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ABSTRACT: Transforming nanoscale and bulk metals into 1700 K. 0.5 s

single atoms is crucial for the scalable production of single-atom g

catalysts (SACs), especially during pyrolysis. However, Cubulk — Cu SAC
conventional equilibrium heating approaches often require
prolonged operation to decompose metal aggregates, leading to
tedious and time-consuming procedures for synthesizing SACs.
In this study, we introduce high-temperature shock (HTS)

strategy to enhance metal atomization, achieving the direct = % é
transformation of bulk copper foil into single atoms in just 0.5 s Activated state 4 Cu single atoms
at 1700 K. The HTS-produced Cu catalyst demonstrates a high ~ High-temperature ,'__"(

content of 0.54 wt.%, comparable to those achieved by shock ==/ ' \\

commonly reported top-down strategies, indicating that the HTS
method provides a compelling alternative for synthesizing Cu
SACs from bulk Cu precursors. Structural analysis confirmed
the synthesis of a Cu-N-C SAC with a Cu—N, coordination
environment. This Cu—-N, structure shows excellent catalytic
performance for nitrite reduction to ammonia, achieving over
90% Faradaic efficiency across the entire working potential
range and an ammonia production rate of up to 11.12 mg-cm?-h™" at -1.2 V vs. reversible hydrogen electrode (RHE),
surpassing other reported Cu-based electrocatalysts. Furthermore, ab initio molecular dynamics (AIMD) simulations reveal
that transient high temperatures not only promote the formation of thermodynamically favorable Cu—-N bonds but also
prevent excessive sintering and aggregation of metal atoms.

KEYWORDS: single-atom catalyst, bulk metal foil, high-temperature shock, rapid conversion, ammonia electrosynthesis

[4, 5]. Among the established strategies, pyrolysis has been regarded
as one of the most common ways to convert inactive precursors
In the past decade, single-atom catalysts (SACs) have attracted into highly active structure. For example, pyrolytic transformation
widespread attention and have emerged as one of the most active of the mixture of metal-, carbon-, and nitrogen-precursors has
shown great potential in preparing metal-nitrogen—carbon
(M-N-C) SACs with high reactivity [6, 7]. However, the
aggregation of single atoms into clusters at elevated temperature,
due to high surface free energy remains a major challenge [8—11].
Such aggregates not only reduce the efficiency of metal atoms but
also often lead to undesired side reactions. Therefore, the
transformation of metal particles into single atoms is essential for
PJAddress correspondence to Jian-FengLi, Li@xmu.edu.cn; Feng synthesizing highly efficient SACs and remains a significant
Ru Fan, frfan@xmu.edu.cn challenge.

1 Instruction

research frontiers in heterogeneous catalysis [1-3]. Intensive efforts
have been devoted to the development of high-performance SACs
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Recent studies have shown that ultrafine metal particles (about
2 nm) produced by pyrolysis could be re-dispersed into single
atoms (Fig. 1(a)). Wu et al. discovered that iron and cobalt nitrate
salts supported on N-C initially aggregate into corresponding
oxides, with some clusters and a few single atoms at temperatures
between 673 and 973 K. Beyond 973 K, disaggregation occurs,
resulting in smaller clusters and single atoms [12, 13]. This dynamic
behavior of small particles transitioning to single atoms was
interpreted as a thermal-induced dispersion mechanism. However,
external heat input alone is insufficient to re-disperse larger metal
precursors due to their high cohesive energy, and heating often
leads to severe metal sintering. To overcome these limitations,
chemical reaction-assisted pyrolysis has been employed to
transform larger particles and bulk metal materials into mobile
intermediates, which are then captured by the support with
abundant anchoring sites (Fig. 1(b)) [14-16]. For instance, Qu and
Yang et al. developed an atom-trapping method to directly
transform commercial Cu,0 powder and bulk Cu foam into SACs
[17, 18]. This approach was enabled by ammonia-assisted
thermolysis at high temperatures, which produced volatile
Cu(NHjy), intermediates that were then trapped by a nitrogen-rich
carbon substrate. Additionally, this chemical reaction-mediated re-
dispersion process has also demonstrated that Cu nanoparticles can
dynamically disaggregate into atomically dispersed Cu species at
room temperature by reacting with hydroxyl species at room
temperature [19, 20].

(a) Typical bottom-up strategy (thermolysis):
Metal salt precursor

27472747

<700 °C
l Carrier

—_—
Reduction

However, these proposed dispersion strategies are kinetically
sluggish, often requiring several hours or even days for larger
particles and bulk metal materials. The high toxicity and strong
corrosiveness of NHj also hinder the potential scale-up production
of SACs. Therefore, developing a novel methodology for the rapid
and scalable production of SACs from particle or bulk metal
precursors would represent a significant advancement. As a newly
developed synthetic technique, the high-temperature shock (HTS)
heating method has been widely used to explore the controlled
synthesis of thermodynamically metastable and high-performance
solid catalyst materials, such as high-entropy alloys [21], clusters
[22], and SACs [23-25]. This capability is attributed to its ultra-
high heating and cooling rates, typically exceeding 1000 K-s', which
facilitate the creation of kinetically-driven and thermodynamically
non-equilibrium environments [26, 27]. The high heating
temperature and short duration in the HTS process have an
intensive effect on achieving highly dispersed catalysts. The rapid
heating rate activates precursors into an active state, while the short
heating time prevents the aggregation of single atoms into particles
[28]. Therefore, HTS is often observed in converting mononuclear
metal precursors into single atoms. HTS has also gained attention
for synthesizing various SACs, such as Pt, Ni, and Co, from their
precursors [29—-34]. However, the use of HTS to disaggregate metal
particles or bulk precursors into SACs has been scarcely reported.

In this work, as depicted in Fig. 1(c), we report the first example
of HTS transforming Cu foil into single atoms within 0.5 s at
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Figure1 Comparison of different strategies for the synthesis of SACs. (a) Typical bottom-up strategies using wet chemical methods. (b) Typical thermochemical gas-
assisted method for synthesizing Cu SAC. (c) Our proposed top-down strategy, where high-temperature shock directly processes bulk copper to synthesize Cu SAC. (Blue,

nitrogen atoms; white, hydrogen atoms; orange, iron atoms; and yellow: copper atoms).
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1700 K. Inductively coupled plasma-optical emission spectrometer
(ICP-OES) analysis determined a Cu content of up to 0.54 wt.%,
approaching the values recently reported for Cu SACs synthesized
from bulk materials using top-down methods. The HTS-produced
Cu single atoms, which coordinate with four nitrogen atoms, were
characterized by aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) and
X-ray absorption fine structure (XAFS). Catalytic evaluation for
nitrite reduction to ammonia showed that the HTS-produced Cu
single atoms exhibited a high Faradaic efficiency (FE) of over 90%
across the working potential range, with an excellent production
rate of 11.12 mg-em™h™ at —1.2 V vs. reversible hydrogen electrode
(RHE). Moreover, ab initio molecular dynamics (AIMD)
simulations provided insights into the formation process of single
atoms, demonstrating that this transient process ensures atom
activation, defect trapping, and prevents the sintering of single
atoms. In addition, other types of metal, including Fe, Co foil, and
Cu foam, have been used as precursors, demonstrating the
generality of HTS for the synthesis of highly dispersed catalysts.
This work not only presents a novel and rapid top-down strategy
for synthesizing SACs but also accelerates the practical deployment
of converting bulk materials directly into SACs for large-scale
production.

2 Results and discussion

2.1 High-temperature shock synthesis for Cu SAC

The corresponding synthetic process in the reaction chamber is

a)
Defect-rich substrate

High-temperature shock

depicted in Fig. 2(a), which schematically illustrates the synthesis of
SACs, including the assembly of a sandwich structure of bulk metal
loaded onto a defect-rich substrate, followed by periodic high-
temperature shock treatment (Fig. SI in the Electronic
Supplementary Material (ESM)). The latter step is a crucial part of
the synthetic process. As illustrated in Fig. 2(b), an electrical input
of 0.5 s raises the temperature to approximately 1750 K (Fig. S2 in
the ESM), followed by rapid quenching during the off-state fora 5 s
period. This setup allows for precise programming of heating
temperature, pulse time, and repeated cycles [35, 36]. The high
temperature and short duration are key factors in the successful
formation of a highly dispersed catalyst. As proposed in Fig. 2(c),
the metal atoms evolve into an active state during HTS treatment
and are subsequently trapped by nitrogen-defect ligands, generating
thermally stable SACs. Additionally, the short heating time prevents
the undesired agglomeration of the formed single atoms into
metallic clusters while also avoiding metal distortion due to melting
during prolonged heating. After HTS synthesis, the spent bulk
metal can be recycled as raw material for subsequent processes.

To demonstrate this approach, we chose a nitrogen-doped
carbon substrate and Cu foil as model materials to prepare Cu
single atoms (referred to as Cu-N-C-HTS). Details of the HTS
experimental procedures are provided in Section 4. The
programmable nature of HTS allows for accurate tuning of
synthetic parameters by adjusting the electric power input, such as
the duration of a single heating pulse, temperature, and repeated
cycles [37]. The Cu loading results as a function of shocking time
are displayed in Fig. 2(d) and Table S1 in the ESM. It can be seen
that the Cu content initially increases and then decreases, reaching a
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Figure2 The synthetic illustration of SAC from bulk metal. (a) The HTS schematic of Cu-N-C-HTS SAC from bulk Cu foil (2 mm thick, 20 mm length, and 5 mm
width). (b) Temperature evolution during the HTS synthesis. (c) Proposed synthetic mechanism for the transformation of Cu foil to SAC. (d) Shocking time- and (e)

shocking numbers-dependent Cu mass weight profiles.
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peak value of 0.54 wt.% at a 0.5 s pulse time. The observed decrease
in Cu content at longer pulse times can be attributed to the melting
of the Cu foil, as indicated in Fig. S3(a) in the ESM, due to the
operating temperature exceeding the melting point of Cu (1358 K).
The Cu loading profile in Fig. S4 in the ESM also exhibits a
similar trend for the synthesis of Cu-N-C-HTS, showing a volcano-
shaped distribution with respect to temperature. Specifically, when
the temperature is between 1300 and 1500 K, the Cu content grows
gradually. However, with an increase from 1500 to 1700 K, the Cu
content is enhanced from 0.1 wt.% to 0.54 wt.%, an almost fivefold
increase. In contrast, further increasing the temperature to 1800 K
led to a significant decrease in Cu loading, accompanied by severe
deformation of the Cu foil (Fig. S3(b) in the ESM). In addition to
shocking time and pulse temperature, the number of shocking
cycles was also precisely programmed for HTS synthesis.
Figure 2(e) presents a profile of Cu loading as a function of the
number of shocking cycles. Between 1 and 10 HTS cycles, Cu
loading increases rapidly with the number of cycles, while after
10 HTS cycles, the rate of increase significantly slows down, and the
Cu loading stabilizes after 80 HTS cycles. The corresponding spent
metal foil after HTS is shown in Fig. S3(c) in the ESM. Raman
spectroscopy of products from different HTS cycles demonstrates
that as the number of HTS cycles increases, the number of N
defects on the support decreases, leading to a gradual reduction in
the rate of increase of Cu loading on Cu-N-C-HTS, which
eventually stabilizes (Fig. S5 in the ESM) [38]. Notably, HAADF-
STEM images of the product after 140 extreme HTS cycles
demonstrated that copper species were uniformly dispersed as
single atoms on the support surface without aggregation into
clusters or particles (Fig. S6 in the ESM). Relevant loading data can
be found in Table S1 in the ESM. In addition, the effect of the
thickness of the deposited support on Cu loading was also

Cu-N-GHTS [(P) oy

s ?
&i ik
e y

o S8 I

investigated (Fig. S7 in the ESM). To the best of our knowledge, the
obtained Cu loading of 0.54 wt.% using HTS is comparable to
values reported for top-down methods, such as the abrasion
method (0.55 wt.%) [39], atom trapping from Cu foam (0.54 wt.%)
[18], and Cu,O powder (0.45 wt.%) [17]. These results demonstrate
that the proposed HTS method offers a compelling alternative for
the synthesis of Cu SACs.

2.2 Structural identification of Cu—-N-C-HTS SAC

The as-synthesized Cu-N-C-HTS catalysts were initially examined
using a combination of X-ray diffraction (XRD) and scanning
electron microscopy (SEM) measurements. As shown in Fig. S8 in
the ESM, the XRD patterns of all Cu-N-C-HTS samples present
only a double peak corresponding to a low-crystallinity graphitic
structure [40—42]. The absence of Cu reflections in the XRD
patterns indicates a high dispersion of Cu species on the N-C
support, which is further corroborated by the absence of Cu
particles in the SEM images (Figs. S9 and S10 in the ESM).
Furthermore, the Cu-N-C-HTS catalyst with the highest mass
loading (0.54 wt.%) was selected for further structural analysis.
TEM, STEM, and N, adsorption-desorption isotherms were used
to characterize the structure (Fig. 3(a) and Figs. S11 and S12 in the
ESM). The Cu-N-C-HTS catalysts with different copper loadings
show nitrogen adsorption-desorption isotherms and pore size
distributions that are very similar to those of N-C, confirming the
excellent structural stability of the carbon substrate, even after
calcination at a high temperature of 1700 K [41].

Energy-dispersive X-ray spectroscopy (EDS) elemental maps
(Fig. 3(b)) revealed that the three constituent elements, Cu, C, and
N, are uniformly distributed throughout the nitrogen-doped carbon
matrix. The Cu species trapped during HTS synthesis were further
identified as isolated, single-atom dispersions using aberration-

(d) cuzp| (€) (f) - Cu-Cu
= e = _/\\/\__,—C\UZP_
s E =~
:_,Z Ccu? :ﬁ “5‘:: CuO
@ ‘a2 —— Cu foil '52
2 £ —Cu0 - CuPc
= = —Cuwo
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——Cu-N-C-HTS il SR e .. LL: T
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Figure3 The structural information of Cu-N-C-HTS catalyst. (a) TEM image. (b) STEM image and corresponding elemental mapping, including Cu/C/N. (c) HAADF-
STEM image. (d) High-resolution Cu 2p XPS spectrum. (e) Cu K-edge XANES spectra of Cu-N-C-HTS and standard samples of Cu foil, Cu,O, CuO, and CuPc. (f) k-

weighted (k) function of EXAFS spectra and the corresponding fitting curve.
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corrected HAADF-STEM (Fig. 3(c)). Moreover, the single cationic
state of Cu, rather than metallic components, was confirmed by X-
ray photoelectron spectroscopy (XPS). As shown in Fig. 3(d), the
deconvoluted Cu 2p spectrum displays two sets of peaks with
binding energies at 932.6/925.4 and 935.0/954.5 eV, respectively,
which can be attributed to Cu*/Cu* species, along with a satellite
peak for Cu* at 940.6 eV [43]. The detected Cu atomic content is
0.11 at.%, corresponding to 0.57 wt.%, which is consistent with the
result from ICP analysis. Additionally, as shown in Fig. S13 in the
ESM, the N 1s spectrum of Cu-N-C-HTS was deconvoluted into
five components representing the pyridinic-N, pyridinic-N ligated
Cu moiety, pyrrolic-N, graphitic-N, and oxidized-N [44].
Compared to untreated N-C, the Cu-N-C-HTS sample exhibits a
significant increase in graphitic-N, along with a decrease in
pyridinic-N species (Table S2 in the ESM), suggesting that
carbothermal reduction induced graphitization, even with transient
operation, which is consistent with the Raman results.

The single oxidized chemical state and local coordination
environment of Cu-N-C-HTS were further corroborated using X-
ray absorption near edge structure (XANES) and extended XAFS
(EXAFS). The Cu K-edge XANES profiles of Cu-N-C-HTS, along
with reference samples, including Cu foil, Cu,O, CuO, and copper
phthalocyanine (CuPc), are shown in Fig. 3(e). The XANES edge
profile of Cu-N-C-HTS falls between the profiles of divalent
CuPc¢/CuO and monovalent Cu,O, implying the presence of both
Cu' and Cu* species, consistent with the XPS results [45-47].
Figure 3(f) presents the Fourier-transformed k*-weighted EXAFS

spectra at the Cu K-edge. Compared to the reference samples (Cu
foil, Cu,O, and CuO), the Cu-N-C-HTS catalyst lacks prominent
peaks corresponding to Cu-Cu or Cu-O coordination, strongly
suggesting the absence of metallic Cu or CuO/Cu,O structures in
the HTS-treated catalyst. However, the prominent peak at 1.48 A
(without phase correction) resembles the Cu-N distance in the
CuPc reference, indicating that the active Cu atoms were trapped
by defective nitrogen in the Cu-N-C-HTS catalyst. Furthermore,
the best-fitting results of the EXAFS data (Table S3 and Fig. S14 in
the ESM) show that the coordination number (CN) of the Cu-N
shell is approximately 4 (actually 3.5), with a bond distance of
195 A, corroborating the formation of a four-fold Cu-N
coordination structure (Cu-N,).

2.3 Reuse of bulk metal and generality of HTS synthesis

The recyclability of bulk metal is crucial for the scalable production
of catalysts using HTS synthesis. As a proof-of-concept
demonstration, Fig. 4(a) shows the successive reuse of Cu foil for
the large-scale synthesis of Cu-N-C-HTS material. After
20 repeated HTS heating cycles, approximately 50 mg of Cu-N-C-
HTS was obtained, with an average mass loading of 0.37 wt.%.
Macroscopically, the spent Cu foil remained glossy and flat without
any deformation (as shown in Fig. 4(a)), indicating the persistence
of its textural characteristics during the HTS process. Figure S15 in
the ESM also compares the XRD patterns of Cu foils before and
after HTS processing. The (111) and (220) crystal planes are
retained after successive heating pulses. However, the intensity of
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Figure4 Generality of HTS synthesis for the highly dispersed metal catalysts. (a) Successive 20 times reuse of Cu foil for the Cu-N-C-HTS HTS synthesis. (b) Shocking
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corresponding EDS mapping of a highly dispersed metal region in Co-N-C-HTS.
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the (111) peak decreases due to the destruction of its unstable
structure during HTS, indicating that the crystal structure plays a
key role in Cu capture and the formation of Cu-N-C-HTS
catalysts, which is further supported by subsequent theoretical
calculations. Additionally, the surface energy of the (200) plane is
higher than that of the (111) plane, resulting in lower
thermodynamic stability during high-temperature treatment,
leading to significant degradation or even disappearance of the
(200) peak after HTS processing (Fig. S16 in the ESM) [48-50].
Besides, the XRD pattern of Cu-N-C-HTS-reuse aligns with that of
N-C support, further evidencing the highly dispersed Cu species in
as-prepared material (Fig. S17 in the ESM). It is also important to
note that the scalability of catalyst yield in our home-built setup is
limited by the size of the heating equipment (20 mm length and
5 mm width). In addition to the Cu foil, Cu foam can also serve as a
metal precursor to produce the Cu-N-C-HTS sample. As shown in
Fig. 4(b), after HTS treatment under operating conditions of
1700 K and 80 cycles, the Cu loading increased from 0.34 wt.% to
0.65 wt.% and then to 1.61 wt.% for pulse times of 0.1, 0.2, and
0.3 s, respectively. The highest Cu loading of 1.61 wt.% is almost
eightfold higher than that of Cu foil under the same conditions.
This sharp contrast is due to the open channels in the polyfoam,
which act as chambers to increase the deposition surface of N-C.
The XRD patterns did not show any Cu reflection peaks (Fig. S18
in the ESM), indicating that the trapped Cu species from the foam
is highly dispersed on the nitrogen-doped carbon support.
Furthermore, as displayed in Fig. S19 in the ESM, the STEM image
and corresponding EDS mapping demonstrate the homogeneous
distribution of Cu, C, and N throughout the open carbon structure
without noticeable elemental segregation.

In addition to Cu-N-C-HTS material, the HTS strategy for the
synthesis of highly dispersed metal catalysts demonstrates its
generality, which can be extended to other transition metals, such as
Fe and Co. Figure 4(c) shows a volcano distribution of Fe loading
with varying shock times from 0.7 to 1.0 s, reaching a maximum of
1.14 wt.% at 0.8 s. Prolonged heating durations of 0.9 and 1.0 s led
to a reduction in Fe loading, which can be partially attributed to the
melting of the Fe foil. Relevant loading data can be found in Table
S4 in the ESM. The STEM images of Fe-N-C-HTS and the
corresponding elemental distribution map are shown in Fig. 4(d),
which demonstrate that Fe, C, and N are evenly distributed on the
support surface in regions without metal particles. This confirms
the highly dispersed state of Fe species on the support. The XRD
patterns of Fe-N-C-HTS catalysts with the highest metal mass
loading were analyzed and showed characteristic peaks of low-
graphitic carbon, which matched well with that of the raw N-C
sample (Fig. 4(e)). This confirms the formation of highly dispersed
Fe and Co species from each foil precursor. Figure 4(f) shows that
the mass weight of Co increased in a nearly linear fashion with
shock time. Similarly, the STEM images of Co-N-C-HTS and the
corresponding elemental distribution map show that Co, C, and N
are evenly distributed on the support surface in regions without
metal particles, confirming the highly dispersed state of Co species
on the support (Fig. 4(g)). Due to the limited maximum current
(39 A) of the HTS power supply used in this study, which requires
0.5 s to achieve a peak temperature of 1700 K, the relatively longer
heating time may lead to aggregation of metal species and
formation of particles in the catalyst (Fig. S20 in the ESM). Using a
power supply with a higher current, enabling millisecond-scale
heating and exceeding 2000 K, would allow for more controlled
synthesis of highly dispersed metal catalysts [51].
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24 Theoretical calculation

To better understand the synthetic mechanism from a theoretical
perspective, we carried out ab initio molecular dynamics
simulations to model the structural evolution from Cu foil to single
atoms (Fig. S21 in the ESM). The theoretical structure
corresponding to NC/Cu foil was modeled by assembling nitrogen-
doped graphene (NG) on a Cu substrate (denoted as NG/Cu),
where the two detected (111) and (220) planes in XRD patterns
were considered due to their persistence during HTS. The Cu (200)
plane was not included in the calculations because of its intolerance
to thermal treatment, as evidenced in Fig. 4(c). AIMD analysis
reveals that, before HTS, a weak Cu-N interaction occurs between
the NG and Cu substrate, without any significant structural
deformation (Figs. 5(a) and 5(b)). The coordination between N and
Cu atoms is insufficient to strip the bulk Cu precursor without
further thermal activation. During HTS, the surface Cu atoms on
both Cu (111) and Cu (220) planes are excited and vibrate
dramatically, and the Cu atoms furthest from their equilibrium
positions react with at least two nitrogen ligands (Videos S1 and S2
in the ESM). This indicates that the elevated temperature provides
sufficient activation energy to make the metal atoms more reactive.
After HTS, Cu-N-C-HTS SAC is produced by forming
thermodynamically stable Cu-N bonds. We also found that the Cu
(220) plane could revert to its original state after HTS, whereas
clusters formed on the Cu (111) surface showed irreversible
structural distortion. The deformation of Cu (111) after HTS
suggests structural degradation during prolonged thermal
operation, which is also supported by XRD results showing
attenuation in the peak intensity of Cu (111) after HTS (Fig. 4(c)).
We also explored the evolution of the Cu-N bond length. As
shown in Figs. 5(c) and 5(d), the Cu-N distance decreased
significantly and then stabilized. The final bond lengths, measured
at 2.15 and 1.93 A for NG/Cu (111) and NG/Cu (220), respectively,
agree with previously reported Cu-N bond lengths, indicating the
successful synthesis of Cu-N-C-HTS SAC during HT'S [52, 53].

25 Activity evaluation toward ammonia electrosynthesis

To demonstrate the functional applications of the HTS-produced
Cu single atoms, we conducted electrocatalytic studies on NH;
electrosynthesis via nitrite reduction, using N-C alone as a control
[54-56]. The NH; product was quantified using the indophenol
blue spectrophotometric (IBS) method (calibration curve for NH; is
shown in Fig. S22 in the ESM). The linear sweep voltammetry
(LSV) polarization curves of the N-C and Cu-N-C-HTS catalysts
are presented in Fig. 6(a). The Cu-N-C-HTS SAC exhibited a
positive onset potential and significantly higher current density
compared to the N-C support, with values of —0.03 V vs. RHE and
—-78.7 mA-cm™ at —1.0 V vs. RHE, respectively. This comparison
highlights the critical role of Cu active sites in transforming nitrite
into NHs.

We also quantified the NH; production rate, as shown in
Fig. 6(b). The performance increased with increasingly negative
potentials from -04 to —-12 V vs. RHE, with a 6.5-fold
improvement from 1.71 to 11.12 mg-cm™h™. In contrast, the N-C
support generated a much lower production rate of only
0.11 mgem™h™ under the same conditions. The related NH,
Faradaic efficiency is shown in Fig. 6(c), indicating that the HTS-
produced Cu SAC achieves high FE values exceeding 90% across
the entire working potential window. This result strongly suggests
the highly efficient conversion of nitrite to NH; on Cu single atoms,
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comparison between Cu-N-C-HTS and recently reported Cu-based catalysts [60-66].

outperforming previously reported copper-based nitrite reduction
reaction (NO,RR) catalysts (Fig. 6(d) and Table S5 in the ESM). In
comparison, the N-C catalyst exhibited a volcano-shaped FE
profile and reached a lower FE of 17.85% at —0.8 V vs. RHE,
significantly lower than that of the Cu-N-C-HTS catalyst. In
addition to its excellent NO,RR activity, Cu-N-C-HTS also
exhibits outstanding electrocatalytic stability. As shown in Fig. $23
in the ESM, the catalyst demonstrates stable NH; production and
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FE,u, over 10 consecutive cycles, with no significant decrease in
current density during the test, indicating the excellent cycling
durability of Cu-N-C-HTS. Furthermore, after the stability test,
HAADEF-STEM images of the catalyst show that some copper
atoms have formed clusters and a significant portion of copper
single atoms remains. EDS mapping reveals that copper species are
uniformly distributed on the support surface, confirming that
Cu-N-C-HTS can partially retain its single-atom Cu coordination
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and content, which indicates its structural stability (Fig. S24 in the
ESM). In situ Fourier transform infrared spectroscopy (FTIR)
analysis further identifies the intermediates formed during the
NO,RR electrolysis on Cu-N-C-HTS (Fig. S25 in the ESM),
confirming that Cu-N-C-HTS follows the NHO pathway to drive
the NO,RR process, with the specific pathway being *NO, > *NO
>*NH,OH > *NH, - *NH, [57-59].

3 Conclusion

In this work, we developed an ultrafast synthesis method using high-
temperature shock to produce single atoms directly from bulk
copper metal and demonstrated its applicability for other metal-
supported catalysts. This HTS approach is enabled by electrical
heating over a few seconds, providing high temperatures for short
durations. The Cu-N-C-HTS catalyst was synthesized from Cu foil
subjected to a heating shock for just 0.5 s at 1700 K. Structural
characterizations in the combination of XAFS and HAADF-STEM
identify the single-atom dispersion of Cu speciation within local
Cu-N, configuration. Theoretical calculations using AIMD
simulation further revealed that the transient high temperature
provides sufficient dynamic energy to make Cu atoms more
reactive, thus facilitating the formation of thermodynamically
favorable Cu-N bonds. The HTS-produced Cu single atoms
exhibited excellent catalytic activity for ammonia synthesis from a
nitrite precursor, achieving a FE of 90% and an NH; production
rate of 11.12 mgem™>h™ at -1.2 V vs. RHE, outperforming
previously reported Cu-based nitrite reduction electrocatalysts. In
addition to using Cu foil, Fe and Co foils, as well as Cu foam, were
subjected to HTS, with structural analyses indicating that these
metal species can also be supported on the substrate. In summary,
the proposed HTS strategy is simple and amenable to the large-
scale production of SACs from bulk metal for industrial
applications.

4 Method

4.1 Materials

NaOH (96%, TianDa Chemical Reagent), 2,6-diaminopyridine
(98%, Aladdin), ammonium persulfate (98%, Aladdin), ludox
colloidal silica (40 wt.% in water, Sigma-Aldrich), ethanol (99.7%,
Tianjin Fuyu), copper nitrate hydrate (99%, DaMao), and ultra-
pure water (resistivity of 18.2 MQ-cm) were purchased for the
preparation of Cu-N-C catalyst. KOH (90%, Sigma-Aldrich),
KNO; (99.99%, Aladdin), and glassy-carbon electrode were
purchased for electrochemical tests. Sodium hypochlorite solution
(6%-14% active chlorine, Aladdin), sodium salicylate (99.5%,
Damao), sodium nitroferricyanide dehydrate (99%, Aladdin), and
NaOH (96%, Aladdin) were used for the ammonia quantitation.
Hydrochloric acid (analytical reagent (AR)), sulfuric acid (AR), and
ethyl alcohol (AR) were purchased from Sinopharm Chemical
Reagent Co., Ltd. Nafion (5%) was purchased from Du Pont China
Holding Co., Ltd. Carbon cloth (CC) and conductive carbon paper
were purchased from Ce Tech Co., Ltd.

4.2 Synthesis of N-C

The nitrogen/carbon precursor was initially synthesized through a
chemical oxidation process. In this process, 3 mL of 40% colloidal
silica was mixed with 545 g of 2,6-diaminopyridine and
ultrasonically dispersed in 400 mL of water. Subsequently, 1 g of
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NaOH was added to the mixture and stirred for an additional
10 min to ensure complete dissolution. Following this, the mixed
solution was subjected to chemical oxidation by the gradual
addition of an (NH,),S,0s aqueous solution (18.57 g/100 mL)
under vigorous stirring in an ice bath for 12 h. The resulting
product was collected via filtration and dried at 80 °C overnight. To
prepare the N-C support, the dried material underwent pyrolysis at
800 °C for 2 h under a flow of NH,/Ar stream and was then
allowed to cool naturally to room temperature, resulting in
SiO,@N-C. Finally, the silica was acid-leached using a 10% HF
solution for 4 h, leaving behind the porous nitrogen-doped carbon,
referred to as N-C.

4.3 Cu-N-C-HTS synthesized by high-temperature shock

Firstly, 50 mg of N-C catalyst support was dispersed in 1 mL of
ethanol and ultrasonicated for 0.5 h to prepare a 50 mg-mL™ carrier
solution. Subsequently, 50 pL of this solution was uniformly applied
onto a Cu foil (20 mm X 5 mm X 0.2 mm) that had been abraded
with sandpaper to remove the oxide layer and cleaned with ethanol.
The foil was then left to air dry. The Cu foil coated with N-C
immobilized into two layers of carbon cloth (60 mm x 10 mm) was
placed into a homemade carbon heater in N,, and the two sides of
the CC were connected with a Cu electrode. The output electric
current, discharge time, and the number of repetitions were
regulated using a direction current (DC) power supply. In a typical
heating program, the electrical power applied to the carbon heater
was switched from the “off” state to the “on” state and held for 0.5 s
to carry out the carbothermal reduction, followed by removing the
power to turn the heater back off for 5 s to complete a period of
5.5 s, which was then repeated 80 cycles to synthesize the Cu-N-C-
HTS. After synthesis, the solid product on the surface of the Cu foil
was collected, and the foil, once cleaned, was reused for subsequent
syntheses. Copper foil can be expanded to copper foam or other
metal foil to synthesize M-N-C.

4.4 Materials characterization

The infrared pyrometer (IMPAC IMGA 740) was applied for
noncontact temperature measurement during the pulse heating.
The powder XRD measurement was performed on an X-ray
diffractometer (Rigaku, Ultima-IV) with a Cu Ka radiation source
(scanning speed, 10 >min™). The XPS spectra were obtained on an
X-ray photoelectron spectrometer (Thermo Scientific ESCALAB
Xi*). The metal content of catalysts was measured by ICP-OES
(SPECTRO SPECTROBLUE FMX36). SEM images were obtained
on a field emission scanning electron microscopy and EDS
elemental mapping analysis (Zeiss GeminiSEM 500). Raman
spectra were acquired by a Renishaw inVia confocal microscope
Raman system, with 532 nm laser as the excitation source. The
morphologies and microstructures of the prepared catalysts were
determined by a JEOL JEM-F200 STEM/TEM system. Nitrogen
adsorption/desorption  isotherms were obtained using a
Micromeritics ASAP 2460 apparatus (Quadrasorb SI Automate
Surface Area & Pore Size Analyzer) at —196 °C and specific surface
areas were calculated based on the Brunauer—-Emmett-Teller (BET)
method. The atomic copper species were observed on a JEOL JEM-
ARM200F STEM/TEM by dropping the diluted catalyst on copper
mesh grid. The X-ray absorption spectroscopy (XAS) spectra
containing XANES and EXAFS at the Cu K-edge were collected at
the BL14W of Shanghai Synchrotron Radiation Facility (SSRF),
Shanghai Institute of Applied Physics (SINAP), China.
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4.5 Electrochemical measurements

Electrochemical experiments were conducted using a CHI 660
instrument, which was equipped with a sealed H-type cell separated
by a proton exchange membrane (Nafion-117). A silver/silver
chloride (Ag/AgCl) electrode with a salt bridge served as the
reference electrode, while a platinum foil (1 cm x 1 cm) was used as
the counter electrode. For the preparation of the catalyst ink, 5 mg
of catalyst powder was dispersed in a mixture of 10 uL of 5 wt.%
Nafion solution, 500 pL H,O and 490 L ethanol, followed by
sonication for 30 min. The resulting well-dispersed catalyst ink was
then uniformly applied onto a glass-carbon substrate with an area
of 0.196 cm® and dried at room temperature. For electrochemical
nitrite reduction, an Ar-saturated solution of 0.1 M KOH
containing 0.1 M NaNO, was used as the electrolyte. Nitrite
polarization was assessed using LSV at a scan rate of 10 mV-s™ over
a potential range of 0.25 to —1.2 V vs. RHE. Chronoamperometric
tests were carried out at various potentials (—0.40, —0.60, —0.80,
-1.00, and —1.2 V vs. RHE) for 30 min. All applied potentials were
calibrated against the reversible hydrogen electrode using the
equation

Egue = Exg/ager +0.059 x pH+0.197 V (1)

where Epyp (V) represents the potential referenced to the RHE.
Epgagar (V) denotes the measured potential against the Ag/AgCl
reference electrode.

4.6 Product quantification by IBS

Ammonia: The quantification of ammonia was performed using
the indophenol blue spectrophotometric method. The chromogenic
agents were prepared as follows:

Solution C#: 1 g of sodium nitroferricyanide dihydrate was
dissolved in 100 mL of water.

Solution A#: 6.404 g of sodium salicylate and 1.312 g of NaOH
were dissolved in 100 mL of water.

Solution B#: 7.5 mL of sodium hypochlorite solution and 3.075 g
of NaOH were dissolved in 100 mL of water.

A specific volume of the reaction electrolyte was extracted and
diluted with 0.1 M KOH to a final volume of 4 mL. Subsequently,
320 uL of Solution C# was added, followed by 2.4 mL of Solution
A# and 800 pL of Solution B#. The absorbance of ammonia was
measured in the wavelength range of 500 to 800 nm using an
ultraviolet-visible (UV-Vis) spectrophotometer. The ammonia
concentration was then determined using a standard calibration
curve.

4.7 Faradaic efficiency

The selectivity for ammonia product can be calculated using the
following equation

Faradaic efficiency (%) = (n.F x 100%)/Q, (2)

where 7, represents the number of moles of electrons required for
the production of ammonia (6e), F is the Faraday constant
(96,485 C-mol™), Q, is the total charge passed through the electrode,
n denotes the moles of ammonia or nitrite produced, and ¢ refers to
the duration of the electrolysis.

4.8 Computational methods

In present work, all density functional theory (DFT) with spin
polarization calculations were implemented in the Vienna ab initio
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simulation package (VASP) code. The Perdew-Burke-Ernzerhof
(PBE) functional within the generalized gradient approximation
(GGA) was adopted to describe electronic exchange-correlation
energy. The ionic cores were described using the projector
augmented wave (PAW) method. The calculated NG/Cu (111) and
NG/Cu (220) structures were the periodic boundary conditions in x-
and y-directions. In the z-direction, the structure was separated by
15 A vacuum height from its neighbours. A basis set of plane waves
was up to an energy cutoff of 450 eV. The localized d electrons
correlation for Fe metal can be described by DFT + U method, and
the van der Waals interaction between NG and Cu slabs was
described via DFT-D3 correlation. For the structure optimization
and energy calculations, the K-points were set to be 2 x 2 x 1. All of
the calculations were continued until the force and energy
converged to less than 0.02 eV-A" and 10 eV, respectively. The
AIMD simulations were performed using canonical ensemble and
Nosé-Hoover thermostat method at 1300 K and lasted for 5 ps
with a time step of 1 fs. Longer simulation times were not used, as
the total energy of all systems had reached equilibrium within 2 ps.

Electronic Supplementary Material: Supplementary material
(images of Cu foil; planar temperature distribution; XRD patterns;
SEM images, EDS mapping, STEM images; BET measurement;
Raman spectra; XPS spectra; the corresponding FT-EXAFS fitting
curve; theoretical calculation; metal loading; the best-fitted EXAFS
results; and comparison of the recently reported NO,RR
electrocatalysts at ambient conditions) is available in the online
version of this article at https:/doi.org/10.26599/NR.2025.
94907300.
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