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ABSTRACT: Developing metal-free electrocatalysts for direct nitrate- NH,

to-ammonia reduction is promising to remediate wastewater yet NO.- 100

challenged by the poor ammonia selectivity. Amorphization has S L ”;(T}i?é"-'e

become an emerging strategy to afford conventional materials with 804+ PTCDA-LIG i ki i

exotic physical, chemical, and electronic properties. Transient laser §  |W Graphite

heating of polymers produces graphene with an unusual polycrystalline o 601 Iy

lattice, yet the control of graphene amorphicity is difficult due to the ;m 40

extreme conditions and fast kinetics of the lasing process. Here, we z T v

report the synthesis of amorphous graphene with a tailorable hygd 20+ h[‘ H

heterophase, topologically disparate from crystalline graphene and m oLl Wi n H .
054 -0.64 -0.74 -0.84 -0.94

amorphous carbon. Atomic-resolution imaging reveals the intermedi-
ate crystallinity comprising both six-membered rings and polygons, the crystalline  amorphous
ratio of which directly correlates with the aromatic structures of the

precursors. These amorphous graphenes, as metal-free catalysts, show high performance in direct nitrate-to-ammonia
electroreduction. The performance is associated with the amorphicity of graphene and reaches a maximum ammonia Faradaic
efficiency of 83.7% at —0.94 V vs reversible hydrogen electrode. X-ray pair distribution functions and paramagnetism disclose the
elongated carbon—carbon bonds and rich unpaired electrons in amorphous graphene, which exhibit more favorable adsorption of
nitrate as suggested by theoretical calculations. Our findings shed light on the controllable synthesis of graphene with unusual
topologies that could find broad applications in electronics, catalysis, and sensors.

Potential (V vs RHE)
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H igh nitrate (NO;”) concentration in surface water and
groundwater has become a ubiquitous environmental
problem encountered by the whole world, which poses a threat
to public health through entering the food chain and drink
water.”> NO,~ reduction reaction (NO;RR) is recently
considered as an effective and green technology that not
only alleviates growing NO;~ pollution but also produces
harmless or useful nitrogen species.” > Among the reduction
products, ammonia (NH;) is the most high-value-added,
which can serve as essential chemical feedstock, fuel, and
fertilizer.”” By utilizing water and nitrate as the hydrogen and
nitrogen source, the electro-synthesizing of NH; from NO;™ is
a promising alternative of the traditional energy-intensive
Haber-Bosch process.8 However, the conversion of NO;™ to
NH; involves multiple steps accompanying with eight-electron
transfer and needs to compete with the thermodynamically
favorable hydrogen evolution reaction (HER). Therefore,
developing novel catalysts with high efficiency is of great
significance and becoming an important subject in this field.
Currently, the mostly explored catalysts for nitrate reduction
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are metal containing. Many noble and nonnoble metals, e.g.,
Pd-doped TiO, nanoarray,” Ru-dispersed Cu nanowire,"’
FeOOH nanorod with intrinsic oxygen vacancy,'' Cu/Cu,O
nanowire arrays,” etc., has been demonstrated to be active for
the NO;RR. However, there are limits for metal-based
catalysts, including high cost, easy leaching, and dominant
HER under high overpotentials. Previous studies reported that
carbon materials could be candidates for nitrate reduction, yet
the NH; selectivity is minuscule, because the nonmetal
electrodes tend to reduce NO;™ into N, and the Faradaic
efficiency (FE) toward NH; is usually lower than 20%.">~"* In
this regard, it is highly desired yet challenging to rationally

Received: July 4, 2022
Revised:  August 17, 2022

https://doi.org/10.1021/acscatal.2c03219
ACS Catal. 2022, 12, 11639-11650


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Le+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tinghao+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Binghao+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Libei+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weihua+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Feijun+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="He+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhaoyu+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tingting+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tingting+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Deng-Tao+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chi-Kit+Siu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qi+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Ren"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chuan+Xia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ben+Zhong+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruquan+Ye"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruquan+Ye"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.2c03219&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03219?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03219?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03219?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03219?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03219?fig=tgr1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acscatal.2c03219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

a blade coating

Intensity (a.u.)

O, (o]
PQ
(o]
[o]
heterophase
d D G D g PTCDA-LIG
2D JU\ 2D
/ \4 SDA-LIG /..

U‘

\ J \

\_ NTCDA-LIG / \J A
.—o// g Myt

14% N
,JUM
.‘JMM

Intensity (a.u.) @®

1000 1600
Raman shift (cm™)

2200 2800 1000 1600 2200 2800
Raman shift (cm™)

-h

Intensity (a.u.)

«Q

Cils PTCDA
O1s ;
»\J\C,\,\ ¢
PTCDA s
2 | pTcDA-LIG o Raw
2 co
£ ——c=0
——0-c=0
PTCDA-LIG =
0 400 800 1200 282 285 288 291

Binding Energy (eV)

Binding Energy (eV)

Figure 1. (a) Schematic illustration of the preparation process of sm-LIG. (b) SEM image of PTCDA-LIG; scale bar, 10 ym. (c) TEM image of
PTCDA-LIG; scale bar, 100 nm. (d) Raman spectra of NTCDA-, PTCDA-, and PQ-LIG prepared at 10% power and 10 pulses/dot. (e) Raman
spectra of PTCDA-LIG prepared under different laser powers (pulse density: 10 pulses/dot). (f) XPS survey spectra and (g) C 1s spectra of

PTCDA and PTCDA-LIG.

design and synthesize efficient metal-free electrocatalysts for
direct nitrate-to-ammonia reduction.

Amorphization has emerged as an attractive structure
engineering strategy to modulate and optimize the physical,
chemical, electrical, and mechanical properties of nanomateri-
als."*™'” For example, free-standing monolayer amorphous
carbon was reported to be insulating,15 which is completely
opposite to the monolayer graphene with high electron
mobility.'"® Compared with the crystalline counterpart,
amorphous phase features a long-range disordered atomic
arrangement, which offers abundant vacancies and a unique
localized electronic structure. Many recent research revealed
that materials with amorphous phase or amorphous/crystalline
heterophase exhibited si%niﬁcantly enhanced performance in
electrocatalytic reactions.”” > For example, the crystalline-to-
amorphous transformation of PtSe, film*' and Pd;P,S
nanodot,”” were demonstrated to boost the electrocatalytic
activity toward HER. Wang et al. reported that structurally
disordered RuO, nanosheets displayed high NH; FE and
selectivity in NO3;RR, greatly outperforming the higher
crystallinity samples.”* Based on this, it is expected to enhance
the NO;™-to-NHj; reduction performance of nonmetal catalysts
by constructing amorphous structures.

11640

Graphene is a typical two-dimensional (2D) carbon material
with sp? carbon atoms arranged in the form of honeycomb
lattice.”*® Methods including the Scotch tape method,*®
chemical vapor deposition (CVD),””*" liquid-phase exfolia-
tion,””*® and oxidation—reduction®"** have been developed to
produce graphene with traditional crystalline structures mainly
composed of six-membered rin%s. In 2014, the emergence of
laser-induced graphene (LIG)*™* demonstrated that tran-
sient laser irradiation could be a promising way to conveniently
construct an amorphous structure under ambient conditions.
Under the abrupt elevation of local temperature (>2500 °C)
caused by laser irradiation, covalent bonds in carbonaceous
precursors are broken and reorganized into graphitic forms,
accompanied by the released of gas molecules. Due to the
subsequent rapid cooling process, the LIG is frozen in a kinetic
state, featuring a unique ultrapolycrystalline structure with
abundant pentagons and heptagons rather than the conven-
tional hexagon lattice. Since the discovery, numerous synthetic
or naturally occurring 6polymeric materials have been employed
for LIG synthesis,”””°~>® The unusual amorphous lattice was
thought to contribute to high capacitance because of the high
density of defects and states near the Fermi level.*® In addition,
LIG has been widely applied in many applications such as
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water treatment,” disinfection, sensors, and electro-

catalysis,"*® owing to the facile synthesis and exotic
properties. Literature studies demonstrate that the structure
and compositions of LIG largely depend on the utilized
precursors.””*” However, it remains challenging to rationally
control the amorphous structure of LIG at the atomic level due
to the extreme conditions and fast kinetics of the lasing
process.

In this work, we report the first successful conversion of
small molecules into graphene (sm-LIG) with a tunable
amorphous/crystalline heterophase structure by infrared (IR)
laser irradiation under ambient conditions. Advanced imaging
and spectroscopy techniques reveal the distinct topological
structure of sm-LIG. Instead of the conventional hexagonal
lattice in graphene or the completely disordered structure in
conventional LIG, sm-LIGs contain honeycomb-like nano-
crystallites randomly embedded in disordered carbon poly-
gons. The domain sizes of the hexagonal lattice show a positive
correlation with the aromatic structure of the precursor
molecules. When the amorphicity-controlled sm-LIGs are
applied as metal-free catalysts for nitrate reduction, high
efficiency of direct eight-electron NO;™-to-NHj; conversion is
discovered. X-ray pair distribution functions (PDF) and
electron paramagnetic resonance (EPR) unravel the long-
range disordered local atomic environment and abundant
unpaired electrons in sm-LIGs, which correlate with the NO;™-
to-NHj activities. Further theoretical calculations suggest that
these lattice defects account for the activities.

B RESULTS AND DISCUSSION

The schematic illustration of the preparation process of sm-
LIG is demonstrated in Figure la. A series of polycyclic
aromatic dianhydride or quinone, namely 1,4,5,8-naphthalene-
tetracarboxylic dianhydride (NTCDA), 9,10-phenanthrenequi-
none (PQ), and 3,4,9,10-perylene-tetracarboxylic dianhydride
(PTCDA), are selected as precursors. These small molecules
were first mixed with polyvinylidene fluoride (PVDF) in N-
methyl pyrrolidone (NMP) suspensions and then blade coated
on aluminum foils to obtain uniform films. After that, the
precursor films were treated by IR laser directly to produce sm-
LIGs. Here, PVDF serves as the binder of small molecules, and
it has been demonstrated to be ablated rather than converted
into graphene after laser irradiation.’® Under ambient
conditions and using a computer-controlled IR laser,
NTCDA, PQ, and PTCDA can be readily converted into
sm-LIG with designed patterns (Figure S1). The sm-LIGs
prepared with the laser parameter of 10% power (6.0 W) and
10 pulses/dot were further characterized by Raman spectros-
copy, scanning electron microscopy (SEM), and transmission
electron microscopy (TEM). As shown in the SEM images
(Figure 1b, Figure S2a and c), sm-LIGs exhibit porous
structures made up of randomly stacked graphene sheets on
the microscale because of the rapid release of gaseous products
during the laser irradiation process, just like the previously
reported LIG.>> The 2D layered structure as well as typical
wrinkles and edges of graphene sheets can be clearly identified
in the TEM images (Figure 1c, Figure S2b and d). From the
Raman spectra (Figure 1d), three primary signals, i.e,, D band
at ~1350 cm™!, G band at ~1580 cm™!, and 2D band at
~2700 cm ™, are observed. The very presence of a G band and
2D band, which are induced by in-plane vibrations of sp*
carbon atoms and second-order zone-boundary phonons,***’
respectively, indicate the successful formation of a graphene

structure. According to the spectra, the I,p/I; of NTCDA-
LIG, PQ-LIG, and PTCDA-LIG are 0.62, 0.83 and 1.19,
respectively. The smaller I,/I; ratio of NTCDA-LIG suggests
that it contains thicker stacking than others.>>" The I/I of
NTCDA-LIG, PQ-LIG, and PTCDA-LIG are determined to
be 1.31, 1.23, and 1.15, respectively, which suggests a higher
graphitization degree of PTCDA-LIG.>”> The laser-induced
conversion process and the chemical structure of sm-LIGs are
further revealed by X-ray photoelectron spectroscopy (XPS).
The peaks at 284.0 and 530.0 eV in the survey spectra of sm-
LIGs and precursor molecules are attributed to the C 1s and O
1s (Figure 1f, Figures S3a and S4a), from which the C/O
atomic ratio was calculated and listed in Table S1. Compared
with precursor molecules, significant diminishment of O 1s
peaks for the sm-LIGs is exhibited; for example, the C/O ratio
was 3.71 for PTCDA and 8.08 for PTCDA-LIG, demonstrat-
ing massive removal of oxygen after laser irradiation. In
addition, the C/O ratio of these three sm-LIGs is essentially
the same, which suggests the resemblance of sm-LIGs in
chemical components. From the deconvoluted C 1s spectrum
shown in Figure 1g, the C Is signal of PTCDA primarily
consists of two peaks, assigned to the carbon in an aromatic
perylene core (284.8 V) and anhydride group (288.5 eV).>**
For PTCDA-LIG, the O—C=0 peak (289.5 eV) is dismissed
while the C—O (285.8 eV) and C=O0 (287.1 eV) peaks
emerge, which indicates the complete transformation of the
anhydride structure to other oxygen-containing functional
groups. Similar conclusions can be drawn from the XPS spectra
of NTCDA- and PQ-LIG and their precursor molecules
(Figures S3b and S4b).

The effect of laser parameters including power and pulse
density is systematically investigated with Raman spectroscopy.
By fixing the laser power at 3%, it is found that a threshold of
pulse density (10 pulses/dot for PQ, 7 pulses/dot for NTCDA
and PTCDA) should be reached for the successful formation
of sm-LIGs with a clear D band, G band, and 2D band (Figure
SSa, ¢, and e). When the pulse density is fixed at 10 pulses/dot,
the regular appearance of a 2D peak demonstrates that direct
laser scribing can readily transform these small molecules into
graphene-like structures within a wide range of laser powers
(Figure le, Figure SSb and d). Taking PTCDA as an example,
with the increase of laser power from 3% to 10%, the 2D band
exhibits an evident enhancement of intensity and narrowing of
full width at half-maximum (fwhm; Figure le), demonstrating
a reduced layer stacking thickness and improved quality of
graphene structures. Yet the further increase in power results in
a higher D band and lower 2D band, suggesting the
degradation of quality. Overall, when the laser power and
pulse density are set at 10% (6.0 W) and 10 pulses/dot,
respectively, the resulting sm-LIGs reach optimized qualities.
Thus, this parameter is chosen as the default setting for sm-
LIG preparation in this work unless otherwise specified.

In addition, the lasing atmosphere was further controlled to
explore the mechanism of the laser-induced conversion
process. Using PTCDA as the model molecule, it is found
that no high-quality graphene could be obtained under N,
regardless of the laser power (Figure S6a). Then, we
conducted the lasing process by finely tuning the atmosphere
0,/N, ratio for this molecule (Methods). When O, increases
from 0 to 20 vol%, the D peak decreases and the 2D peak
increases, indicating the improved quality of the graphene
structure. Yet when the O, concentration is higher than 30 vol
%, the graphene structure deteriorates (Figure S6b), due to the
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Figure 2. HRTEM images of (a) NTCDA-LIG and (c) PTCDA-LIG; scale bars, 2 nm. Enlargement of indicated area of (b) NTCDA-LIG and (d)
PTCDA-LIG; scale bars, 0.5 nm. The domains of six-membered rings are outlined. (e) EPR spectra of sm-LIGs and graphite reference. (f) Sheet

resistance of sm-LIGs. (g, h) PDFs of sm-LIGs and graphite reference.

vigorous oxidation reaction with excessive oxygen. These
results indicate the crucial role of oxygen in the formation and
quality optimization of sm-LIG. Gas products of the laser
irradiation process are further monitored by coupling an online
mass spectrometer (MS) with the lasing chamber (Figure S7a
and Methods). Purified air is utilized as the carrier gas as well
as the lasing environmental gas. As shown in the relative
content variation profile (Figure S7b), massive CO, is released
after the laser irradiation, and an obvious ascent of H,O is
detected simultaneously. The release of CO, and H,O
proposes that oxygen may play a role in assisting the
dehydrogenation and decarboxylation of the small molecules.
These reactions may generate carbon radicals to form carbon—
carbon bonds and integrate the aromatic rings into a larger
conjugated structure, thus they are conductive for graphene
formation. Based on the above speculation, another small
molecule, perylene, which possesses an identical aromatic ring
to that of PTCDA but without oxygenated groups (the
molecular structures are depicted in Figure S8), is selected to
prepare sm-LIG through the same process. Similarly, the
graphene structure formed after lasing in air, while no
graphene formed in N, (Figure S9). From the results of the
atmosphere-controlled experiment (Figure S10), the 2D band
starts to appear only when the O, concentration reaches 20 vol
% and then continues to grow up to an optimal O, content of
60 vol%. Further increasing the O, concentration to above 60
vol% will burn the perylene with no products left. Compared
with PTCDA, it can be concluded that higher O,
concentration is needed to prepare high-quality LIG from

perylene. The main reason is suggested to be that the
intramolecular carbonyl oxygen atoms of PTCDA can also
participate in the dehydrogenation and decarboxylation
process, as confirmed by the significant decrease of oxygen
contents after the formation of PTCDA-LIG (Figure 1f).

To delve into the topology, the nanostructures of sm-LIG
are further studied by high-resolution transmission electron
microscopy (HRTEM). As shown in the HRTEM images of
NTCDA-LIG (Figure 2a), PTCDA-LIG (Figure 2c), and PQ-
LIG (Figure S11a), carbon atoms are all arranged in a partially
ordered fashion to form graphene planes. To be precise, small
domains of six-membered rings are connected by non-six-
membered ring carbon (five-, seven-, and eight-membered
rings). This means that the sm-LIG features an intermediate
structure between amorphous and crystalline; both ordered
honeycomb-like crystallites and disordered amorphous regions
coexist within one graphene layer. For comparison, graphite
and polyimide-induced LIG (PI-LIG) were selected as a
reference. Distinctly, the carbon atoms in the graphite plane
are highly ordered, and the lattices are all comprised of regular
hexagons without bending or distortion (Figure S12), which
indicates the highly crystalline structure. In contrast, PI-LIG
exhibits an almost completely disordered structure; most of the
carbon atoms are in the form of pentagons and heptagons
(Figure S13), which is in accordance with the previous
report.”> The nanostructure difference is further revealed by
electron paramagnetic resonance (EPR) spectra. As shown in
Figure 2e, three sm-LIGs exhibit a characteristic symmetric
peak with g = 2.003, which is assigned to the free electrons
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Figure 3. (a) Electrochemical activity of NO;RR over HER. Solid lines are LSV curves of sm-LIGs in 1 M NaNO;, while dashed lines are LSV
curves in 1 M NaCl (scan rate: 10 mV s™'). (b) NH; FE and (c) NHj yield rate of sm-LIGs at different potentials. (d) 'H NMR spectra of
electrolytes after the NO;~ reduction using '“NO;~ and "NO;™ as a N source. (e) The NH; FE and yield rate calculated by 'H NMR and
indophenol blue method. (f) NO,™ FE of sm-LIGs at different potentials. (g) NH; FE and yield rate of NTCDA-LIG at —0.74 V vs RHE in
different cycles. (h) Comparison of the NH; FE and yield rate with reported electrocatalysts (see Table S3 for detailed references).

trapped by oxygen vacancies.”>*® The difference in peak
intensity could be attributed to the slightly different oxygen
content of the sm-LIGs. On the contrary, no EPR signal was
detected for the graphite reference. This result suggests more
lattice defects and unpaired electrons in the sm-LIG,””*® which
is consistent with the HRTEM characterization. The more
careful analysis of the atomic structure reveals that the
intermediate crystal structure of sm-LIGs appeared to be
correlated with the molecular structure of precursors (Figure
2b,d, Figure S11b). It could be observed that the crystallites in
PTCDA-LIG are larger than that in PQ- and NTCDA-LIG,
probably because of the larger pristine aromatic rings in the
PTCDA molecule. In addition, the crystalline size (L,) along
the a axis could be calculated according to the Raman results
(Figure 1d) through equation L, = (2.4 X 107'%) x 4* X (I5/
Ip,), where J, is the wavelength of the Raman laser (514 nm).>”
The Ip/Ig and corresponding L, value was determined to be
1.31 (12.79 nm), 1.23 (13.62 nm), and 1.15 (14.57 nm) for
NTCDA-, PQ-, and PTCDA-LIG, respectively, which is in
accordance with the HRTEM observation. Accordingly, the
sheet resistance shows a decreasing tendency with the increase
of the domain size of six-membered rings (Figure 2f). These
results further proved that the ratio of the crystallites and
amorphous region of sm-LIGs is affected and determined by
the aromatic structures of precursors. The underlying
mechanism can be speculated to be that the six-membered
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rings in sm-LIGs are mainly originated from the precursors,
while the polygons result from the rearrangement of atoms
under the high temperature induced by the laser.

In addition, pair distribution functions (PDFs) of sm-LIGs
and the graphite reference are evaluated to further study their
global atomic configuration information. As shown in Figure
2g, all of the samples exhibit nearly the same peak position,
with the nearest neighbor distances and next-nearest neighbor
distances of ~1.4 A and ~2.5 A, respectively, which accord
with the literature.">* Apparent subpeaks in the longer
interatomic-distance ranges of graphite indicate a typical
crystalline feature. Yet the weakening or broadening of these
peaks in sm-LIGs (Figure 2g) and PI-LIG (Figure S14)
represents a lower long-range order, which proves the presence
of amorphous structures. A closer look at the first peak
position (Figure 2h) shows that the bond distance of graphite
is 1.42 A, which shifted to a longer distance for sm-LIGs.
Among them, NTCDA-LIG shows an even longer bond
distance (1.44 A) than that of PTCDA-LIG (1.43 A) and PQ-
LIG (1.43 A), possibly due to the most abundant polygons as
confirmed by the HRTEM and Raman spectra. The
comparison between sm-LIGs and their corresponding
precursors is shown in Figure S15. The precursor molecules
only possess two prominent peaks corresponding to the
polycyclic aromatic rings, and the indistinguishable subpeaks at
longer distances indicate the total absence of long-range order.
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After laser irradiation, there emerge enhanced subpeaks,
indicating the formation of partially ordered structures. In
addition, the primary peaks locate at a longer distance for all of
the sm-LIGs (Figure S1Sb), suggesting different atomic
environments between sm-LIGs and small molecules.

The nitrate reduction reaction (NO;RR) catalyzed by these
three sm-LIGs was conducted in a homemade H-type cell. The
catalytic activity was first evaluated by the linear sweep
voltammetry (LSV) curves recorded in 1 M NaNO; (solid
lines in Figure 3a). Blank LSV curves were measured in 1 M
NaCl (dash lines in Figure 3a) for reference. For all of the sm-
LIG electrodes, the significantly higher current densities in the
presence of NO;™ indicate the occurrence of NO;™ reduction.
These three catalysts show a very close sharp onset at a
potential of —0.6 V vs a reversible hydrogen electrode (RHE).
Among them, NTCDA-LIG exhibits the highest current
density at different potentials from —0.65 V to —1.3 V s
RHE, suggesting better catalytic activity for NO;™ reduction.
Following NTCDA-LIG, the current density drops slightly for
PQ- and PTCDA-LIG. Furthermore, electrochemical impe-
dance spectroscopy (EIS) was recorded during the electro-
chemical test. These sm-LIG electrodes show similar internal
resistance (Rg), yet NTCDA-LIG demonstrates a smaller
Nyquist semicircle diameter (i.e., the charge-transfer resistan-
ces, R,) than the other two (Figure S16), also indicating faster
charge-transfer kinetics for the NO;™ reduction.

Next, Faradaic efficiency (FE) toward the target reduction
product (NH;) and the byproduct (NO,” and H,) are
calculated based on 1-h chronoamperometry tests at different
potentials (Figure S17). The concentrations of NH; and NO,~
in the postelectrolytes were quantified according to colori-
metric methods (see calibration curves in Figures S18 and 19).
The gas product H, was detected by an online gas
chromatograph equipped with a thermal conductivity detector.
According to the calculated FE (Figure 3b,f and Figure $20), it
is found that almost under each applied potential, NH; is the
dominant reduction product over NO,™. For all of the
catalysts, the NH; FE and vyield rate increase continuously
over the applied voltage. However, the NO,™ FE first increases
from —0.54 to —0.64 V vs RHE and then decreases. The total
FE toward NH; and NO,™ reaches 93—95% for these catalysts,
which suggests that the competitive hydrogen production is
brutally suppressed. Accordingly, the H, FE of the sm-LIGs is
relatively low, with the lowest value of only 0.5% at —0.74 V vs
RHE, 0.4% at —0.84 V vs RHE, and 0.7% at —0.74 V vs RHE
for NTCDA-, PQ- and PTCDA-LIG, respectively. By
comparing the NH; FE (Figure 3b) and yield rate (Figure
3c) at each given potential, it can be concluded that NTCDA-
LIG shows better NO;~ reduction performance especially at
higher potentials, reaching a maximum NH; FE of 83.7% and
yield rate of 2456.8 pug h™' cm™ at —0.94 V vs RHE. In
comparison, PQ-LIG and PTCDA-LIG demonstrate a slightly
lower NH, FE and a yield rate of 81.43% (2324.1 ugh™' cm™)
and 81.44%, (2214.5 pug h™" cm™) at —0.94 V vs RHE,
respectively. While the selectivity of NO,™ and H, is basically
in the reverse order. Almost under each applied potential,
PTCDA-LIG shows a higher NO,™ FE (Figure 3f) and yield
rate (Figure S21) as well as H, FE (Figure S20) than PQ-LIG,
then followed by NTCDA-LIG. In addition, the electro-
chemical active surface area (ECSA) of these three sm-LIGs
was evaluated by the electrochemical double layer capacitance
(Cq) method. Cyclic voltammetry (CV) curves under different
scan rates from 20 to 120 mV s™' were recorded (Figure S22),

from which the Cy4 were calculated to be 1.79, 3.11, and 3.80
mF ¢cm™ for NTCDA-, PQ-, and PTCDA-LIG, respectively.
The smaller Cy of NTCDA-LIG could be related to the thicker
stacking, as suggested by the smaller I,,/I ratio in the Raman
spectra (Figure 1d).”>" After normalized by ECSA, the LSV
curves and NH; yield rate of NTCDA-LIG exhibit more
obvious superiority than PQ-LIG and PTCDA-LIG (Figure
S$23), which further suggests its better intrinsic activity in the
direct NO; -to-NHj electroreduction.

To confirm the source of NH; and the accuracy of the
colorimetric method, isotopic labeling and quantitative nuclear
magnetic resonance (NMR; see calibration curve in Figure
S24) were performed. Only a triplet of "*NH, and a doublet of
SNH, in the 'H NMR spectrum can be observed in the 'H
NMR spectra when "*NO;~ and "NO; are used as the nitrate
source, respectively (Figure 3d), indicating that the produced
NH; do originated from the nitrate in the electrolyte.
Moreover, the NH; Faradaic efficiency and yield rate
calculated through the quantitative NMR method are in
good accordance with that by the colorimetric method (Figure
3e), which ensures the accuracy and reliability of the results.
We also analyzed the NH; FE and yield rate along with the
electrolysis time using NTCDA-LIG at —0.74 V vs RHE
(Figure S25). It is observed that the NH; FE and yield rate are
lower at the first 1S min, only reaching 66.7% and 449 ug h™'
cm™% With the extension of electrolysis time to more than 30
min, the NH; FE and yield rate gradually increased to ~80%
and 580 g h™' cm™ A similar phenomenon has been
reported, and it was suggested that the accumulated NO,™ in
electrolyte would suppress the desorption of *NO, and
promote the overall NO, -to-NH; reduction.”’

In combination with the topological structure of sm-LIGs,
the higher intrinsic activity of NTCDA-LIG in direct NO;™-to-
NHj; electroreduction may be ascribed to the most abundant
amorphous structures. Therefore, the performance was further
compared with pyrolytic graphite consisting of carbon atoms
arranged in regular hexagons. The Raman spectrum and TEM
image of pyrolytic graphite are shown in Figure S26. As
expected, the FE toward NO,™ is overwhelming compared to
that toward NH; under each potential (Figure S27). The
maximum NH; Faradaic efficiency and yield rate could only
reach 31.3% and 250.5 ug h™" cm™ at —0.94 V vs RHE, which
is close to the previously reported value.'” This result further
suggests the function of amorphous structure in promoting the
performance of direct NO; -to-NH; electroreduction. We
further compare the sm-LIGs to other nonlaser-induced
carbon materials, including commercially available carbon
black (CB; Vulcan XC-72R, Fuel Cell Store) and thermally
annealed NTCDA (NTCDA-annealed; Methods). Both
samples show broad D peaks and G peaks but negligible 2D
peaks in the Raman spectra (Figure S28), which are different
from those of sm-LIGs. Figure S29 shows the ammonia FEs
and vyield rate of CB and NTCDA-annealed. Both samples
show inferior performance compared to sm-LIGs, especially at
high overpotentials. The maximum NH; FE and yield rate of
CB is 51.0% and 636.2 ug h™' cm™, which is only 60% and
25% of that of NTCDA-LIG.

Additionally, we further investigate the defect effect on
nitrate reduction using a series of PTCDA-LIGs with different
Ip:Ig ratios prepared by altering the laser parameters
(Methods). These samples were denoted as PTCDA-LIG-
1.77, PTCDA-LIG-1.1S5, and PTCDA-LIG-0.54, the suffix in
which is the Iy/I; ratio (Figure S30). Among these three
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Figure 4. (a) Optimized structures of intermediates on the G-57 site. (b) Gibbs free energy diagrams of different intermediates over G-66, G-57,

and G-57/66 sites.

PTCDA-LIGs, PTCDA-LIG-1.15 exhibits the strongest
current density, suggesting the highest catalytic activity. The
NH; FE increases from 74.0% for PTCDA-LIG-0.54 to 80.0%
for PTCDA-LIG-1.15 and 82.9% for PTCDA-LIG-1.77.
Simultaneously, the NO,™ FE shows a decreased trend (Figure
S31). These results further indicate that defects or amorphous
structures benefit the direct NO; -to-NH; electroreduction
with improved selectivity. Nonetheless, the highest NH; yield
rate is reached by PTCDA-LIG-1.15 with the modest I/I;
because of the proper defect concentration, which provides
abundant active sites while maintaining the good conductivity.
The influence of oxygen content on the performance is also
considered. PQ-LIG was subjected to the post-treatment of
H,0, oxidation or thermal reduction (Methods), and the
resultant samples are noted as PQ-LIG-A and PQ-LIG-O,
respectively. The oxygen contents are measured to be 11.74%
for PQ-LIG, 6.43% for PQ-LIG-A, and 18.66% for PQ-LIG-O
by XPS (Table S2). As shown in Figure S32, compared with
original PQ-LIG, the current densities are smaller for both PQ-
LIG-A and PQ-LIG-O. With the increase of oxygen content,
the FE exhibits an evident uptrend toward NH; (from 76.6%
for PQ-LIG-A to 82.7% for PQ-LIG-O) and downward trend
toward NO,~ (from 8.9% for PQ-LIG-A to 4.5% for PQ-LIG-
O). The increased selectivity toward NH; suggests that higher
oxygen content might bring more defect sites and facilitate the
NO; -to-NHj; conversion. The excessive oxygen content will
lead to a decay of yield rate and current density, which may be
due to the destruction of conductive structures. Nonetheless,
NTCDA-, PQ-, and PTCDA-LIG possess very close oxygen
content (~11%), thus their performance difference should be
ascribed to the amorphicity variation.

To probe the durability of sm-LIGs, stability test was
performed on NTCDA-LIG at —0.74 V vs RHE for 14
consecutive electrolysis cycles, each with refreshed electrolyte
and lasting 30 min. The current density keeps relatively steady
at ~11 mA with a slight increase (Figure $33), which may be
attributed to the improved wettability of the catalyst. The NH;
FE and yield rate show negligible decay over the whole test,
implying favorable stability of the catalyst in NO;RR (Figure
3g). Figure 3h displays a comparison of the NH; FE and yield
rate between the sm-LIG electrodes with some previously
reported electrocatalysts. Notably, the nitrate reduction
performance of sm-LIGs is much better among metal-free
catalysts in terms of NH; FE and yield rate. Previously
reported nonmetal catalysts often reduce nitrate to N,, and the
NH; FE and yield are usually lower than 20% and 200 ug h™*
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em™2">7"* For metals, there are reported catalysts with high
current density and yield rate; for example, the Pd-doped TiO,
nanoarray delivers a NH; FE of 92.1% and a yield of 1122 ug
h™' cm™.” A FeOOH nanorod with intrinsic oxygen vacancy
gives a NH; FE and yield of 92% and 2419 ug h™" cm™2."!
Recently, Chen et al. demonstrated that Ru-dispersed Cu
nanowires can reach a high NH; FE of 93% and yield above
70000 pug h™' cm™ under an industrially relevant nitrate
reduction current.'’ By comprehensive comparison, in this
work, both high NH; FE and yield rate could be reached by
sm-LIGs, greatly outperforming reported nonmetal catalysts,
and are superior to some of the metal-containing catalysts,
which makes it a promising metal-free electrocatalyst in the
water pollution treatment and NH; green synthesis. It should
be noted that metallic catalysts tend to possess lower
overpotentials than nonmetals (Table S3), on account of the
stronger metal—adsorbate interactions. However, usually the
peak NH; FE and yield rate cannot be achieved simultaneously
by metal catalysts for the fact that the competitive HER will
dominate with the increase of the potential for some metals. In
comparison, sm-LIGs can maintain the high FE at a high
overpotential, which could be an advantage, considering that
the current density increases with potential. In addition, the
laser technology enables the direct writing of electrodes, which
will help the construction of smart agriculture system by
coupling with an ammonia sensing LIG electrode for the on-
site synthesis and detection of ammonia.

Besides, to delve into the mechanism of nitrate reduction
over a disordered carbon plane, density functional theory
(DFT) calculations were employed (Methods). The electro-
chemical reduction of NO;™ into NH; could be divided into a
series of elementary deoxidation and hydrogenation reactions
(*NO; - *NO, - *NOOH - *NO - *NOH - *N - *NH - *NH,
- NH;).”°" Based on the characterization results, a model of
graphene consisting of six-membered ring domains and
amorphous domains is established. The corresponding Gibbs
free energy of each reaction intermediate is calculated over the
sites that were crystalline (G-66) and amorphous (G-57) and
the boundary of these two domains (G-57/66). The optimized
structures of intermediates on these three sites are displayed in
Figure 4a and Figures S34 and S35. As shown in the Gibbs free
energy diagrams in Figure 4b, NO;™ ions are first adsorbed on
the surface of graphene to form *NOj; with a free energy uphill
on all sites. G-57 shows a significantly lower energy barrier of
1.17 eV than those of G-66 and G-57/66, which are 2.49 and
2.18 eV, respectively. This result indicates that the G-57 site is
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more favorable for NO;~ adsorption. Then, the step-by-step
split of *NOj; to form *N and the subsequent hydrogenation
of *N to *NH over G-57 is entirely spontaneous. After that,
from *NH to *NH, and *NH, to NHj;, the free energy
increased by 0.44 and 1.07 eV, respectively. As for G-66 and G-
57/66, there exist AG uphill from *NOOH to *NO and
further to *NOH, totally 0.65 eV for G-66 and 1.17 eV for G-
57/66, which will impede the subsequent reactions and
increase the yield of NO,™. On the basis of the above analysis,
the rate-limiting steps for these three sites are all the
adsorption of NO;~, and G-57 demonstrates the lowest energy
barrier. The relatively favorable NO;™ adsorption of G-57
highlights the significant role of topological defects in initiating
the nitrate reduction.

B CONCLUSIONS

We have achieved the direct conversion of small aromatic
molecules into graphene via a facile laser irradiation method
under ambient conditions. Atomic electron microscopy and X-
ray PDFs reveal the unique intermediate crystalline structure of
sm-LIG, which fills the gap between single-crystalline graphene
and amorphous carbon. This intermediate crystalline LIG
structure can be controlled by selecting precursors of different
aromaticities, resulting in a tunable size of six-membered ring
domains and polygonal regions. Benefiting from the most
defective structures, the highest NH; FE (83.7%) and yield
rate (2456.8 pug h™' cm™) could be reached when using
NTCDA-LIG as the electrode in electrochemical nitrate
reduction applications. This work provides insight into the
controllable synthesis of unconventional amorphous graphene
structures and could be instructive for the design and synthesis
of high-efficiency nonmetal electrocatalysts.

B METHODS

Materials and Chemicals. NTCDA, PTCDA, PQ,
perylene, salicylic acid, benzoic acid, sodium citrate
(C¢H;O,Na;), and sodium nitroferricyanide dihydrate
(CsFeNgNa,0-2H,0) were supplied by Aladdin Reagent
Ltd. PVDF, NMP, sulfanilamide, phosphoric acid (H;PO,,
85 wt%), and N-(1-naphthyl) ethylenediamine dihydrochlor-
ide were purchased from J&K Scientific Ltd. Sodium
hypochlorite standard solution (NaClO, 0.1 M), hydrogen
peroxide (H,0,, 30 wt%), and sodium hydroxide (NaOH)
were bought from Macklin Biochemical Technology Ltd.
Sodium nitrate (NaNO;), sodium nitrate (NaNO,), and
ammonium chloride (NH,Cl) were provided by Sigma-
Aldrich. Pyrolytic graphite powder was purchased from
Nanjing XFNANO Materials Tech Co., Ltd. All chemicals
and reagents were used as received unless otherwise specified.
Deionized (DI) water used was obtained from Milli-Q Plus
System.

Fabrication of sm-LIGs. First, PVDF was dissolved in
NMP at room temperature to obtain PVDF/NMP solution
with different concentrations (3, 4, 6 wt%), to which a certain
amount of small molecules were added (NTCDA and PQ to 4
wt% solution, PTCDA, and perylene to 3 wt% solution,
respectively). Different concentrations were aimed at ensuring
an appropriate viscosity of the mixture for subsequent blade
coating, while the mass ratio of PVDF and small molecule was
always constant at 1:4. The mixtures were magnetically stirred
for 24 h to form uniform suspensions and then bladed into thin
films on aluminum foils (the coating thickness was set as 250

um) followed by 12 h of drying at 80 °C. Laser ablation was
conducted on a 10.6 pum CO, laser marking machine
(Minsheng Laser #MSDB-FM60 CO, Laser Marker, 60 W)
with a beam size of ~120 pm, and the laser frequency, speed,
and line space were set as 10 kHz, 1000 mm s~', and 0.03 mm,
respectively. The laser power and pulse density were varied
from 3% to 14% (i.e., 1.8 to 8.4 W) and S to 14 pulses/dot,
respectively. The as-prepared LIG was denoted as precursor-
LIG. PTCDA-LIG with a higher Ij,/I; was prepared using 3%
power and 10 pulses/dot. Lower Iy/I; PTCDA-LIG was
fabricated by two lasing scans with 3% power and S pulses/dot.
Except for Raman spectroscopy and SEM observation, sm-
LIGs were scraped off, washed (NTCDA- and PQ-LIG by
NMP, ethanol and DI water, PTCDA-LIG by 1 M KOH and
DI water), and dried at 80 °C for further use. PQ-LIG-A was
obtained by thermal annealing of PQ-LIG at 750 °C for 2 h in
an Ar atmosphere. PQ-LIG-O was prepared by dispersing PQ-
LIG in 30 wt% H,0, (0.1 mg/mL) followed by 1 h of
sonication and 3 h of agitating at 60 °C. For comparison,
NTCDA/PVDF mixed powder (mass ratio 1:4) was annealed
at 800 °C for 2 h in an Ar atmosphere for prepared nonlaser-
induced samples.

Characterization. Raman spectra were collected on a
LabRAM HR800 Laser Confocal Micro-Raman Spectrometer
with an excitation wavelength of 514 nm. SEM micrographs
were obtained using a QUATTRO S scanning electron
microscope with an operating voltage of 10 kV. TEM images
were taken using a FEI/Philips Tecnai 12 BioTWIN
transmission electron microscope with an acceleration voltage
of 120 kV. HRTEM images were recorded using a Themis Z
microscope operated at 200 kV. XPS and EPR data were
measured using a PHI Quantera SXM scanning X-ray
microprobe and an X-band Bruker A300 spectrometer under
ambient conditions. Sheet resistance was measured with an
HMS-5300 Hall effect measurement system. The PDFs were
extracted from high energy synchrotron X-ray total scattering
by direct Fourier transform of a reduced structure function
(F(Q), up to Q =~ 24.7 A) using the 11-ID-C beamline at the
Advanced Photon Source (APS) of Argonne National
Laboratory (X-ray wavelength 0.1173 A). For each sample,
the powder was loaded into a 2 mm capillary with data
acquisition time of 15 min. The background scattering from
the empty capillary was extracted. G(r) functions, G(r) =
4zr(p(r) — pol, where p(r) and p, are the local and average
atomic number densities, were computed with PDFgetX3
software.

Controlled Atmosphere Lasing and Online Analysis
of Gas Products. A closed steel chamber with a ZnSe window
on top was used to provide specific lasing atmospheres.
Different O, concentrations were realized by mixing O, and N,
with controlled flow rates. Analysis of gas products was
conducted using the controlled atmosphere chamber coupled
to a Hiden Analytical mass spectrometer. There are two routes
jointed by T-junctions between the carrier gas source and the
MS, either passing through (route 1) or in parallel to (route 2)
the chamber. In a typical testing process, at the beginning, both
routes 1 and 2 were unblocked to let the carrier gas fully fill the
system for 20 min. Then, the T-junction was switched to close
route 1 and laser scribing conducted in the sealed chamber.
After the lasing process and cooling down for 20 min, the gas
route was switched from route 2 to route 1 so that the gas
products in the chamber could be detected by MS. Here, clean
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air was used as the carrier gas for PTCDA lasing, and the gas
velocity was kept stable at 20 sccm.

Electrochemical Test. For the preparation of the working
electrode, 10 mg of as prepared sm-LIG powder or as received
pyrolytic graphite powder was dispersed in 1000 uL of 5 wt%
Nafion solution (Sigma-Aldrich, Nafion 117) by 1 h ultra-
sonication to form uniform ink. Commercially available A4
printing paper was coated with a layer of Au using a BAL-TEC
SCD 050 Sputter Coater (current: 60 mA, sputter time: 120 s)
and then cut into discs with a diameter of 17 mm.
Subsequently, 100 uL of the ink was drop-casted on the Au
coated discs and dried naturally overnight. The catalyst loading
was calculated to be 0.44 mg cm™. Electrochemical nitrate
reduction was carried out in a homemade H-type cell using a
CHIGSOE electrochemical workstation. Three-electrode con-
figuration was adopted, consisting of a sm-LIG working
electrode, a Ag/AgCl reference electrode, and a platinum (Pt)
foil counter electrode. The effective working area of both
working and counter electrodes was 1 cm’. Nafion-117
membrane was assembled to separate the cathode and anode
compartments, and each compartment was added with 1.75
mL of 1 M NaNOj; aqueous solution as an electrolyte. The
calibration of the reference electrode was carried out according
to the previously reported method.®®* All applied potentials
were converted to the RHE scale via the following equation:
E(vs RHE) = E(vs Ag/AgCl) + 0.0592 pH + 0.250 V. The
resistance between the reference and working electrode was
measured by EIS by applying an AC voltage in the frequency
range between 1000 kHz and 0.1 Hz at a potential of 0.06 V vs
RHE and manually compensated. LSV curves were collected at
a scan rate of 10 mV s™! from +0.66 V to —1.34 V vs RHE, and
chronoamperometry tests were performed at —0.54, —0.64,
—0.74, —0.84, and —0.94 V vs RHE for each sample for 1 h
duration. All of the electrochemical nitrate reduction tests were
repeated three times to ensure reliability.

Quantification of Products and Calculation of FE.
During the chronoamperometry test, high purity Ar was
bubbled into the cathode chamber as a carrier gas at a flow rate
of § sccm. The produced H, was quantified by an online gas
chromatograph (Ruimin GC 2060, Shanghai) equipped with a
thermal conductivity detector. The FE of H, was calculated
using the following equation:

Qy,
FEy (%) = X 100%

total

v Vit
(605/min) X [22400cm3] X N X F

mol

= X 100%
j
where v is the carrier gas flow rate (S sccm), N is the number
of electrons needed to form a molecule of H, (2¢7), F is the
Faraday constant (96485 C mol™'), and j is the recorded
current density.

After each chronoamperometry test, the electrolytes were
collected for liquid product detection. The main products,
HN,; and nitrite NO,~, were quantitativelzr analyzed using
colorimetric methods reported elsewhere®*®” using a Shimad-
zu-UV1700 spectrometer. The indophenol blue method and
Griess test were applied for the detection of HN; and NO,~,
respectively. For the determination of HNj, reagent A (1 M
NaOH solution containing S wt% salicylic acid and 5 wt%
sodium citrate) and reagent B (mixture of S mL of 0.0S M

NaClO solution and 1 mL of 1 wt% CsFeN¢Na,O solution)
were freshly prepared as the chromogenic indicator. 200 yL of
electrolyte was mixed with 200 L of reagent A and 100 yL of
reagent B. After 1 h, the absorption spectra were measured by
adding 0.4 mL of the above mixture with 2.6 mL of H,O. The
absorbance at 4 = 650 nm was used to calculate the NH,
concentration. To determine NO,”, Griess reagent was
prepared by dissolving 0.1 g of N-(1-naphthyl) ethylenedi-
amine dihydrochloride, 1.0 g of sulfonamide, and 2.94 mL of
H,PO, (85 wt%) in S0 mL of H,0. 500 uL of electrolyte was
mixed with 1 mL of water followed by the addition of 500 uL
of Griess reagent. After 10 min, the absorption spectra were
measured by adding 1.0 mL of the above mixture with 2.0 mL
of H,0. The absorbance at 4 = 540 nm was used to calculate
the NO,™ concentration. The calibration curves were obtained
through the same operation using a series of NH,CI and
NaNOQO, standard solutions with known concentrations. In
some cases, the electrolyte was diluted to ensure that the
measured concentration was in the range of calibration curves.
FE was calculated via the following equation:

Q roduc CXVXNXF
P%“XIOO%z—

total total

FE (%) = X 100%

where C is the detected concentration of NH; or NO,™ in the
electrolyte, V'is the volume of the electrolyte, N is the electrons
needed to form a molecule of NH; (8e™) or NO,™ (3e7), and
Qotal is the total charge transferred during the chronoamper-
ometry test.

NMR and Isotopic Labeling Experiment. The concen-
tration of NH; was also confirmed by a quantitative NMR
method using benzoic acid as the interior label. The NMR
spectra were collected by a Bruker AVANCE III 300 MHz
spectrometer. To clarify the N-source of produced NH;, 0.1 M
Na®NO; (99 atom%) solution was used as an electrolyte
instead of Na'*NO,, and the signal of the postelectrolyte was
measured using a Bruker Ascend AVANCE III 600 MHz
spectrometer.

Theoretical Calculation. Spin-polarized DFT calculations
were performed using the plane-wave basis Vienna ab initio
simulation package (VASP) code.®®” The generalized
gradient approximation in the Perdew—Burke—Ernzerhof
(GGA-PBE) formulation was used with a kinetic energy cutoff
of 600 eV. The Gibbs free energy (AG) is calculated using the
computational hydrogen electrode (CHE) approach and
defined as®®®’

G = AE, + AZPE — TAS

where AEy is the reaction energy, AZPE denotes the changes
of zero-point energy, and TAS denotes the entropy of a
species. The reaction energy was calculated as

AEb =E, —E - Eadsorbate

tot molecular

where E.y, E oecuar a0d Egeomae are the total energy of
molecular with adsorbate, the energy of clean molecular, and
the energy of adsorbate in the gas phase, respectively.
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