes of 0.143 nm, corresponding to the
(220) facet of Au, and the selected-area electron diffraction
(SAED) pattern in the inset of Fig. 1(d) confirms this result. The
powder X-ray diffraction (pXRD) of Au-BNC in Fig. 1(g) shows
three significant peaks of 26 diffraction at 38.2° 44.5°, and 64.8°
corresponding to gold facets of (111), (200), and (220) respectively
(JCPDS No. 4-0784) [58,70] and two broad peaks at 26° and 44°
originated from the backbone graphene [21,58]. The
corresponding elemental mapping image intuitively shows a
homogeneous distribution of the C, N, B, O, and Au nanoparticles
on BNC, herein, the wall of CNT has marked as blue coloring
carbon with high dense (Fig. 1(f)). The presence of Au SAs is
double confirmed by HAADF-STEM, indicating no verifiable
trace of Au single atom is identified within BNC (Fig. 1(f)) [27].
The N, adsorption—desorption test was carried out (Fig. 1(h) and
Table S1 in the ESM) to exhibit the pore structure of the catalyst,
with isotherms for BNC and Au-BNC ascribed to a type-IV
hysteresis loop. The specific area BCN and Au-BNC are 612.2 and
483.4 m*g™, respectively, with pore size distribution divided into
mesopores (~ 4.0 nm) and micropores (~ 1.9 nm), as shown in the
inset of Fig. 1(h). The CNT morphology serves as a base structure,
with the isotherm under high relative pressure indicating multi-
layer adsorption, and the pore size distribution corresponding to
the complexity of macro-structure by MF and micro-structure by
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CNT.

To understand the role of B-dopant on the NC, with the
reasonable hypothesis enhancing dispersibility of the actual
catalytic active site of Au and editing the defect sites on graphene
by modifying the bonds and electron distribution, originated by
the extra addition of the B-dopants, the structural electronic
properties, and surface characterization were conducted. With the
same amount of 04 mM Au atom, the specific structure
differences caused by B-doping are confirmed only by
manipulating the presence of B-heteroatom. ATR-IR spectra of
Au-BNC and Au-NC (Fig. 2(a)), revealing that the addition of B-
dopants definitively alters the bonding structure of NC. ATR-IR,
scanning range with 400-4000 cm™, exhibited the outstanding
peaks attributed to graphene at 3430 cm™ (C-OH), and nitrogen
concerned bond at 3260 cm™ (N-H), 1543 and 1244 cm™ (C-N)
[43, 85, 86]. By contrast, five additional new peaks appear in the
spectrum of Au-BNC at 1626, 1400, 1171, 1080, 890, and 796 cm™,
assigned to C-B, N-B, C-B, C-B, B-O, and N-B in sequence,
stretching of B-doping on the pristine NC [87,88]. While the
conventional peaks with C and N are somewhat obscured by the
new peaks with C-B, B-O, and N-B, they confirm the presence of
B-doping in the carbon network and provide visible evidence for
the incorporation of B atoms in the NC [89].

The incorporation of B-modification into NC creates more
defect sites, which could directly impact the properties of Au
embedment. As shown in Fig. 2(b), the Raman spectra of both Au-
BNC and Au-NC display peaks at 13181567 and 1567 cm™
corresponding to D-band and G-band, which indicated the
defective/disordered carbon and the sp>-hybridized/crystalized
graphitic carbon atoms, respectively [21, 32]. The character of the
defect level in the graphitic structure could be assessed by the
intensity ratio of (Ip/I;) [90], herein, the I;y/I;; value increases from
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1.27 to 1.65 after B-doping, indicating a lower graphitic structure
and confirming the increased defect level of Au-BNC. The EPR
analysis (Fig. 2(c)), which possesses an asymmetric signal line
centered at g = 2.003, indicated the presence of unpaired electrons
on the m-conjugated structure [91-94]. With the addition of B-
dopant on NG, the intensity of the EPR peak is strengthened as a
result of an increase in the number of N-defect sites, so allowing to
provide a plenty embeddable site of a metallic nanocrystal of Au
through redistribution of electron density at the adjacent site of
the N-defect, BNH, [58,89,95-99]. At the same time, the B-
dopant neighboring with N-defect becomes serving under-
coordinated sites, that of electron acceptors, tailoring it to be an
active site that is more receptive to electron-donating reactants in
nature [100-102].

XPS survey spectra of Au-BNC and Au-NC exhibit significant
changes in the atomic portions of O, N, C, B, and Au (Fig. 2(d)
and Table S2 in the ESM). While under the co-doping of B and N,
heteroatoms are competitively implanted on graphene, but
originally, the substitutional doping of B has more preferably
occurred over the in-plane N doping [54,103]. In-plane
substitutional B-dopant (BC;) is notably visualized in Fig. S4(e) in
the ESM, exhibiting more stable sp* hybridization in graphene
accompanied by retaining planar structure [104]. The electron-
deficient B atom polarizes with the neighboring graphitic sites by
altering the C atoms, forming a B-C bond (~ 1.50 A) that is
longer than a C-C bond (~ 1.40 A) in the pristine graphene
[104-106]. Simultaneously, the significant increase of N peak in
XPS spectrum (Fig. 2(d)) reveals a new appearance of the N-
related bond with B-dopant, which could be occurred by dragging
of B rather than C toward N owing to the weaker electronegativity
of B (2.04) than C (2.55), forming B-N hybridized domain of
B-N-C on graphene [107]. The resultants of N 1s and B 1s
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spectra exhibit significant B-N hybridized domains located at the
peak positions of 397.8 and 192.2 eV [21]. In addition, under
proceeding pyrolysis, the strong radical of B,O, can directly
participate in creating the bonds of B-O and C-O favorably,
rather than C-N bonds [108]. These changes in the bond portion
are reflected in XPS consistently with the stretching bond of the
newly introduced B-N, B-O, and C-OH, as shown in the ATR-
IR spectra. The high-resolution C 1s spectrum of Au-BNC
resolves into seven peaks in XPS (Fig. S$4 in the ESM) and shows a
higher sp’/sp’ ratio than Au-NC, indicating a decrease in catalytic
conductivity. The new appearance of the m-m* peak (291.8 eV)
formed by sp*-hybridization which indicates the availability of n-
conjugate delocalized electrons offset the graphitic insulation, and
conversely, improved the conductivity of the catalyst [90, 109,
110]. Au 4f XPS spectrum of Au-BNC (Fig. 2(e)) exhibits a
doublet with binding energies shifted to a more positive range:
84.1 eV (Au®,),) and 87.8 eV (Au’),), in contrast to the metallic
Au’ double peaks of 84.0 eV (Au’;,) and 87.6 eV (Au's,) [111,
112]. According to the increase of N-defect with doping B-
heteroatom, elemental quantification of Au was increased from
0.08% to 0.20% (Table S2 in the ESM), and the total peak area of
Au is also enlarged from 1523 to 4930, indicating an absolute
increase in the Au embedment. On the other hand, the average
Au particle size is reversely lower to approximately reaching 32.5
nm with Au-BNC, from 193.3 nm with Au-NC, indicating that B-
dopant helped in the dispersion of Au nanoparticles widely and
regularly, and served as actual seed sites for Au (Fig. 2(f)). Largely
agglomerated Au at the catalyst having no B-heteroatom hinders
the stable construction of hollow fiber form of CNT, so it displays
the lumped structure and even shows multi-layer graphene
covering the bulk-sized Au nanoparticles (Fig. S3 in the ESM).

3.2 NORR performance and mechanism with Au-BNC

The measurement of NORR performance was carried out in an H-
type cell at room temperature and atmospheric pressure (Fig. S5
in the ESM). First, LSV was performed while supplying Ar and
99.9% high-purity NO gas directly to a working electrode in 0.1 M
HCI electrolytes with a flow rate of 20 sccm. Both catalysts exhibit
NORR activity, but notably, the presence of B-dopant results in a
higher current density increase at the final potential of 1.3 V vs.
RHE, up to 5.2 mA-cm™ (Fig. 2(g)). The NORR performances of
each catalyst were examined through CA for 2 h under the
potential range from +0.1 to —0.8 V vs. RHE (Fig. S6 in the ESM).
The amount of NHj, in the form of NH,', was measured with the
Nessler reagent method (Fig. S7 in the ESM), and all yields of NH;
were normalized to the value corresponding to the amount of
power density at each potential. The normalized yield and FE of
NH; decreased as the potential increased, attaining a maximum
value reaching 2220 pgh™mg_mW™ and 59% at +0.1 V vs.
RHE with Au-BNC, which contains 0.4 mM of Au (Fig. 2(h) and
Fig. S8 in the ESM). The advancement in spontaneous affinity
between the reactant (or reaction intermediate) and the B-doped
catalytic electrode is responsible for approximately 3.7 times
higher yield of NH;, as evidenced by the adlayer peak current
density in Fig.2(g) [113]. The Adlayer peak currents are
prominently exhibited in the acidic electrolyte, as depicted in Fig.
S9 in the ESM. Furthermore, the catalytic performance of the B-
doped catalyst is demonstrated to enhance the FE of NH;
synthesis, detected below the onset potential. This observation
suggests that a greater number of H* species are involved in the
selective synthesis of NH;, with a comparatively reduced tendency
towards H* reduction to H,. The difference in adlayer peak
currents observed in the LSV graphs measured under different pH
conditions, in the absence of the reactant NO, clearly substantiates
the H* suppression effect induced by the B-dopant (Fig. S10 in the
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ESM). In acidic electrolytes, the presence of B, with its positive
nature, leads to a thinner double layer due to the repulsion of H*
ions. Conversely, in alkaline electrolytes with 0.5 M of KOH, B-
dopants attract OH- ions, resulting in a stark thicker double layer
compared to the condition without B-dopant. This provides a
more pronounced evidence for the H* suppression phenomenon
caused by the B-dopant.

To obtain deep insights into the NO-to-NH; mechanism, the
surface reduction pathway over the Au-BNC was calculated by
employing DFT computations [114]. First, the adsorption of
gaseous NO on Au-BNC was investigated as a prerequisite
description for the NO-to-NHj; [21, 24, 115]. As displayed in the
inset of Fig. 3(a), a larger electron cloud exists between NO and
Au-BNC, indicating their enhanced interactions and NO gas can
be strongly absorbed on the Au-BNC surface. The interaction
effect between Au nanoparticles and a NO molecule was further
studied by computing the partial density of states (PDOS). As
proved by the PDOS in Fig. 3(b), well-matched energy between 4d
orbital of Au and m*-orbital of NO indicates the electron transfer
to *-orbital of NO from Au nanoparticles, also corresponding to
the result of Bader charge analysis that the modified Au-BNC
donated 0.46 and 0.50 ™ to N and O atoms of NO. The structure
of Au-BNC and the adsorption model for NO have only been
configurated as a side-on configuration with high stability (Table
S3 in the ESM). The NO-to-NH; was examined in terms of the
free energy profiles, particularly in the previous report [24, 66,
115]. For the solvated and coordinated NO, it is easy to be
protonated and reduced to single N* based on the standard
electrode potential and the DFT results with the Au metallic
surface; O-distal pathway is depicted as NO > NO* 4y > NOH* >
N* + H,0 > NH* > NH,* > NH, (Fig. 3(c)) [24, 66]. Every step
for the O-distal pathway is exothermal, implying that the NO-to-
NH; would be a spontaneous reaction (Fig. 3(a)). This shows high
performance in practical application, which is also in agreement
with the existence of the adlayer peak current in Fig. 2(g). In
addition, as mentioned in previous studies, the intrinsic
characteristics of the electron-deficient B-dopant on electrode
suppress H* adsorption (under acidic conditions) [52,116],
occurring inferior to the competing reaction of hydrogen
evolution reaction (HER), thereby enabling the sufficient proton
source to preferentially contribute to NORR [47,52,117] and
achieving relatively high FEs. In the same vein, the introduction of
B-heteroatom results in a noticeable decrease in the onset
potential for water reduction, shifting it from —0.72 to —0.52 V vs.
RHE (Fig. 2(g)), indicating that the electron depleted site within
Au-BNC facilitates the chemisorption of the electron-rich Lewis
base molecule of H,O as well as serves as a catalytic center for
occurring the water reduction [41, 52].

3.3 Manipulation Auamounts on BNC

Under the same Au amount of 0.4 mM, depending on the
presence of B-dopant, the main peak of XPS Au 4f is maintained
at the neutral valence state of Au’ in spite of increasing the atomic
ratio of doping amount. Thus, surface analysis and NORR activity
were implemented to investigate the structural mechanism for
NH; synthesis by manipulating the Au loading amounts on the
BNC support (Fig.4(a)). A series of Au-BNC catalysts with
varying Au loading amounts from none to 0.6 mM were prepared.
The resulting pXRD patterns reveal conspicuously humped 3-
peak corresponding to the Au facets (JCPDS No. 4-0784) (Fig. S11
in the ESM). The actual Au loading on the BNC surface is
quantified to be < 0.01 wt.%, 0.155 wt.%, 0.398 wt.%, 3.09 wt.%,
6.46 wt.%, 9.64 wt.%, and 14.40 wt.% in sequence by ICP-OES,
showing a well-matched correlation with the atomic portion of Au
measured by XPS (Fig. S12 in the ESM).
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In the XPS N 1s (Fig.S13 in the ESM), the N-Au peak
significantly appears at 399.8 eV by adding Au embedment [21].
On the other hand, the valence states of Au precursor are tuned
according to the embedding amount (Fig.4(b)). At the low
embedding level of Au, Au could be tailored within the graphene
by bonding with the boric acid originated oxygen species (O, and
O), leading to the positive valence state of Au* in B-O-Au™
bond, and acting as a Lewis acid and triggers for reducing reaction
[118], which is deconvoluted as Aus,’" and Au,,* centered at 88.8
and 84.2-84.6 eV (Fig. 4(c)) [119, 120]. Herein, the elemental peak
portions have been preserved similarly with the pristine BNC, and
the heteroatom doped structures of graphitic-N (401.0 eV) and
N-B (398.0 eV) still are maintained (Figs. S14(a) and S13(b) in the
ESM) [41]. In addition, the complementary decrease of pyrrolic-N
(399.3 eV) [21] compared with N-Au showed a new bond of Au
atoms on N- defect sites where adjacent to the B-doped sp” carbon
lattice [111,121-123]. As the result of the DFT calculation, Au
directly bonding with B-dopant is rather to be unstable, and
bonding only with nitrogen was stable (Table S3 in the ESM). In
accordance with the increase in the amount of Au precursor, while
the peak spectra for B, N, and O are prominent, the valence states
of Au are dragged to the more neutralized state, contributing to
the peak centered at 88.0 and 84.2 eV [84]. Au ions spontaneously
react with a strong reductant of urea, forming N-Au*, and
spontaneously react with boric acid to produce B-N-Au*
structural bonds, or immediately embed into the B- dopant
substituted graphene. Due to this, in the catalysts in which the Au
precursor is added at a concentration of Au over 0.1 mM, the
graphite-N bond is lost and the N-B bond complementarily
increases (Fig.S13(b) in the ESM). Au embedding paths have
simultaneously occurred, but the agglomeration of the embedded
Au with the neighboring Au and excessive Au precursors diffuses
toward the surface of BNC, forming neutral-charged Au
nanoparticles as exhibiting peaks positioned close to Au’ (centered
at 87.6 and 84.0 eV for Aus,’ and Auy),° respectively) [111]. As
expends the counts of Au nanoparticles on the surface, by the
physical interference, the structurally unstable B-C bond would be
priory broken than C-C, shown in the decrease of the B-C bond
in Fig. S14(b) in the ESM. Even though the different valent states
of Au, as noted in the significant crystalline Au peaks in XRD (Fig.
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S11 in the ESM) and no detection of Au single atom by HADDE-
STEM (Fig. 1(e)), every Au-BNC catalyst contains nanoparticles
having Au’-Au® on BNC [118].

34 NORR performance by manipulating Au amount

The electro-catalytic activity of Au-BNCs for NORR was
investigated in 0.1 M HCI electrolyte, with a scanning potential
range from +0.5 to —1.3 V vs. RHE with a scan rate of 10 mV-s™.
In the LSV curve shown in Fig 5(a), all the Au-loaded BNC
catalysts exhibit conspicuous adlayer peak currents below the
NORR onset potential of —0.08 V vs. RHE, elucidating the
presence of reactants or reaction intermediates chemisorbed on
the electrode surface with high affinity [113]. The adlayer peak
current is observed only under the NO atmospheric condition
with other conditions being identical, suggesting that NO is the
only adsorbate bound to the catalytic working electrode surface,
denoted as *NO(,4. The amount of adsorbed NO showed an
identical trend with the ratio of pyrrolic-N, implying NO is
representatively adsorbed on N-defects, thus the NO adsorbing
amount is determined not by the amount of Au precursor but by
the portion of N-defects. As shown in Fig. 5(b), the trend of the
current density at the final potential of —1.3 V vs. RHE is also
identical to that of the adlayer peak current density, so it could be
elucidated that expediting the affinity of the reactant and reaction
surface affected the overall electrical conductance for the catalytic
electrode.

The EDLC were calculated by measuring polarization curves at
various scan rates from 100 to 10 mV-s" (Fig. S15 in the ESM).
The relation between the average peak current of anodic and
cathodic as a function of the scan rate indicates the depletion rate
of the reactant on the catalytic electrode, depending on potential
changes, and also supports to identify of the major reason for
surface reaction limitation [23]. Every catalyst shows a good linear
dependence of (J, —J)/2 on v, implying that the NORR in the
electrolyte is diffusion-controlled within the potential window [21,
23]. The values of the Cy are grouped by the order of magnitude;
herein, every catalyst embedded with Au showed higher
electrochemical active surface area than none of Au on BNC
(denoted as no Au-BNC), and the EDLCs are increased
correspondingly as increasing the valence state of Au [93].
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Specifically, the Au-BNC with the positive valence of Au*™ had Cy
values of 1740 and 3120 pF-cm™ for 0.02 and 0.05 mM Au-BNC,
of the three-order of magnitude higher capacities than no Au-
BNC (2.21 pF-cm™), revealing the superior intrinsic activity of Au
valence, not stemming from the Au embedded amount [93, 124].
Although the quantities of the embedded Au are proportionally
increased (Fig. S12 in the ESM) and the average particle size of Au
is non-comparably similar (Fig. S16 in the ESM), only the valence
state of Au nanoparticles has an effect on the EDLC. The
electrochemical reaction process and electron transfer rate are
identified by observing CV and comparing the catalytic resistances
by EIS curves (Fig.S18 and Table S4 in the ESM). As
demonstrated in Fig. S18(c) in the ESM, the current peak points at
the redox potential for all Au-BNCs are lower compared to those
of no Au-BNC due to the adhesion of a certain substrate onto the
electrode, which disturbs the electron transfer rate [58].
Nonetheless, the Au-BNC with 0.02 and 0.05 mM of Au,
containing the positively charged Au* nanoparticles, promotes the
acceleration of electron transfer for NORR.

The Nyquist plots shown in Fig. S18 in the ESM illustrate the
interfacial processes between the electrode and electrolyte, which
consist of a semicircle portion corresponding to electron-transfer
resistance (R,,) at high frequencies, and a linear portion reflecting
diffusion at low frequencies [125]. The increase in R as the Au
embedment proceeded clarifies the stable settlement of the Au
nanocomposites on BNC since the promotion of non-polarized
neutral Au nanocrystals on the electrode fundamentally limits
electron transfer with low electrical conductivity [126]. The value
of R, for 0.02 mM Au-BNC has much lower resistance (~ 10.5 Q)
than the more Au-embedded catalysts, which reaches up to 193 (),
indicating superior electron transfer and better electrical
conductivity [58]. The observed trend is consistent with the CV
data presented.

Prior to conducting the 2 h electrolytic cell test, retention stages
were performed at open circuit potential (OCP) corresponding to
each catalyst (Fig.S19(a) in the ESM) for a specified period,
allowing for the elimination of any background interferences
caused by electrolyte and electrode surfaces [21, 115]. The current
density response for the CA test with a specific catalytic electrode

of 0.02 mM Au-BNC is negligible, and the accumulated NH; is
out of the detectable range by UV-vis spectrophotometer (Fig.
S19(b) in the ESM) [113, 127]. The actual performances of NORR
were measured with each catalyst electrode ranging from none to
0.6 mM Au-BNC via CA at a constant potential for 2 h; the
accumulated amount of NH; and hydroxylamine (NH,OH) in the
electrolyte (present in the form of electrolyte-soluble ions of NH,*
and NH;OH") were detected and FEs were calculated in
accordance with the detailed method outlined in the ESM. The
NH; vyield reaches 1877.4 pgh™mg, ™" at —0.8 V vs. RHE at its
highest, and the FE for NH; at +0.1 V vs. RHE is demonstrated to
be up to 94.7% with the catalytic electrode of 0.02 mM Au-BNC
(Fig. 5(c)), while the FE for NHj; is coherently decreased with
every catalyst as following the potential increment (Fig. S20 in the
ESM).

The observation that each catalyst exhibits enhanced NH;
selectivity at a potential +0.1 V vs. RHE (Fig. 5(d)) reveals that Au
is the actual reaction site and proves the influence of
electrochemical characteristics of the adlayer peak current on
NORR yield. In order to identify whether NH,OH could be a
candidate as an intermediate reactant throughout the reaction
pathway of NO-to-NH;, subsidiary experiments involving
NH,OH reduction reaction were conducted and the mass signals
responding to all N-containing products were analyzed by the
online DEMS (Fig. S21 in the ESM). The results represent that no
NH; product is detected from NH,OH reduction, suggesting that
the two reduction reactions follow independent mechanisms [128]
and that the formation of NH,0OH during NORR is not the
dominant response.

In order to investigate the factors contributing to the selectivity
of NORR toward NH; synthesis, we measured the Tafel plots for
each catalyst and present the results in Fig. S22 in the ESM. All
other slopes with the Au nanocrystals embedded in BNCs are
lower, manifesting faster intrinsic kinetics of the catalytic electrode
for the first-electron transport to the adsorbed NO* species [129],
while the slope for the no Au-BNC catalyst reaches 71 mV-dec™ in
NORR. The induced slopes that are close to the theoretical NORR
value (60 mV-dec™) [25,33] demonstrate profoundly fast NORR
kinetics of NO* to NOH* [69]. There was previous research
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Figure5 (a) Linear sweep voltammetry scan of no Au-BNC and 0.02 mM Au-BNC under Ar or NO atmosphere, (b) adlayer peak current densities and final current
densities reaching at —1.3 Vg with Au-BNGs, (c) average current density (black line) and the yield of NH; (red dots) by chronoamperometry 2 h test at the specific
potential range, and electrochemical NORR performance of FEs (bar graphs at the below), (d) FE and the NH; yields normalized by power density with Au-BNCs, (e)
symmetric reverse relation between the Tafel slopes of Au-BNCs and the atomic content of B-dopant, (f) 'H NMR spectra of *NH," in electrolytes after NORR from
“NO and reference peak of “NH,’, (g) NO-to-NH, long-term durability test for 12 h with 0.02 mM Au-BNC, and (h) comparison of NH,; yields with the recent studies

from 2017; N,RR and NORR.

reporting its inferiority in NO* adsorption compared to the
competitive H* adsorption that occurs in HER [128]. However, by
observing the significant decrement of the Tafel slope by adding B-
dopant, from 110 mV-dec” (0.4 mM Au-NC) to 59 mV-dec” (0.4
mM Au-BNC), the positively induced B-dopant on BNC is shown
to play a role in attracting electron pairs on the NO molecule [91,
130], repulsing H* at the same time, and assisting in conveying the
adsorbate of NO* to the active site of Au catalyst. In fact, the trend
for the Tafel slope is displayed asymmetrically in reverse with the
atomic content of B atoms, revealing that transferring electrons to
the adsorbed NO* from Au catalyst has to get affected by B-
dopant (Fig. 5(e)). This observation is also in agreement with the
result of Bader charge analysis as shown in Fig. 2(g).

Previous studies have referred that the electrochemical
reduction of nitrogen reductant based on Au has the propensity to
produce N-N coupling dimers (e.g. N,, N,O, and N,H,) as by-
products [69]. Upon detecting molecular intermediate and
products over NO-to-NH; through the online DEMS at the
potential range from +0.5 to 0.8 V vs. RHE, the products of H,,
NH;, N,, NH,0H, and N,O (m/z signals of 2, 17, 28, 33, and 44)
are observed with every Au-BNC, regardless of the valence states
of Au (Fig.S23 in the ESM). A prominent peak of N,O is
exclusively detected with B- doped Au-BNC, attributable to the
attraction of NO gas and consecutive adsorption of it on the N-
defect, neighboring with B-heteroatom. In addition, N, signal
detection supports the assumption that N* is generated as an
intermediate material during NORR, and for Au, which is an
actual reaction site for adsorbing N* (Fig. S24 in the ESM). When
Au is excessively doped, the adsorbed intermediates cause the
conjugations occurring N-N dimers according to the reaction of
adjacent NO* and N*. The absence of response in the overall
signal of the N-N dimers derivative upon a constant potential of
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+0.1 V vs. RHE (Fig. S25 in the ESM), on the contrary, is an
ancillary reaction indicating that electrons other than those
involved in the FE of ammonia synthesis are consumed in the
formation of HER or a minute quantity of NH,OH.

To ensure that all synthesized NH; originated solely from the
NORR experimental conditions, a "“NO isotope labeling
experiment was conducted. After confirming whether the
artificially synthesized *NO gas consisted of real NO gas balancing
with helium (Fig. S26(a) in the ESM), corresponding solutions
were then analyzed by isotopic 'H NMR measurement (Fig. 5(f))
[23]. Notably, two typical peaks corresponding to "NH," are
apparently visualized, in contrast to the sharp triple peaks
observed with “NH," (Fig. S26(b) in the ESM) [115,118]. The
actual concentrations of "NH* produced for 30 min and 1 h were
determined by the standard curve (Fig. S26(c) in the ESM). These
results strongly prove that all detected NH," ions in this research
originated solely from the electrocatalytic NORR over Au-BNC.

Continuous bulk electrolysis was conducted for 12 h in 0.1 M
HCl using a catalytic electrode, 0.02 mM Au-BNC, which
exhibited the highest FE, to assess the durability of the Au-BNC
catalyst for long-term NO-to-NH; conversion (Fig. 5(g)). For long-
term durability testing, a circulating system with 500 mL of
electrolyte was employed, with a flow rate of 10 sccm, and 20 mL
samples were collected every hour for analysis. The FEs and the
accumulated NH; concentrations in the electrolyte were
monitored hourly using CA. It was observed that the FE remained
stable at ca. 92% throughout the operating time, and the
accumulated NH; concentration shows a linear increase at a
synthesis rate of ca. 4.9 pgmL™“h" without any structural
degradation (Fig.S27 in the ESM). The slightly lower FE is
presumed to be attributed to the diffusion of NH," concentration
caused by electrolyte circulation and changes in the aqueous NO
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concentration on the catalytic electrode surface due to flow. These
results confirm that the Au-BNC catalyst demonstrates stable
electrolytic performance for long-term conversion, with no
hindrance observed in NO-to-NH; at accumulated NH,
concentrations below 60 pg-mL™ in the final electrolyte.

Figure 5(h) depicts the NH; synthesizing yield, which reaches a
maximum of 1877.4 ugh™ mg., " at —0.8 V vs. RHE, representing
the highest performance achieved in terms of catalytic weight and
yield per power consumption. However, when the yield is
normalized by the electrode area, which mostly involves a
specialized electrolysis system with a gas diffusion layer or metallic
surface electrode, the performance is observed to plateau at an
intermediate level. This suggests that there are still opportunities
for improving electrolytic performance through the development
of novel structural systems and cell configurations.

4 Conclusions

This work has proposed a potential for catalytic application of Au
nanoparticles with very high FE reaching 94.7% at +0.1 V vs.
RHE, implying the occurrence of spontaneous NO-to-NH;
mechanism rather than the major competitive reaction of HER
under the low potential below onset potential of NORR.
Transmitting electrode clouds from B-heteroatom to the adjacent
N and Au affects the presence of the adlayer current density,
which elucidates the amount of the adsorbable sites for aqueous
NO on the catalytic working electrode. And the electron-deficient
B-dopant could repulse the approach of H¥, exhibiting a high FE
for NH;. The best performance of 1877.4 ugh™mg. "' at -0.8 V
vs. RHE, achieved with the minimum amount of Au embedment
and low power consumption, has the potential to exceed the DOE
target by over two orders of magnitude. This electro-synthesis of
NH; by Au with spontaneous catalytic reaction has a promising
potential for achieving higher efficiency with low energy,
furthermore, showing the possibility of producing valuable
products from NO exhausts through continuous aquatic diffusion.
Beyond the electro-efficiency based on the valence state of Au
nanoparticles addressed in this study, further research is required
to explore the properties of Au and their correlation with electro-
reduction reaction. Particularly, the size and more detailed
distribution of Au have a significant impact on actual
electrochemical reactions, therefore, further studies aiming at
achieving higher production yields necessitate investigation into
the relationship between the properties of Au nanoparticles and
electrochemical NO-to-NH, conversion.
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