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ABSTRACT: In alkaline solutions, the electrocatalytic conversion
of nitrates to ammonia (NH;) (NO;RR) is hindered by the
sluggish hydrogenation step due to the lack of protons on the
electrode surface, making it a grand challenge to synthesize NHj at
a high rate and selectivity. Herein, single-stranded deoxyribonu-
cleic acid (ssDNA)-templated copper nanoclusters (CuNCs) were
synthesized for the electrocatalytic production of NH;. Because
ssDNA was involved in the optimization of the interfacial water
distribution and H-bond network connectivity, the water-

-- Alkaline 20
L] - N - Al »
d ol o™ 18
S N L Y & £ y
b - - é -E: ! I
Py ., £ 14 NO=NO;=
- I *NO, —*NO—
’-\ A .—{ /‘ % 12 *NOH-» *NH,0H— *NH;—NH;(g)
- S & —
P PO A S o |
€ 02 0.0 02 04 06 08

E (Vvs. RHE)

electrolysis-induced proton generation was enhanced on the electrode surface, which facilitated the NO;RR kinetics. The activation
energy (E,) and in situ spectroscopy studies adequately demonstrated that the NO;RR was exothermic until NH; desorption,
indicating that, in alkaline media, the NO;RR catalyzed by ssDNA-templated CuNCs followed the same reaction path as the NO;RR
in acidic media. Electrocatalytic tests further verified the efficiency of ssDNA-templated CuNCs, which achieved a high NHj yield
rate of 2.62 mg h™' cm™ and a Faraday efficiency of 96.8% at —0.6 V vs reversible hydrogen electrode. The results of this study lay
the foundation for engineering catalyst surface ligands for the electrocatalytic NO;RR.

KEYWORDS: nitrate reduction, electrocatalysis, ammonia, single-stranded DNA, copper nanocluster

1. INTRODUCTION

Ammonia (NH;) plays important roles as an indispensable
chemical raw material and an ideal hydrogen-stora§e carrier in
industrial production and practical applications.'™ Currently,
industrial NH; synthesis mainly relies on the energy- and
carbon-emission-intensive Haber—Bosch (H—B) process.” An
alternative route is to utilize sustainable electrical power to
convert waste nitrates into value-added NH; through a nitrate
reduction reaction (NO,RR) under ambient conditions and
restore the imbalance in the global nitrogen cycle.”~” The
NO;RR is a multielectron-coupled proton-transfer process,
which inevitably generates some undesirable byproducts, such
as nitrogen oxyanions and dinitrogen.”'" Therefore, the
rational design and development of eflicient catalysts to
improve the efficiency and selectivity of nitrate-to-NH;,
conversion is highly desirable.

Cu-based catalysts are abundant, readily available, and
inexpensive. These advantages and the similar energy levels
of the Cu d and nitrate 7* lowest unoccupied molecular
orbitals make Cu-based catalysts very promising to promote
the NO;RR thermodynamics and kinetics under ambient
conditions."' ™" Recently, theoretical and experimental studies
have found that, in acidic solutions, the Cu-catalyzed NO;RR
is exothermic until NH; desorption.'*™'® In contrast, due to
the lack of protons, the NO;RR thermodynamics and kinetics
are limited by the sluggish hydrogenation of *NO — *NOH in
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alkaline solutions. When the hydrogenation step of *NO is
hindered, *NO will be reduced to dissociated *N or react with
NO dissolved in solution to produce *N,O, which is
conducive to nitrogen generation.'”'® It follows that the
slow hydrogenation *NO — *NOH in alkaline solutions
reduces the NH; selectivity of the catalyst. However, because
the NO;RR is restrained by excessive hydrogen evolution
reaction (HER) under acidic conditions, the former is usually
performed in alkaline solutions. A substantial effort has been
made to improve the poor hydrogenation capabilities of Cu-
based catalysts in alkaline solutions by alloying Cu with noble/
transition metals (e.g., Ni, Pd, and Ru)'*~** or forming hybrids
with metal oxides (e.g, Cu,0).”* Although these strategies
exhibit efficient electrocatalytic performances for NHj;
production, their catalytic activities remain limited by proton
generation on the electrode surface.

Numerous recent studies have revealed that, in alkaline
solutions, protons originate from dissociation of the water
molecules closest to the electrode surface.”>™>* However,
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discontinuous H-bond networks near the electrode surface
decrease the water concentration and limit proton gener-
ation.”® Therefore, the kinetics of proton-coupled electron-
transfer reactions are severely limited. In contrast, the kinetics
are improved by constructing continuous H-bond networks on
the catalyst surface. In biological systems, efficient proton/
water transfer can be achieved by forming peptide chains
around the active sites of metalloproteins (such as hydro-
genases and cytochrome ¢ oxidases).””** One end of these
flexible peptide chains is attached to the active site, while the
other end can be extended to transport distant protons/water
molecules to the active site through continuous H-bond chains
formed by polar amino acids bound with hydronium ions or
water molecules.””** Inspired by the proton/water transfer in
biological systems, we speculate that using macromolecules
containing numerous polar groups to assist Cu-based catalysts
would improve the poor hydrogenation capabilities of bare Cu
in alkaline solutions. As a biomacromolecule, deoxyribonucleic
acid (DNA) is a potential molecule for building continuous H-
bond chains because of its abundance of polar functional
groups, long chains, and immobilization and functionalization
capabilities. Additionally, it has been demonstrated that single-
stranded DNA polythymine (ssDNA poly-T) can be used as a
template for synthesizing copper nanoclusters (CuNCs) with
ultrasmall size (<2 nm), abundant active sites, and molecular-
like discrete energy levels.*>*® Thus, ssDNA poly-T-templated
CuNCs may exhibit efficient electrocatalytic activity for the
NO;RR under ambient conditions. Nevertheless, to the best of
our knowledge, the CuNC-induced electrocatalytic conversion
of nitrates to NH; has seldom been reported.””

Therefore, we synthesized CuNCs using 40-thymine-
containing ssDNA as templates (labeled as “T40-CuNCs”)
to enhance the NO;RR. The T40 chain sections that were
unbound to CuNCs could extend into the bulk electrolyte and
construct a continuous H-bond network. The T40-CuNCs
polar groups could capture water molecules and directionally
transport them to the catalyst surface to facilitate proton
generation on the electrode surface. Consequently, the NO;RR
hydrogenation step was accelerated drastically. Therefore, the
as-designed T40-CuNCs electrocatalyst enhanced the full-
range NO;RR kinetics compared to those of the bare Cu
catalyst (Figure 1), thereby converting nitrates to NH; with a
high Faraday efficiency (FE) of 96.8% and a NHj yield rate of
2.62 mg h™' cm™ at —0.6 V vs reversible hydrogen electrode
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Figure 1. Schematics of the conversion of nitrate to NHj;
electrocatalyzed by (left) conventional Cu and (right) T40-CuNCs
in alkaline solution.

2. RESULTS AND DISCUSSION

We synthesized T40-CuNCs as an electrocatalyst for
enhancing the NO;RR. The T40-CuNCs synthesis is
schematically illustrated in Figure 2a. Briefly, T40-complexed
Cu®* (labeled as “T40-Cu*”) was reduced using ascorbate to
form the T40-CuNCs. The average T40-CuNCs particle size
was ~1.9 nm, as determined via transmission electron
microscopy (TEM; Figures 2b and S1). The high-resolution
TEM (HRTEM) image of T40-CuNCs exhibits a lattice fringe
distance of 0.21 nm, which corresponds to the Cu(111) plane.
However, the acquired X-ray diffraction (XRD) patterns
(Figure S2) did not exhibit any identifiable peaks because
the T40-CuNCs were very small, which is consistent with
previous reports.’® Furthermore, T40-CuNCs exhibited strong
fluorescence emission with excitation and emission bands at
370 and 630 nm, respectively (Figure 2c), which is consistent
with the fluorescence emission of metal NCs of <2 nm®® and
indicates that ultrasmall T40-CuNCs were synthesized.

To determine which T40 sites were bound with Cu, we
conducted Raman spectroscopy, Fourier transform infrared
(FTIR), and X-ray photoelectron spectroscopy (XPS) studies.
As shown in Figure 2d, compared to the Raman spectrum of
T40, that of the T40-Cu®* complexes exhibits a band at ~501
cm™!, which is attributed to Cu**—0.3* Additionally, the
band at ~614 cm™’, attributed to the thymine N—C-O,
shifted to lower wavenumbers.*' After ascorbate was added,
the Cu?>*—O band at ~501 cm™" disappeared, and the Cu—O
band**** appeared at ~622 cm™!, indicating that ascorbate
reduced the Cu®* ions to atomic Cu. Additionally, the FTIR
and XPS spectra revealed that the thymine carbonyl vibration
peak at 1640 cm™" shifted (Figure 2e), and the O 2p binding
energy of C=O—NH in the T40-CuNCs drastically decreased
(Figure S3). These results indicate that the thymine carbonyl
O atom is bound to Cu, which is consistent with previous
reports.’® Additionally, Figure S4 shows that the nucleotide
absorption band (260 nm)** of T40-CuNCs changed
negligibly compared to T40. Moreover, T40 and T40-
CuNCs exhibited similar circular dichroism spectra, indicating
that the T40 secondary structure did not change during the
CuNCs formation.” These results suggest that the reductant
neither damaged nor reshaped the T40 structure.

To investigate the NO;RR activity of the T40-CuNCs under
ambient conditions, electrocatalysis was performed in a
customized H-cell fabricated using a traditional three-electrode
system. Additionally, T20-CuNCs, T60-CuNCs (prepared
using 20- or 60-thymine-containing ssDNA templates,
respectively), and copper nanoparticles (CuNPs) with average
sizes of 2.4, 3.1, and 6.8 nm were prepared for comparison
(Figure SS). The T20-CuNCs and T60-CuNCs HRTEM
images exhibit a 0.21 nm lattice fringe, which corresponds to
the Cu(111) plane. The CuNPs HRTEM image exhibits 0.21
and 0.18 nm lattice fringes, which correspond to the Cu(111)
and Cu(200) planes, respectively, and are consistent with the
XRD patterns (Figure S6).

Figure 3a presents the linear-sweep voltammetry (LSV)
curves of the as-synthesized catalysts in a 1 M KOH electrolyte
prepared with or without KNO;. In the KNO;-containing
electrolyte, all of the catalysts exhibited enhanced current
densities compared to those of the catalysts in the nitrate-free
electrolyte. As the potential became more negative, although
HER occurred, the NO;RR was predominant, as evidenced by
comparing the NO;RR and HER current densities at —0.6 V vs
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Figure 2. (a) Schematic showing the synthesis of T40-CuNCs by reducing T40-complexed Cu®* ions. (b) TEM and (inset) HRTEM images of
T40-CuNCs. (c) Fluorescence spectra of T40-CuNCs. (d) Raman spectra for T40, T40-Cu®*, and T40-CuNCs. (e) FTIR spectra for T40 and

T40-CuNCs.

RHE (Figure 3b). The ssDNA poly-T-decorated CuNCs (T-
CuNCs) exhibited higher NO;RR and HER current densities
than the CuNPs at —0.6 V, indicating that the CuNCs catalytic
activity outperformed the CuNPs catalytic activity for both the
NO;RR and HER partly because the CuNCs prepared using
the ssDNA poly-T template were smaller and exhibited more
active sites than the CuNPs. More importantly, the sections of
ssDNA poly-T that were unbound to the CuNCs extended
into the bulk electrolyte to construct a continuous H-bond
network, which improved the interfacial water-molecule
distribution and electrolysis and thus accelerated the HER
and NO;RR. This result was further confirmed by analyzing
the Tafel slopes and electrochemically active surface areas
(ECSAs). The CuNPs Tafel slopes were 572.2 and 372.5 mV
dec™! for the HER and NO;RR, respectively, which were
steeper than those of T20-CuNCs (509.4 and 266.0 mV
dec™), T40-CuNCs (335.9 and 275.8 mV dec™'), and T60-
CuNCs (314.9 and 281.5 mV dec™") in the same overpotential
interval, as shown in Figure 3c,d. Meanwhile, the CuNPs
exhibited a smaller ECSA than those of the different CuNCs
for the NO;RR (Figures S7 and 3e). The HER current
densities gradually increased with increasing ssDNA poly-T
chain length because the longer ssDNA poly-T chain contained
more polar groups and was more conducive to proton
enrichment on the electrode surface. However, because the
excessive HER restrained the NO;RR, the NO;RR current
density of the T60-CuNCs decreased rather than increased
compared with that of the T40-CuNCs at —0.6 V. Due to
abundant active sites and an appropriately improved proton
concentration on the catalyst surface, the T40-CuNCs may be
ideal electrocatalysts for converting nitrates to NH;. As shown
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in Figure S8, the T40 and T40-CuNCs exhibited similar
catalytic activities for the HER. In contrast, the NO;RR
performance on the T40-CuNCs surface outperformed that on
the T40 one. Apparently, at —0.6 V vs RHE, the FE and NH;
yield rates of the T40-CuNCs were considerably higher than
those of T40, indicating that the catalytic activity of the T40-
CuNCs for the NO;RR mainly originated from the CuNCs.
The role of T40 is to enhance the connectivity of H-bond
networks and facilitate proton generation.

The product selectivity was analyzed by holding a certain
potential for 1 h further to determine the catalytic activity of
the T40-CuNCs for the NO;RR, and the generated NH;
products were quantified using ultraviolet—visible (UV—vis)
and '"H NMR spectroscopies (Figure S9). The NH,*
concentrations determined by '"H NMR and UV—vis spectros-
copies were consistent. Parts f and g of Figure 3 show the
catalyst FEs and NH; yield rates obtained at different
potentials. Among all catalysts, the T40-CuNCs exhibited the
highest FEs and NHj; vyield rates in the tested potential
windows. The FEs of the T40-CuNCs continuously increased
with negatively moving potential and reached a maximum of
96.8% at —0.6 V, and the corresponding NH; yield rates was
2.62 mg h™' cm™ In the whole tested potential range, the
T40-CuNCs exhibited a lower NO,” yield rate and FE
compared to those of CuNPs, indicating that the T40-CuNCs
efficiently catalyzed the conversion of NO,~ to NH; (Figure
S10). Figure S11 shows that the NH," selectivity of the T40-
CuNC:s highly depends on the applied potential. Apparently, a
NH," selectivity above 91.1% was attained at —0.6 V vs RHE,
indicating that ~91.1% of the nitrate was converted to NH;. In
contrast, the NO,™ and other N-containing species selectivities
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Figure 3. Electrocatalytic conversion of nitrates to NH;. (a) LSV curves of the as-synthesized catalysts in a 1 M KOH electrolyte prepared with and
without KNOj. (b) Current densities for the NO;RR and HER collected at —0.6 V. (c and d) Tafel slopes for the HER and NO;RR extracted from
the LSV curves. (e) ECSAs, (f) FEs, and (g) NH, yield rates of the as-synthesized catalysts in a solution comprising 1 M KOH and 0.1 M NO;™.
(h) Number of electrons associated with the NO;RR at each potential. (i) Comparison of the FEs and NHj; yield rates for the NO;RR catalyzed by

different Cu-based catalysts.
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Figure 4. Mechanism for the NO;RR catalyzed by the T40-CuNCs. Electrochemical in situ (a) Raman and (b) FTIR spectra of the T40-CuNCs at
different potentials in a solution comprising 1 M KOH and 0.1 M NO;™. (c) T40-CuNCs catalyzed activation energy for the NO;RR at various

potentials.

were as low as 8.87%. Figure S12 shows that the pH changed
negligibly during nitrate reduction at —0.6 V vs RHE in a
solution comprising 1 M KOH and 0.1 M KNO;.

Due to the high catalytic activity of the CuNCs, a
satisfactory catalytic performance can be obtained using only

18931

a tiny mass of the catalyst. Therefore, the T40-CuNCs mass
activity for yielding NH; was as high as 2.71 ¢ h™" mgc,™
(Figure S13). As expected, the T40-CuNCs were also highly

efficient for the NO;RR in neutral media, revealing a maximum
NH, yield rate of 1.12 mg h™' cm™ and a high FE of 95.3% at
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solution.

—0.6 V (Figure S14). However, in acidic media, the NH; yield
rate (0.63 mg h™' cm™) and FE (28.4%) were far from
satisfactory due to the increased competitiveness of the HER.
In addition, controlled experiments were conducted to confirm
that NH; was produced from NO;~ reduction on the T40-
CuNCs surface. As shown in Figure S15a, the negligible NH;
yield rate of the T40-CuNCs (<0.026 mg h™' cm™) was
measured without NO;”. Moreover, an isotope tracing
experiment was performed using "NO;” as the reactant. As
shown in Figure S15b, the isotope tracing of '*NH; produced
using 'NO;~ exhibited two peaks, while that of '“NH;
produced using '*NO;” exhibited three peaks, indicating that
NH; was indeed generated from nitrate rather than other
impurities.%

To elucidate the number of NO;RR-associated electrons, we
measured the rotating-disk electrode (RDE) voltammograms
of the T40-CuNC:s in a solution comprising 10 mM KNO; and
1 M KOH (Figure S16a). Additionally, the Koutecky—Levich
(K—L) curves obtained at different potentials are shown in
Figure S16b. The K—L analysis revealed that the number of
electrons (n) in the reaction increased with the increasingly
negative test potential and that n = 4.7 at —0.65 V, suggesting
that the electrocatalytic conversion of nitrates to NH; was
enhanced (Figure 3h). The experimental n value deviating
from the theoretical one may be due to the different
mechanistic pathways.*” Impressively, the FEs and NH; yield
rates of the T40-CuNCs compared favorably with those of
other previously reported Cu-based catalysts (Figure
34) 2448=57

We performed in situ Raman measurements to provide
further insight into the NO;RR mechanism. Figures S18 and
4a present the Raman spectra obtained during nitrate
reduction on the T40-CuNCs surface from +0.2 to —0.6 V
(bottom and top, respectively). The peaks observed at 1180,
1370, 1530, and 1598 cm™! are associated with the symmetric
N—-O stretches of adsorbed NO,~, antisymmetric N—O
stretches of adsorbed nitrate, N=O stretches of NOH, and
H—N-H deformation of NH;, respectively.”®” Additionally, a
weak shoulder peak observed at ~1530 cm™" is attributed to a

combined NOH stretching and bending mode. Figure S19
shows the Raman peak areas for NO,”, NOH, and NH;
plotted as functions of the applied potential. Evidently, only
the NO,” and NOH Raman signals appeared in the applied
potential range 0.2—0 V, and the intensity of the NO,” Raman
signal weakened with the increasingly negative applied
potential, indicating that NO,” was rapidly converted to
NOH. As the applied potential became increasingly negative,
the intensity of the NOH Raman signal rapidly weakened and
an apparent NH; Raman signal appeared at —0.3 V, indicating
that NOH was converted into adsorbed NH; in the applied
potential range from 0 to —0.3 V.

The in situ FTIR spectra were generated for the T40-
CuNCs to further probe the catalyst surfaces during the
reaction. As shown in Figure 4b, the FTIR spectra of the T40-
CuNCs exhibited bands at 1180, 1240, 1294, 1347, 1636, and
3700 cm™'. At 0.2 V, an upward band attributed to NO;~
appeared at 1347 cm™, indicating that NO;~ began to adsorb
on the catalyst surface. At 0.1 V, this absorption band changed
to a negative band, indicating the consumption of NO;™ in the
solution.”” Meanwhile, upward bands associated with the
formation of NO,~ and NH,OH appeared at 1240 and 1180
cm™}, respectively,sg’61 which are crucial intermediates for NH;
formation. As the potential moved toward —0.2 V vs RHE, a
band corresponding to another key intermediate appeared at
~1294 cm™! and was ascribed to NH,.”* Additionally, an
upward band associated with NH; formation appeared at 3700
em™, and the NO, -related band at 1240 cm™! disappeared.®®
The in situ FTIR spectroscopy analysis suggests that, at —0.2 V
vs RHE, NO,” was rapidly converted to NH; through
intermediates, such as NH,OH and NH,. Additionally, the
upward band at ~1636 cm™' was attributed to water
electrolysis, generating a proton during the NO;RR.®* The in
situ FTIR spectra are consistent with the in situ Raman ones,
indicating that the T40-CuNCs can accelerate the hydro-
genation step of the NO;RR. This is primarily due to the role
of T40 in constructing a continuous H-bond network near the
electrode surface, which facilitates water electrolysis to
generate protons. From the combined electrochemical in situ

https://doi.org/10.1021/acsami.3c00511
ACS Appl. Mater. Interfaces 2023, 15, 18928—18939


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00511/suppl_file/am3c00511_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00511/suppl_file/am3c00511_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00511/suppl_file/am3c00511_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00511/suppl_file/am3c00511_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00511/suppl_file/am3c00511_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00511/suppl_file/am3c00511_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00511/suppl_file/am3c00511_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00511?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00511?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00511?fig=fig5&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00511/suppl_file/am3c00511_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00511?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c00511?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

Intensity (a.u.)

11
7

1000 1500 3600 3800
Wavelength (cm™)
C
04
£ -20
“
<
E
\
40 - CuNPs
NO,RR ——— T40-CuNPs

-08 -06 -04 -02 0.0 02
E (Vvs. RHE)

b

Ea (KJ mol'™")
&

—a— CuNPs T /%%
—o— T40-CuNPs A\

(39
[=}
1
\\
—

—
1
<

AN
hd
5 T T T T T
0.2 0.0 02 -04 -06 -08
E (Vvs. RHE)
d 3.0

— W CuNPs o—=L g0
2.5 P Ta0-cuNps

“
2.0

=0

E154

=

@

= 1.0

T0.54

z

0.0 T T T T 0
-04 -0.5 -0.6 -0.7
E (V vs. RHE)

Figure 6. Role of T40 in the catalytic NO;RR. (a) Electrochemical in situ FTIR spectra of CuNPs at different potentials in a solution comprising 1
M KOH and 0.1 M NO;~. (b) CuNPs- and T40-CuNPs-catalyzed activation energy for the NO;RR at various potentials. (c) LSV curves of the
NO;RR on CuNPs and T40-CuNPs. (d) NH, yield rates and FEs of CuNPs and T40-CuNPs.

FTIR and Raman spectroscopy analyses, the NO;RR pathway
on the T40-CuNCs surface was proposed as a series of
deoxygenation reactions of NO;~ — *NO;~ — *NO,” —
*NO, accompanied by a series of hydrogenation reactions of
*NO — *NOH — *NH,OH — *NH, — *NH,.
Furthermore, we experimentally determined the activation
energies (E,) for the NO4RR by analyzing the temperature-
dependent kinetics of the T40-CuNCs catalyst.”>"** The LSV
curves of the T40-CuNCs were recorded in a solution
comprising 100 mM KNOj; and 1 M KOH in the range 20—
50 °C (Figure S20a). By fitting the current densities measured
at different temperatures using the Arrhenius equation (Figure
S20b), E, values were obtained at each applied potential
(Figure 4c). E, decreased continuously when the applied
potential went from positive to —0.3 V and then increased in
the applied potential range from —0.3 to —0.6 V. The in situ
FTIR and Raman spectra indicated that NO;~ was converted
to NH; at —0.3 V. Thus, the energy barrier of 15.72 kJ mol™
at —0.6 V vs RHE was not attributed to *NO;~ — *NHj;. A
previous study found that NH; desorption from the Cu
electrode was an endothermic process.”” Therefore, we
deduced that the energy barrier at —0.6 V vs RHE was
attributed to NH; desorption. Additionally, the E, values
indicated that overall the NO;RR is exothermic before NHj;
desorption, which contradicts the NO;RR in alkaline solutions
but is consistent with it in acidic solutions. In alkaline
environments, the RDS of the NO;RR on bare Cu-based
catalyst surfaces is *NO hydrogenation (i.e, *NO + H" + e~
— *NOH) due to the lack of protons. In contrast, the
continuous H-bond network ensures smooth progression of
the NO;RR in acidic media. Taken together, the in situ Raman
and activation-energy studies sufficiently prove that the T40
chain can optimize the interfacial water-molecule distribution
and H-bond network connectivity, which solves the NO;RR
problem in alkaline solutions and promotes NH; formation.
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The continuous H-bond network constructed by T40 is
based on the H bonds formed between the polar groups of
T40 and water molecules. We performed the Li" ions shielding
experiments to verify the role of T40 in constructing the H-
bond network and improving the electrocatalytic NO;RR
progress (Figure Sa). Briefly, Li* is introduced to the
electrolyte solution to shield the polar groups of T40 to
prevent them from combining with water molecules. Figure 5b
shows the Raman spectra of the T40-CuNCs and T40-CuNCs
shielded by 10 mM Li* (labeled as T40-CuNCs-10Li"). The
characteristic Raman peaks of Li—O appear at 432 em™.,% and
the peaks at 815/835 and 861 cm ™" are assigned to the O—P—
O backbone stretching and C—O—C stretching of T40 shifted
and attenuated in the T40-CuNCs-10Li* Raman spectrum.”’
This result indicates that Li* occupies the polar groups of T40
and achieves the shielding effect. Subsequently, the in situ
Raman spectra were obtained during nitrate reduction on the
T40-CuNCs in a 1 M KOH electrolyte containing 100 mM
NO;~ and 10 mM Li* under different applied potentials
(Figure S21). Furthermore, variation of the NO,”, NOH, and
NH; Raman areas as applied potentials were extracted from
the in situ Raman spectra (Figure Sc). The Raman signal of
NO,™ is continuously enhanced when the applied potential is
positive to —0.1 V, indicating that the formation rate of NO,~
is greater than the consumption rate, and its conversion to
NOH is slow. The Raman signal of NOH decreased in the
applied potential range of 0 to —0.3 V, but the NH; Raman
signal was not detected, which indicates that NOH was
converted to another intermediate product (such as NHOH,
NH, and NH,). When the potential is further swept to a more
negative regime (<—0.4 V), a pronounced NH; Raman peak
begins to appear, indicating that the primary reaction at this
stage is the formation of NH;. We also measured the E, value
of T40-CuNCs-10Li" toward the NO;RR at a different applied
potentials (Figures $22). According to the results of the in situ
Raman measurements, we ascribed the E, value corresponding
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Figure 7. Catalytic stability of T40-CuNCs. (a) Cycling of the T40-CuNCs catalysts for 1 h at —0.55 V vs RHE for the NO;RR in an electrolyte
containing 1 M KOH and 0.1 M KNO;. (b) TEM image of the T40-CuNCs catalyst for the NO;RR after 10 cycles. The inset presents an enlarged
HRTEM image of the catalyst. (c) Cu 2p XPS spectra of the T40-CuNCs catalysts for the NO;RR before and after 10 cycles.

to the reaction path. As shown in Figure 5d, the E, value of
NO,™ conversions to NOH and the hydrogenation of NOH
showed an upward trend, which is consistent with the NO;RR
process in an alkaline solution reported in the literature."
These observations demonstrate that the polar group of T40
loses its construct H-bond network capability after combining
with Li" ions, retarding the generation of protons on the
electrode surface, resulting in the kinetics of the whole NO;RR
process, especially the hydrogenation step, slowing down.

We further examine the activity of the T40-CuNCs and
T40-CuNCs-Li* toward the HER and NO,;RR. Obviously, the
T40-CuNCs exhibited a reduced HER current and a greater
Tafel slope after being shielded by Li* (Figure S23). Similarly,
the LSV curves of the NO;RR show that the current density
decreases and the onset potential shifts toward a more negative
direction with increasing Li* shield effect (Figure Se).
Moreover, the Tafel slope extracted from the LSV curves
shows that the T40-CuNCs exhibited a minor Tafel slope of
275.9 mV dec™! compared with 380.1 and 414.5 mV dec™" for
the T40-CuNCs shielded by 10 and 50 mM Li*, respectively
(Figure S24). The NH, yield rates and FEs of the T40-CuNCs
and T40-CuNCs shielded by 10 and 50 mM Li" are 0.73 mg
h™ em™2/63.6%, 0.36 mg h™' cm™2/44.3%, and 0.17 mg h™"
cm™?/32.6% at —0.45 V, respectively. Apparently, introducing
Li* ions slowed down the kinetics of the HER and NO;RR
reaction.

Apart from Li* ion shielding experiments, we analyzed the
NO;RR on CuNPs surfaces to fully demonstrate the role of
T40 in promoting the NO;RR. The in situ FTIR spectra of the
CuNPs in Figure 6a show that the negative band at 1345 cm™
was associated with NO;~ consumption at 0 V vs RHE.
However, the NO, -formation-related upward band at 1230
cm™! was detected until —0.3 V vs RHE, and no bands related
to other N-containing species appeared, indicating that the
reaction at >—0.3 V vs RHE was mainly *NO;~ — *NO,".
The E, study suggests that the energy barrier for *NO;~ —
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*NO,” is 16.11 kJ mol™" (Figures S25 and 6b). As the
potential moved negatively toward —0.5 V vs RHE, a very
distinct water-electrolysis-associated band appeared at 1646
cm™}, accompanied by bands at 1180, 1294, and 3700 cm™,
which were attributed to the formation of NH,OH, NH,, and
NHj;, respectively. These results show that water electrolysis on
the electrode surface was highly correlated with the NO;RR
hydrogenation step. Notably, NH; formation and water
electrolysis on the CuNPs surface was 300 mV more negative
than that on the T40-CuNCs one, indicating that the latter
exhibited superior kinetics. Meanwhile, the E, study suggests
that the energy barrier required for forming NH; on CuNPs
was 22.79 kJ mol™, which is much higher than that required
for forming NH; on T40-CuNCs (17.7 kJ mol™").

To further prove that T40 can promote water electrolysis
and the NO;RR, we self-assembled T40-CuNPs. Briefly,
CuNPs-loaded carbon paper was immersed in the T40
solution for 1 h, rinsed with water, and dried in air to obtain
T40-CuNPs. Obviously, the T40-CuNPs exhibited a higher
HER current and a gentler Tafel slope than the pristine CuNPs
(Figure S26). Additionally, at —0.5 V vs RHE, the E, value of
the T40-CuNPs catalyzing NH; formation decreased from
22.79 to 17.80 k] mol™' compared to that of pristine CuNPs
(Figure 6b), and the NO;RR current density increased (Figure
6¢). Moreover, at —0.6 V vs RHE, the FEs and NH, yield rates
of the T40-CuNCs were considerably superior to those of the
CuNPs (Figure 6d). These results fully demonstrate that T40
can effectively enhance the NO;RR because it promotes water
electrolysis, resulting in a proton-rich electrode surface.”"

In addition to the catalytic performance, the long-term
stability of the catalysts is critical for practical applications.
Figure 7a shows the cycling stability of the T40-CuNCs at an
applied potential of —0.55 V for 1 h per cycle. Notably, the FEs
and NH; yield rates remained stable without attenuation
during the 24 cycles. Moreover, the HRTEM image shows that
the cycled T40-CuNCs maintained the same morphology,
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average size, and lattice fringes as the pristine ones (Figure 7b).
The high-resolution Cu 2p XPS spectrum of the T40-CuNCs
is segmented into two prominent peaks at 932.4 and 952.7 eV,
which correspond to Cu® 2p;/, and Cu® 2p,,,, respectively.
After the cycling tests, the XPS signal changed negligibly,
indicating that Cu can maintain a stable valence state during
cycling (Figure 7c). These results suggest that the T40-CuNCs
exhibited excellent stability for electrocatalytically reducing
nitrates to NH;. The excellent stability of the T40-CuNCs for
the electrocatalytic NO;RR confirms that Cu negligibly forms
soluble complexes with NH; because the formation of soluble
complexes consumes the catalyst on the working electrode
surface, which will drastically attenuate the T40-CuNCs
catalytic activity for the NO;RR.

3. CONCLUSIONS

Inspired by H-bond chains in biological systems, we
synthesized T40-CuNCs as electrocatalysts for enhancing the
NO;RR. Because ssDNA optimized the interfacial water-
molecule distribution and H-bond network connectivity,
water-electrolysis-induced proton generation was enhanced
on the electrode surface, which facilitated the NO;RR kinetics.
Consequently, the T40-CuNCs achieved a high NHj; yield rate
of 2.62 mg h™' cm™ and a FE of 96.8% at —0.6 V, thereby
exhibiting intrinsically high reactivity for the NO;RR. The
results of this study provide insights for designing and
optimizing catalysts for renewable energy applications.

4. EXPERIMENTAL SECTION

Materials. Oligonucleotides were purchased from Shanghai
Sangon Biological Engineering Technology and Services Co., Ltd.
(Shanghai, China). Potassium hydroxide (KOH), potassium nitrate
(KNO,), lithium nitrate (LiNO;), sodium chloride (NaCl), copper
sulfate (CuSO,), 3-(N-morpholino)propanesulfonic acid (MOPS;
C,H;;NO,S), and sodium ascorbate (C4H,NaO4) were obtained
from Sigma-Aldrich. All other reagents and chemicals were of
analytical grade and were used as received without further
purification. All aqueous solutions were prepared using ultrapure
water obtained using a Millipore Milli-Q_ water purification system
(Billerica, MA) operating at an electrical resistance of >18.2 MQ cm.

Preparation of CuNCs. CuNCs were prepared in a MOPS buffer
(1S mM MOPS; 50 mM NaCl; pH 7.6), to which 1 M ssDNA poly-
T40 and 2 mM ascorbic acid were preliminarily added. After the
mixture was thoroughly blended, 0.1 mM CuSO, was slowly added,
and the resulting solution was incubated at room temperature to form
T40-CuNCs. For comparison, T20-CuNCs, T60-CuNCs, and pristine
CuNPs were similarly prepared using ssDNA, poly-T20, poly-T60,
and without DNA, respectively.

Characterization. TEM images were captured using a JEOL-
2100F (200 kV) microscope and copper grids (JEOL, Japan). Raman
spectra were measured using an inVia Raman spectrometer
(Renishaw, UK). A 50X long-working-distance objective lens
[numerical aperture (NA) 0.5] was used to focus the laser beam on
the sample and collect the Raman signals in the backscattering mode.
The 785-nm-wavelength line from a 50 mW Ar-ion laser was used as
the excitation source. Fluorescence measurements were carried out at
room temperature on a FluoroMax-4-TCSPC fluorescence spectro-
photometer (Horiba, Jobin Yvon, France). FTIR spectra were
measured on an IRTracer-100 spectrometer (Shimadzu, Japan)
using a KBr pellet. UV—vis absorption spectra were recorded on a
UV-1800 UV—vis spectrophotometer (Shimadzu, Japan). XPS spectra
were recorded using an ultrahigh-vacaum setup (SES 2002,
Gammadata-Scienta) equipped with a monochromatic Al Ka X-ray
source (15 kV, 10 mA emission current). The binding energies were
calibrated based on the C 1s feature at 284.8 eV. NMR spectroscopy
was performed using a WNMR-1-400 MHz NMR spectrometer.

Electrocatalytic NO;RR Tests. Electrocatalytic NO;RR tests
were performed using a typical three-electrode system connected to a
CHI760E electrochemical workstation (CH Instruments, Inc., China)
in a typical H-type cell. The as-synthesized catalysts were dispersed in
a mixed solvent comprising water and ethanol (1:1, v/v) to form a
bulk suspension (0.5 mg mL™'). The working electrodes were
fabricated by dropping the catalyst suspension (200 yL) onto a piece
of clean carbon paper (1 X 1 cm?), which was subsequently coated
with 50 yL of a 0.2% Nafion solution and dried at 60 °C. Ag/AgCl
(saturated KCI) and Pt mesh were used as the reference and counter
electrodes, respectively. The electrolytes comprised Ar-saturated 1 M
KOH containing different NO;~ concentrations. The LSV curves
were scanned at 10 mV s™". All potentials were calibrated to the RHE
reference scale using the equation Epyp = Epgaga + 0204 V +
0.0591pH. The current density was normalized to the geometric
electrode surface (~1 cm?). Potentiostatic measurements were
performed for 1 h in 30 mL of a cathode electrolyte, and the
electrolyte was then stored at 4 °C for no more than 2 days before
analysis. To assess the performance change of the T40-CuNCs during
long-term cycling, the electrolyte (30 mL of 1 M KOH and 0.1 M
nitrate) was collected for product analysis after each hour of
electrolysis, and fresh electrolyte was used for the next 1-h cycle.
The double-layer capacitance (Cy) was determined by scanning cyclic
voltammetry (CV) in the range 10—50 mV s™' in a nonfaradaic
potential window. The plot of the capacitive anode and cathode
current differences [(j, — j.)/2] at a set potential versus the CV scan
rates exhibited a linear relationship, and the slope represented Cg.””

In Situ Raman Measurements. The in situ Raman spectra were
collected using a confocal Raman microscope at controlled potentials.
Briefly, an electrolytic cell was fabricated using polytetrafluoro-
ethylene (Teflon) and a round piece of quartz glass as a cover to
protect the objective lens (Figure S17). A catalyst-modified Au
electrode, a Pt wire, and an Ag/AgCl electrode were used as the
working, counter, and reference electrodes, respectively. The working
electrode surface was positioned 100—200 ym from the glass window.
The in situ Raman measurements were conducted using an inVia
Raman spectrometer (Renishaw, U.K.) controlled by WiRE 4.0
software. A S0X objective lens was used to focus a 785-nm-
wavelength, S0 mW laser vertically across the glass and on the
electrode surface. The average acquisition time for each spectrum was
S min. The Raman peak areas were calculated using the Gaussian-
function-based nonlinear fitting method.

NH,* Quantification and FE Calculation. The produced NH;
was quantified using the indophenol blue method.”® Typically, a
certain volume of the electrolyte is withdrawn from the reaction cell
and diluted to 2 mL. Then, 2 mL of a 1 M NaOH solution containing
trisodium citrate dihydrate (S wt %), salicylic acid (5 wt %) (stored at
4°C), and 1 mL of freshly prepared 0.05 M NaClO were added. The
mixed solution was shaken for a few seconds. Finally, 0.2 mL of a
sodium nitroferricyanide solution (1 wt %; stored at 4 °C) was added
for the color reaction. The resulting solution was stored at room
temperature for 1 h and then measured using a UV-vis
spectrophotometer. The absorbance at 655 nm was used to determine
the NH; concentration according to a calibration curve prepared
using a standard NH,CI solution dissolved in different volumes of 1
M KOH.

The produced NH; was further quantified using the 'H NMR
method to confirm the accuracy of NH; quantification. Briefly, 125
HL of the standard solution was mixed with 125 uL of 15 mM maleic
acid in deuterated dimethyl sulfoxide (DMSO-dg; 99.9 atom % D), SO
uL of 4 M H,SO, in DMSO-dg, and 750 uL of DMSO-d,.

The yield rate was calculated by eq 1:

yield = ¢V /tS (1)

where ¢ is the product concentration, V is the electrolyte volume in
the cathode compartment, t is the electrolysis time, and S is the
working electrode surface.

The FE was calculated based on eq 2:
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nVNH3CNH3F
it ()

where i is the total current, n represents the number of electron
transfers (i.e., 8) toward the formation of 1 mol of NH;, Vy, is the

FE =

catholyte volume (mL), cyy, represents the NH; concentration (M),
F is the Faraday constant (96,485 C mol™"), and t is the electrolysis
time.

The selectivity was calculated based on eq 3:

X 100%

selectivity =
Acy 05~ (3)

where ¢ is the concentration of NH,"/NO,” and Acyp- is the

concentration difference of NO;™ before and after reduction.

>N Isotope-Labeling Experiment. The isotope-labeling experi-
ment was carried out in a 1 M KOH solution containing 0.1 M
NO;™ (99% '*N atoms) by chronoamperometry measurements for
4 h at —0.6 V (vs RHE), and the produced *NH,* was qualitatively
measured using '"H NMR (Bruker Avance 500 MHz) spectroscopy.
Briefly, 125 uL of the electrolytes was mixed with 125 uL of 15 mM
maleic acid in DMSO-dg (99.9 atom % D), 50 uL of 4 M H,SO, in
DMSO-dy, and 750 uL of DMSO-d.

Number of Electron Transfers and Calculations. To elucidate
the number of electrons and kinetics associated with the NO;RR, LSV
curves were obtained using a RDE and a glassy carbon electrode
(0.1964 cm?) deposited with a T40-CuNCs catalyst as the working
electrode. A Pt wire and Ag/AgCl (in saturated KCI) were used as the
counter and reference electrodes, respectively. According to the K—L
equation, the current inverse (1/i) is linearly related to the inverse
square root of the rotation rate (a)‘l/ %), as shown in eq 4:7*

11 1
0.2nED* 37/ 5Ce! /2 (4)

im ik
where ij is the kinetic current of the NO;RR, n is the number of
electrons exchanged in the NO;RR, F is the Faraday constant (96485
C mol ™), D is the nitrate diffusion coefficient (1.40 X 1075 cm?®s™"),
o is the rotation rate, v is the kinematic viscosity (1 X 107° m* s™"),
and C is the nitrate bulk concentration. The n value can be evaluated
from the K—L curve slope at each electrode potential.

Apparent Activation Energy of the NO;RR. To extract the
apparent activation energy (E,) for the NO;RR, the catalyst
electrochemical measurements were conducted in a 1 M KOH
solution containing 100 mM KNOj; at different temperatures. For
heterogeneous electrocatalytic reactions, the current density (j) can
be expressed as a function of E, according to eq 5:”°

=4 "”‘P(‘%) )

where A, is the apparent preexponential factor, R is the ideal gas
constant (8.314 J K™ mol™), and T is the temperature (K).
Therefore, E, can be further calculated by fitting the slope of the
Arrhenius plot according to eq 6.7

d(log )
01/T

E

a

T 2303R ©)

while the intercept of the log j vs 1/T plot is the logarithm of A,.
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