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Tin (1) Chloride Salt Melts as Non-Innocent Solvents for the
Synthesis of Low-Temperature Nanoporous Oxo-Carbons
for Nitrate Electrochemical Hydrogenation
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-

and Mateusz Odziomek™*

Carbonaceous electrocatalysts offer advantages over metal-based
counterparts, being cost-effective, sustainable, and electrochemically stable.
Their high surface area increases reaction kinetics, making them valuable for
environmental applications involving contaminant removal. However, their
rational synthesis is challenging due to the applied high temperatures and
activation steps, leading to disordered materials with limited control over
doping. Here, a new synthetic pathway using carbon oxide precursors

and tin chloride as a p-block metal salt melt is presented. As a resuilt, highly
porous oxygen-rich carbon sheets (with a surface area of 1600 m? g=') are
obtained at relatively low temperatures (400 °C). Mechanistic studies reveal
that Sn(ll) triggers reductive deoxygenation and concomitant
condensation/cross-linking, facilitated by the Sn(ll) — Sn(IV) transition.
Due to their significant surface area and oxygen doping, these materials
demonstrate exceptional electrocatalytic activity in the nitrate-to-ammonia
conversion, with an ammonia yield rate of 221 mmol g=! h~" and a Faradic
efficiency of 93%. These results surpass those of other carbon-based

electrocatalysts. In situ Raman studies reveal that the reaction occurs through

electrochemical hydrogenation, where active hydrogen is provided by water
reduction. This work contributes to the development of carbonaceous
electrocatalysts with enhanced performance for sustainable environmental
applications.

traditional nomenclature for such carbons
is “activated carbons,” a term derived
from the top-down chemical etching-based
preparation method.’] However, this
methodology lacks control over structural
and microstructural properties, leading to
limited pore size, loss of mass yield, and
corrosion of the original functionality by the
activation process. Alternatively, bottom-up
approaches rely on the condensation-
aromatization of organic molecules or
polymers forming a carbonaceous network
with predefined structural motifs.[® In that
case, the most flexible strategy to introduce
nanopores is salt melt templating.”:8]

The salt melts provide a highly po-
lar liquid medium for condensation and
aromatization of organic species at tem-
peratures too high for conventional lig-
uid solvents. At the same time, they act
as structure-directing or templating agents,
enabling tuning the pore size distribution
in a broader range (micro-, meso-, and
macropores).[8111 The most frequently used
salts are inert alkali chlorides, which mostly
provide a liquid medium for the carbon
formation process.”l Fechler et al. used
ZnCl, in a eutectic mixture with alkali

1. Introduction

Nanoporous carbons have come a long way from “simple” sor-
bents to key materials in energy storage and conversion."* The

chlorides, reaching much lower melting points compared to the
standard alkali chloride salt melt synthesis (i.e., T,, ZnCl,:NaCl:
270 °C). In addition, Zn cations acted as efficient Lewis acid cat-
alysts, accelerating condensation and dehydration reactions.!'?]
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Antonietti et al introduced the reactive salt melts, which con-
tained reactive oxidants, like nitrates, adding the activation
effect.3] The list of utilized salt melts for carbon synthesis ap-
pears mostly limited to s-block metals chlorides and ZnCl, repre-
senting d-block metals. The empty d-orbitals of transition metals
interact with lone pairs and catalyze the thermal condensation of
small organic molecules.*l Although p-block metals have been
recognized as valuable catalysts, > they remain unexplored as
salt melts in carbon synthesis. Notably, DFT calculations show
that the interaction of p-block metals with the lone p-orbitals of
O or N facilitates the electron transfer between them.*”]

Herein, we introduce SnCl,, p-block metal chloride, as a non-
innocent salt melt medium to synthesize nanoporous carbons. It
has a very low melting point (180 °C, in a eutectic mixture with
KCl), exhibits catalytic activity for organic transformations (ester-
ification, allylation, and propargylation reactions),!'®2% and acts
as both Lewis acid (empty p-orbital) and Lewis base (free elec-
tron pair on another p-orbital). Red carbon (RC), an oligomer of
chemical composition (C;0,),,, was selected as the model carbon
precursor.2!l The high affinity of tin for oxygen and its ability to
undergo redox reaction from 2+ to 4+, cause a remarkable effect
on the condensation-aromatization process and porosity devel-
opment. Already at 300 °C, a highly porous oxocarbon structure
(658 m? g~!) emerged, reaching a value of 1600 m? g=! at 400 °C,
which was stable at least to 800 °C.

The fabricated porous carbonaceous materials catalyzed the
metal-free nitrate electroreduction to ammonia with a high yield
rate of 221 mmol h~! g™', high Faradaic efficiency (FE) of 93.4%,
well overpassing other carbon catalysts, even some carbon-
supported metal catalysts.?223] The detailed investigation unrav-
els the role of oxygen functionalities and conductive carbona-
ceous framework in efficient binding of nitrate ions through hy-
drogen bonding, which is reflected by high nitrate adsorption ca-
pacity. The resulting preconcentration on the oxocarbon surface
allows for efficient nitrate removal even from low-concentration
solution, and in consequence, effective removal of nitrates. In
situ Raman analysis revealed the mechanism that the nitrate re-
duction occurs through electrochemical hydrogenation, a mech-
anism up to now typical for metal-based catalysts.?*2°] There-
fore, the obtained oxocarbons are promising catalysts for water
purification from nitrate contaminants without the danger of cor-
rosion and dissolution of metal electrodes contributing to water
contamination,?’ and bringing nitrate back to the nitrogen cy-
cle, mitigating the necessity for ammonia production through
energy-intensive Haber-Bosh process.[??]

2. Results and Discussions

2.1. The Effect of SnCl, /KCI Salt Melt

RC is an oligomeric, semiconducting material derived from car-
bon suboxide monomer, with empirical formula (C;0,),. Its
rigid structure features a polyacetylene chain backbone flanked
by —OC(O)— groups (Figure 1a). This conjugated planar struc-
ture and the absence of structure terminating and inactive C—H
bonds are attractive for synthesizing carbonaceous materials at
milder conditions.2*%] In order to minimize the temperature re-
quired for thermal condensation and the formation of a rigid,
more organized carbon network, RC was thermally treated in
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SnCl, /KCl salt melt (SnK) as its melting point is lower than the
onset of RC decomposition and cross-linking (Figure S1, Sup-
porting Information). In addition, Sn(II) can act as both Lewis
acid and base providing specific interaction between the p-block
metal and the oxygen atoms in RC.['>1] For comparison, the RC
was also thermally treated in typical salt melts such as ZnCl, /KCI
(ZnK) and LiCl/KCl (LiK). In each case, the RC was thoroughly
ground with the eutectic mixtures, heated in the oven under an
N, atmosphere at different temperatures, and repeatedly washed
with 1 M HCl (Figure 1a). The obtained samples were named RC-
MK-T (M is salt: Sn, Zn, Li; Tis the thermal treatment tempera-
ture). The properties of the materials obtained at 400 and 600 °C
are depicted in Figure 1 and Figures S2-S8, Supporting Informa-
tion, and summarized in Table S1, Supporting Information.

Undoubtedly, SnK salt melt has the most significant impact
on the thermal condensation process of RC. Already at 400 °C,
the obtained material contains 79 wt% of carbon atoms (describ-
ing the extent of condensation-aromatization), more than those
obtained in LiK and ZnK salt melts (68 and 73 wt%, respectively)
(Figure 1b). At the same time, RC-SnK-400 had the largest synthe-
sis yield of 44% compared to 42% and 36% obtained for RC-LiK-
400 and RC-ZnK-400, respectively (Table S1, Supporting Infor-
mation). The higher carbon content indicates that condensation
occurs at a lower temperature in SnK than in other salt melts.
Although one could expect higher reaction rates in the presence
of Zn?*, a strong Lewis acid, it is Sn** that shows higher catalytic
activity. We discuss that in the following parts of the manuscript.

X-ray diffraction (XRD) patterns of the samples calcined at
400 °C showed no crystalline features, thus demonstrating the
loss of the translational order of the initial oligomeric precursor
(Figure S2, Supporting Information). However, scanning elec-
tron microscopy (SEM) image of RC-SnK-400 revealed the for-
mation of large 2D sheets at 400 °C (Figure 1c). They were made
solely of carbon and oxygen, as confirmed by energy-dispersive
X-ray (EDX) mapping (Figure 1d). Contrarily, RC-LiK-400 and
RC-ZnK-400 consisted of irregular particles (Figure S3, Support-
ing Information). The enhanced SnCl,-assisted condensation of
RC also led to an unexpectedly high specific surface area (SSA)
of 1600 m? g~! at temperatures as low as 400 °C, determined
by Brunauer-Emmett-Teller (BET) analysis from N, sorption
isotherms at 77 K (Figure 1d). In contrast, RC-ZnK-400 devel-
oped only 600 m? g~!, while RC-LiK-400 had a minor influence
on SSA compared to RC calcined without salt melt (Figure S4,
Supporting Information). The pore size distribution calculated by
quenched solid density functional theory (QSDFT) showed that
the major pore contribution of RC-SnK-400 is centered around
2.2nm. Moreover, the calcination at higher temperatures (600 °C)
did not cause dramatic changes in the crystallinity, morphology,
and surface areas (1558, 656, and 523 m? g=! for RC-SnK-600,
RC-ZnK-600, and RC-LiK-600) (Figures S5-S7, Supporting Infor-
mation).

The results show that Sn(II) ions have the most substantial im-
pact on condensation. Sn(II) can behave as both Lewis base (be-
cause of free electrons at 6sp?), and Lewis acid owing to available
free p orbitals. Despite the absence of empty d-orbitals, Sn(II)
promotes the reductive deoxygenation process, primarily due to
the strong interaction between tin and oxygen.[] The hard-soft
acid-base (HSAB) theory is commonly employed to qualitatively
compare the strength of acid-base interactions. While oxygen
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Figure 1. The thermal condensation of RC in different salt melts. a) Scheme of the synthesis process by salt melt method; b) Chemical composi-
tion obtained from elemental chemical analysis; c) SEM image and EDX mapping of carbon (orange) and oxygen (blue) atoms in RC-SnK-400; d) N,
adsorption—desorption isotherms at 77 K of RC-SnK-400, RC-LiK-400, and RC-ZnK-400 (inset: corresponding pore-size distributions calculated by QSDFT

model from adsorption branch).

atoms are considered hard bases, both Zn** and Sn®* are clas-
sified as borderline Lewis acids pointing at a little difference in
the view of HSAB theory.3!l However, Kepp!*?l demonstrated that
oxophilicity (the ability to bind to oxygen and remove it from
other elements) is not firmly correlated to the hardness of an
element. Through calculations of relative oxophilicity based on
M—O bond enthalpies, he revealed that Sn exhibits twice the ox-
ophilicity of Zn. The enhanced binding of Sn to O accounts for
the increased condensation, lower oxygen content in the final
materials, and consequently, a higher surface area. Despite lack-
ing empty d-orbitals, Sn(Il) favors the reductive deoxygenation
process resulting from the strong interaction between tin and

oxygen.

2.2. The Mechanism of Cross-Linking and Pore Formation

To investigate the role of Sn(II) ions in the formation of RC-
derived oxocarbons, we followed the condensation process by ex
situ XRD and Fourier-transform infrared (FTIR) spectroscopy
analyses. In order not to saturate the XRD and FTIR signals
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with an excess of SnCl, and KCl (which act as a mere “spec-
tator” solvent component in the process), RC and SnCl, were
mixed in a weight ratio of 1:1. The mixture was ground manu-
ally, heat-treated for 2 h under nitrogen at different temperatures
(100, 200, and 300 °C), and analyzed without further purification.
Figure 2a,b depicts the XRD patterns and the FTIR spectra of
RC-SnCl, mixtures before and after calcination at the indicated
temperatures. Additionally, the spectra are compared to those of
SnCl, alone and SnCl, heat-treated at 200 °C under an N, atmo-
sphere (SnCl,-200).

The as-utilized SnCl, was a sesquihydrate, as all peaks
matched the SnCl,e1.5 H,O phase (JCPDS 04-016-0301). The
XRD pattern of the ground mixture (RC-SnCl,) differed from
the patterns of the initial individual components. As SnCl, is
a hygroscopic compound, the observed XRD patterns are com-
plex and could correspond to tin chloride at various hydration
levels.[**] The RC peaks vanished due to a reaction with SnCl,
or a much stronger scattering cross-section of Sn atoms than C
atoms. Some peaks could be assigned to anhydrous (JCPDS 04-
007-3801) and hydrous (JCPDS 04-016-0301) SnCl,, as shown in
Figure 2a. The rest of the peaks remain unknown, suggesting
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Figure 2. The Sn(ll) effect during thermal condensation. a) XRD patterns and b) FTIR spectra of RC-SnCl,, RC-SnCl,-100, RC-SnCl,-200, RC-SnCl,-300,
and RC-SnCl,-400 (with SnCl, and SnCl,-200 for comparison); c) The schematic picture of pore formation mechanism.

a possible mechanochemical reaction between both species al-
ready during the grinding process.

After heat treatment at 100 °C, a different set of peaks ap-
peared, likely due to the dehydration of the as-received SnCl,.
Unfortunately, at this temperature, we were unable to unambigu-
ously assign these peaks. A stable phase emerged at 200 °C, and
its XRD peaks increased in intensity at 300 °C, displaying the
characteristic pattern of the tetragonal SnO, phase (JCPDS 00-
021-1250). The relatively broad peaks indicate the formation of
SnO, nanoparticles. When heating as-utilized SnCl, at 200 °C
(SnCl,-200) in a blank experiment, the pattern typical of dehy-
drated SnCl, (JCPDS 04-007-3801) was observed without form-
ing oxide phases. This suggests that the O atoms in SnO, orig-
inate solely from RC. In other words, Sn(II) first binds (likely
during the grinding step) and intercepts O atoms from RC upon
mild heating. This process involves the oxidation of Sn(Il) to
Sn(IV) and the simultaneous reduction of C atoms, which occurs
through cross-linking neighboring RC ribbons. This redox reac-
tion appears to be the key factor facilitating network formation,
particularly when compared to Zn ions.

The FTIR analysis, performed similarly, is more sensitive to-
ward the chemical evolution of RC but stays in full agreement
with XRD analysis (Figure 2b). The grinding of both components
does not destroy the RC, as the FTIR spectra have the same peak
structure before and after grinding with SnCl, (Figure S8, Sup-
porting Information). As grinding with SnCl, influences the crys-
tallographic structure of RC but not the vibration structure of
chemical bonds, we speculate that SnCl, intercalates between the
RC ribbons. The chemical structure does not change upon heat-
ing to 100 °C, butat 200 °C the C=0 bond centered at ~1740 cm ™
disappears, accompanied by the cross-linking of the ribbons.
Concomitantly, a peak at 610 cm™ corresponding to the
Sn—O—Sn bond appears, confirming the formation of SnO, at
the expense of C=0 bonds already at 200 °C (Figure 2b).
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In summary, the interaction between RC and SnCl, takes place
already during the grinding stage. The crystallographic structure
of RC is disrupted while the chemical structure remains intact.
This implies that SnCl, intercalates between RC ribbons, which
may account for the appearance of unidentified XRD peaks.
Upon thermal treatment, tin atoms from SnCl, intercept oxygen
atoms from RC forming SnO, nanoparticles and forcing cross-
linking between RC ribbons. At the same time, formed SnO,
nanoparticles act as in situ-formed hard templates, contributing
to the stabilization of uniform pores. SnO, nanoparticles were
observed by transmission electron microscopy (TEM), and their
size of about 2 nm (Figure S9, Supporting Information) corre-
sponds well to the pore size distribution measured by nitrogen
sorption. Figure 2c illustrates the pore formation mechanism.
Such pore formation mechanism explains the stability of pore
structure (pore size, SSA, etc.) upon further heat treatment at
higher temperatures, as presented in the next section.

2.3. The Influence of Temperature on Properties of Derived
Carbons

In the next step, RC was further condensed in SnK at tem-
peratures between 300 and 800 °C, then acid-washed to probe
the effect of the temperature on the properties of derived ma-
terials (Table S2, Supporting Information). Each sample con-
tained residual Sn below 0.2 wt% after acid washing, significantly
lower than the residual Zn content reported in Zn-based salt
melt synthesis.?*l A stable carbon-oxygen framework forms al-
ready at a temperature as low as 300 °C, as evidenced by form-
ing a porous network with SSA of 658 m? g~! measured by N,
sorption (Figure 3a). However, structural ripening of the porous
network was still possible. Interestingly, the isotherms for sam-
ples calcined between 400 and 800 °C remained nearly identical,
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Figure 3. The influence of condensation temperature on carbon properties. a) N, adsorption—desorption isotherms at 77 K (inset: corresponding pore-
size distributions calculated by QSDFT model from adsorption branch), b) elemental composition determined by ECA, and c) FTIR spectra of RC, RC-
Snk-300, RC-SnK-400, RC-SnK-600, and RC-SnK-800; d) 13C NMR spectra of RC-SnK-400, and 800; ) Deconvoluted C1s XPS spectra, and f) deconvoluted
O1s XPS spectra of RC-SnK-300, RC-SnK-400, RC-SnK-600, and RC-SnK-800; g) HRTEM images of RC-SnK-400, RC-SnK-600, and RC-SnK-800.

exhibiting the SSA of #1600 m* g~! and a rather narrow pore size
distribution with an average pore size of 2.2 nm. In addition, the
CO, sorption isotherms at 273 K suggest the presence of narrow
micropores (Figure S10, Supporting Information). Similarly, to
N, sorption isotherms at 77 K, CO, isotherms are very similar
between RC-SnK-400 and RC-SnK-800 (about 5 mmol g~* of total
uptake), confirming their equivalent porosity. This observation is
noteworthy, as the structure and microstructure of carbonaceous
materials typically evolve together at higher temperatures.[**! In
this case, the mesostructure matured without modifying the mi-
crostructure.
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The stability of the pore structure is surprising since the ma-
terials undergo significant chemical changes in this temperature
range as reflected by the yield of the process (43.5% at 400 °C
and 31.3% at 800 °C) and the chemical composition determined
by elemental chemical analysis(ECA) (Figure 3b and Table S2,
Supporting Information). RC-SnK-400 possesses 79 wt% of C
and 18 wt% of O, while for RC-SnK-800, it is 93 and 6 wt%,
respectively. The composition and mass changes are associated
with the loss of oxygen functional group. Figure 3c displays the
FTIR spectra of each sample correlated with the spectrum of
the RC precursor. The broad character of the bands is a sign
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of highly conjugated structures. The initially strong band from
lactone, centered at 1740 cm™!, vanished at 400 °C, pointing to
the loss of carbonic ester groups. At the same time, the bands
in the range of 12001000 cm™! characteristic of C—O merged
into one broadband indicative of C—O functionalities such as
C—OH and C—0—C conjugated with aromatic domains. Another
visible band at 400 °C is the one at 1587 cm™ originating from
C=C stretching. The bands disappear upon heating to 600 and
800 °C, demonstrating the loss of O and the presence of large con-
jugated domains. *C solid-state magic-angle spinning nuclear
magnetic resonance spectroscopy (*C MAS NMR) with direct po-
larization (DP) confirmed the FTIR results (Figure 3d). The sam-
ple calcined at 400 °C shows two peaks, one stronger at around
128 ppm, typical for sp? carbons not attached to any heteroatom,
and the second weaker at 156 ppm, which can be assigned to sp?
carbon atoms attached to one oxygen atom (either from hydrox-
ide or ether).I*>3%] Notably, the spectrum contains no signal from
sp?® carbons (20-60 ppm) and carbonyl groups (>170 ppm). All
the oxygen atoms are thus fully conjugated with the sp? carbon
network. At 800 °C, the peak at 156 ppm disappears, and only the
broad peak at 128 ppm remains. Some residual carbons attached
to oxygen might be hidden in the shoulder at higher ppm. In-
deed, X-ray photoelectron spectroscopic (XPS) experiments de-
tected residual oxygen atoms. All of the samples display similar
XPS survey spectra with the signal of C1s and O1s without a peak
of Sn 3d (Figure S11, Supporting Information). The Cls spec-
tra of RC-SnK-300 and RC-SnK-400 displayed three main compo-
nents centered at 284.8, 286.6, and 288.7 eV, assigned to sp?-C,
C—0, and C=0 bonds, respectively (Figure 3e). However, as the
temperature increased to 600 and 800 °C, a significant change
occurred in the sp?-C peak. It became broader and asymmetric,
indicating the formation of larger conjugated carbon domains
resulting from the loss of oxygen. A similar phenomenon was
observed for graphene oxide heated to 1000 °C and compared to
one heated at 250 °C.3”] Moreover, the asymmetry in RC-SnK-600
and RC-SnK-800 sp?-C peaks suggested the presence of conduc-
tive carbon networks.*®! The peaks corresponding to C—O and
C=0 were still present but with significantly lower intensity, con-
firming the presence of oxygen functionalities even at 800 °C.
Furthermore, the peak from C=O shifted to higher binding ener-
gies at higher temperatures. A similar trend was observed in the
O1s spectra, where the peak corresponding to O=C initially lo-
cated at 531.3 eV shifted toward lower binding energies (530.6 eV
at 800 °C) (Figure 3f), meaning that electron density transferred
from carbon to oxygen.3*l The O1s spectra contained other bands
at 532.3 and 533.7 eV, corresponding to —C—0O—C and H—0—C
bonds, respectively. H—O—C dominated at 300 °C but gradually
lost its intensity at higher temperatures making the peak from
C—O—C more intense. This observation aligns with FTIR results,
where the —OH groups were clearly visible above 3000 cm™! up
to 600 °C.

None of the samples showed translation order, as XRD diffrac-
tograms do not contain diffraction peaks (Figure S12, Support-
ing Information). Therefore, Raman spectroscopy was used to
investigate the evolution of the carbon structure during thermal
treatment (Figure S13, Supporting Information). Initially, the RC
precursor displayed a single peak at 1513 cm™!, which is the typ-
ical signal for polyacetylenes with alternating double bonds.[**41]
After heat treatment, each sample’s spectrum displayed the typi-
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cal signature of carbonaceous materials with bands commonly
described as D- and G-bands and located at around 1345 and
1574 cm™!, respectively. The G band became sharper at higher
temperatures, while the D band shifted from 1363 to 1335 cm™.
Both effects point to the formation of larger aromatic domains,
or in other words, to a better in-plane organization of the carbon
lattice,[*?! as expected upon consecutive removal of oxygen atoms.

The SEM pictures of the precursor and materials prepared at
different temperatures are shown in Figure S14, Supporting In-
formation. Flat fragments appeared at 300 °C as irregular scraps,
while larger and thinner flakes were generated at higher temper-
atures. The high-resolution (HR) TEM confirmed the results of
the Raman analysis. The sample RC-SnK-400 demonstrated fea-
tureless images typical of disordered amorphous carbons. In con-
trast, the RC-SnK-600 and RC-SnK-800 revealed the graphenic
domains of a few nanometers (Figure 3g).

At last, we studied the influence of the ratio between the pre-
cursor and the molten salt (from 1:1 to 1:50) for samples cal-
cined at 400 °C. The results are presented and discussed in the
Supporting Information (Figure S15, Supporting Information).
Briefly, XRD, ECA, FTIR, and Raman analysis demonstrated that
the difference between the samples was negligible for the ratios
between 1:5 and 1:50.

2.4. Electrocatalytic NO,~ Reduction

The electrochemical performance of RC-SnK-800 was initially as-
sessed by conducting cyclic voltammetry (CV) experiments at dif-
ferent scanning rates in 1 m H,SO, (Figure S16, Supporting In-
formation). Even at fast scan rates of 500 mV s~!, the CVs main-
tained their rectangular shape, indicating excellent sample con-
ductivity. In addition, the appearance of redox peaks confirmed
the presence of convertible oxygen functional groups on the sur-
face of the material. The high surface area, conductivity, and
presence of oxygen functional groups are suitable for electro-
catalytic processes, as already shown in oxygen reduction reac-
tions catalyzed by nanoporous carbons.[***3] Carbon-based and
metal-free electrocatalysts are especially important in applica-
tions where the leaching of metal electrodes is a serious draw-
back. This is the case in any water purification process.
Electrochemical nitrate reduction (NO;RR) has emerged as
a promising approach for converting the NO,~ pollutant into
harmless N, or valuable NH,.[*6#7] Tt also offers a more efficient
alternative to the electrochemical generation of ammonia in com-
parison to electrochemical nitrogen reduction reactions.[*8-]
The practical nitrate sources, such as wastewater, often exhibit
low concentrations ranging from hundreds to thousands of
ppm.5! Achieving effective conversion under such conditions
requires highly active catalysts that can enrich their high sur-
face area with nitrates through specific interactions.l*?) Carbon-
based electrocatalysts are particularly attractive in this regard, as
they can provide a high surface area and mitigate potential pol-
lution associated with metal electrodes. However, carbon cata-
lysts are often limited by their lower activity and selectivity com-
pared to metals. In this study, we demonstrate that the developed
nanoporous oxocarbons serve as excellent electrocatalysts for ni-
trate reduction to ammonia at low and high nitrate levels, exhibit-
ing high ammonia yield production. This can be attributed to
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Figure 4. NO;RR performance of RC-SnK-800 in 0.5 M Na,SO,4 with 200 ppm NO;~-N. a) LSV curves under different nitrate concentrations (scan rate:
10 mV s™'); b) Conversion and FE determined using UV—vis spectroscopy, and c) NH,* yield rate and selectivity determined using UV-vis spectroscopy
after 2 h chronoamperometry tests under different potentials; d) "TH NMR spectra of the electrolyte before and after NO;RR using *’NO;~ or *NO;~
as nitrogen reaction substrate, respectively; e) The consecutive stability measurements at —1.6 V; f) Time-dependent concentration change of NH;-N,

NO;~-N, and NO,~-N during chronoamperometry at —1.6 V.

their high overpotential for the competitive hydrogen evolution
reaction (HER), the high surface area with oxygen functionalities,
which facilitates nitrate enrichment at the carbon surface.>’]
The electrocatalytic nitrate reduction reaction was evaluated in
an H-type electrolytic cell using 0.5 M Na,SO, as an electrolyte
and sodium nitrate with a concentration of 200 ppm NO,~-N (the
nitrogen content was calculated by using the unit of g g7'). The
working electrode was prepared by coating RC-SnK-800 on top of
carbon paper. As depicted in Figure 4a, linear sweep voltamme-
try (LSV) shows that RC-SnK-800 displays a high overpotential
for HER in 0.5 M Na, SO, without nitrate. In contrast, an obvious
increment of current density started from —1.3 V versus Ag/AgCl
when adding nitrate to the electrolyte. The current density posi-
tively correlates with the increasing concentration of nitrate up to
500 ppm, reflecting the enhanced mass transfer at higher initial
concentrations.[>* The control experiment on the bare carbon pa-
per showed a much higher overpotential and lower current den-
sity toward the NO,;RR, confirming that the NO;RR can be at-
tributed to RC-SnK-800 (Figure S17, Supporting Information).
We would like to point to the fact that our system reached, in
such academic set-ups, current densities of up to 100 mA cm=2,
which is beyond other carbon electrocatalysts, especially at such
low substrate concentrations. This clearly speaks not only for ex-
cellent electronic conductivity but also for substrate pre-binding
and product release. Catalysts that can adsorb nitrate relatively
strongly are more likely to be active in the process of *NO,~ for-
mation, which is the rate-determining step of NO,RR.[>>¢]
Subsequently, chronoamperometry was run for 2 h under
different potentials (Figure S18, Supporting Information). Af-
ter that, the concentrations of reactants and products (nitrate
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and ammonia) were quantified by well-established colorimetric
methods using UV-vis spectroscopy.l’’] The calibration curves
were prepared for each reactant as described in the Experimen-
tal Section in Supporting Information (Figures S19-S21) . From
—1.4 to —1.8 V versus Ag/AgCl, the conversion of nitrate grad-
ually increased from 26% to 60% due to increased driving force
for NO;RR, while the FE of ammonia exhibited a volcanic shape
curve and reached the maximum value of 56.7% at —1.6 V ver-
sus Ag/AgCl (Figure 4b), pointing to charge consumption by
the HER at more negative potentials. The evolved hydrogen
gas bubbles not only occupy the electrocatalytic active sites but
also impede ion transport, thereby inhibiting the NO,RR.[>®]
The yield rate and selectivity toward ammonia increased from
—1.4 to —1.7 V versus Ag/AgCl, reaching the highest values of
0.138 mmol cm™2 h~! (199.7 mmol g~' h™') and 65.6%, and then
slightly declined at more reductive potentials (Figure 4c).

'H nuclear magnetic resonance spectroscopy (‘\H NMR) was
also employed to quantify the concentration of the generated am-
monia by using maleic acid as an internal standard. The typical
triple peaks of NH,* located at 6.85, 6.98, and 7.11 ppm con-
firmed the formation of ammonia (Figure S22, Supporting In-
formation). Due to the relationship between the peak area and
the content of NH,*, the concentration of ammonia can also be
determined. Figure S23, Supporting Information, compares the
NH, " yield rate and FE of the electrocatalytic process calculated
by NMR and UV-vis spectrometry. The two methods are in good
accordance, which validates the reliability of the ammonia pro-
duction quantification.

In order to further confirm that ammonia was electrochem-
ically produced from nitrate solution rather than extraneous
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nitrogenous contaminants, isotopic °N labeling experiments
were carried out using Na'>NO, as a nitrate source. The elec-
trolyte solutions were analyzed before and after chronoamperom-
etry by 'H NMR. 'H NMR spectra after chronoamperometry de-
picted in Figure 4d show two peaks at 6.86 and 7.04 ppm, typically
ascribed to "'NH,*, while no signal existed before the electrocat-
alytic process. This unambiguously proves that the electrochem-
ical reduction of the labeled nitrate leads to ammonia. Addition-
ally, after immersing the working electrode in the electrolyte for
2 h without applying any potential, the 'H NMR pattern of the
electrolyte displayed no signal of NH,*, which excludes the pos-
sibility of catalytic ammonia generation (Figure S24, Supporting
Information). Besides, to further validate that the residual Sn has
a minimal impact on the NO;RR, we utilized commercial SnO,
nanoparticles as a catalyst to perform the NO;RR under the same
measurement conditions. As depicted in Figure S25, Supporting
Information, when using an equivalent loading mass of SnO,
as RC-SnK-800, it demonstrated a significantly lower NH,* yield
rate (33.41 vs 147.3 mmol g' h™' observed with RC-SnK-800).
Considering the minute amount of Sn (0.08 wt%) present in the
sample, it is evident that the activity of NO;RR contributed by
Sn species is negligible. Furthermore, the NH,* yield rate and
the FE present minor fluctuations during five consecutive cycles,
indicating the excellent stability of the catalyst (Figure 4e).

The time-dependent concentration changes of the main reac-
tants and products (ammonia, nitrate, and nitrite) and the perfor-
mance stability were studied at the optimum potential of —1.6 V
versus Ag/AgCl. As presented in Figure 4f, the nitrate concen-
tration gradually decreased with time, while that of ammonia in-
creased. Notably, the nitrite concentration significantly rises dur-
ing the first hour and then stabilizes at a certain level of about
40 ppm and slightly declines after 3 h. The constant concentra-
tion of nitrite after the induction period demonstrates that the
NO,~ reduction to NO, ™ is a rate-determining step.>>%! Nitrates
were almost completely converted to ammonia and nitrite in the
first 90 min, as the sum of all nitrogens is 199 ppm. Considering
that the formation of NO, ™ is the intermediate product, the selec-
tivity and FE approach near 100%. However, the total amount of
nitrogen decreased at longer times, reaching 175 ppm after 3 h.
The formation of other N compounds cannot explain the sudden
drop, as no other product was formed in the first 90 min. There-
fore, two scenarios are possible i) the evaporation of ammonia;
ii) the diffusion of ammonia from the cathode to the anode com-
partment through the Nafion membrane. In fact, the diffusion
of ammonia through the Nafion membrane has already been re-
ported in the N,RR experiments.[>”]

The efficiency of nitrate removal and stability during a continu-
ous prolongated process was further evaluated through complete
nitrate electroreduction conducted at —1.6 V using the solution
with 1307 ppm NO,~-N. Notably, 96.4% nitrate conversion was
achieved within 30 h. The initial high nitrate concentration en-
sured a sufficient substrate concentration to mitigate mass trans-
fer limitations, even at high conversion values. Throughout the
process, the ammonia yield rate and FE steadily increased, reach-
ing a yield rate of 221 mmol g™ h™" and FE of 93.4% after 16 h
(not including NO,), and then declined because of the deple-
tion of nitrate (Figure 5a). The concentration of ammonia, ni-
trate, and nitrite showed a similar trend to that observed at NO,~-
N concentration of 200 ppm (Figure S26, Supporting Informa-
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tion). While the nitrate and ammonia concentrations gradually
decreased/increased almost linearly through most of the process,
the nitrite concentration remained stable at 120 ppm (declin-
ing at the end of the process). In this experiment, the ammonia
concentration was determined in both catholyte and anolyte. The
amount of ammonia in anolyte increased from 2% to 10% of the
overall ammonia amount, confirming our previous observations.
In addition, some part of the ammonia was likely oxidized at the
Pt electrode to N,, reducing the total ammonia concentration. In
the case of a solution with 200 ppm of NO;~-N, almost complete
conversion was achieved in 8 h with a steadily decreasing rate of
the process (Figure S27, Supporting Information).

In addition, the performance of RC-SnK-400 was also evalu-
ated for comparison. As shown in Figures S28 and S29, Sup-
porting Information, RC-SnK-400 shows a lower ability to re-
duce nitrates from the solution compared to RC-SnK-800, but
it is still competitive with other carbon materials, even some
catalysts-supported metals (Table S3, Supporting Information).
Figure 5b graphically compares the performance of obtained oxo-
carbons for nitrate electroreduction to ammonia with the carbon-
based materials reported in the literature and listed in Table S3,
Supporting Information, with the corresponding references. RC-
SnK-800 shows a remarkable NH; yield rate in both 200 and
1307 ppm NO,;™-N, even higher than some Cu-containing cat-
alysts, efficient NO;~ removal (93.2% in 8 h for 200 ppm NO, -
N and 96.4% in 30 h for 1307 ppm NO;™-N), and high NH; FE
reaching 93.4%.

The excellent performance of the RC-SnK-800 carbocatalyst
in the NO;RR process can be attributed to several factors. First,
the catalyst exhibits high conductivity, as demonstrated in Figure
S16, Supporting Information, which facilitates efficient charge
transfer. To support that, we performed impedance spectroscopy.
The Nyquist plot with the fitting equivalent circuit in Figure S30
and Table S4, Supporting Information, confirmed that the charge
transfer resistance (R,) of RC-SnK-800 was much lower com-
pared to that of RC-SnK-400 and pure carbon substrate. More-
over, RC-SnK-800 presents a much higher electrochemical active
surface area (ECSA) that can be estimated by calculating double-
layer capacitance (C,)) with the value of 12.03 mF cm™2 compared
to RC-SnK-400 (3.76 mF cm~2), contributing to more exposed ac-
tive sites for catalytic reactions (Figure S31, Supporting Informa-
tion).

The substrate and product binding is crucial for optimizing
the NO;RR performance, especially in the case of its small con-
centration. Previous studies using cyclodextrin-based electrocata-
lysts have highlighted the significance of pre-binding nitrate with
oxygen functionalities.[** To study the adsorption ability of differ-
ent carbons, we conducted tests on the NO,~ adsorption capacity
of RC-SnK-400, RC-SnK-800, and commercial activated carbon
(AC, oxygen content < 4 wt%, SSA is #2000 m? g~'). Each mate-
rial was dispersed into an electrolyte of 0.5 M Na, SO, containing
200 ppm NO;~-N. After a 5-min and 2-h interaction, the cata-
lysts were filtered, and the residual nitrate was quantified using
UV-vis measurements. As illustrated in Figure 5¢,d, RC-SnK-800
exhibited much higher adsorption capacity compared to AC and
RC-SnK-400 after both 5 min and 2 h, effectively underscoring
the significance of the interplay between a highly conjugated car-
bon network and the presence of oxygen functionalities in nitrate
adsorption.
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Figure 5. a) NH,* yield rate, FE, and nitrate conversion during long-term chronoamperometry at —1.6 V in 0.5 m Na, SO, with 0.1 M NaNO; (1307 ppm
NO;~-N); b) Performance comparison of NH,* yield rate with metal-free catalysts and carbon supported metal in literature; nitrate adsorption capacities
of RC-SnK-400, RC-SnK-800, and activated carbon after; ¢) 5 min and d) 2 h; e) In situ electrochemical Raman spectra of RC-SnK-800 for NO;RR and
f) corresponding heat map; g) Schematic illustration of the NO;RR mechanism on RC-SnK-800.

In fact, it has been reported that the -OH groups can stabilize
the adsorption of *NO, species owing to the hydrogen bonds.[*!
A recent study by Cai et al.[] also demonstrated that the favor-
able interaction of nitrate with —OH groups on OH-terminated
MZXenes was facilitated by hydrogen bonding. This interaction
was found to play a pivotal role in adsorbing nitrates and their
intermediates during reduction. Similarly, Dai et al.>3] attributed
the notable activity of cyclodextrin-based cathodes to interac-
tions through the mechanism likely involving hydrogen bond-
ing. Hence, we posit that NO,~ binds to our materials through
the surface oxygen atoms via hydrogen bonding. The analyses
showed that RC-SnK-800 contains two types of oxygen atoms,
C—0 and C=O. It is evident from XPS analysis that the carbonyl
group undergoes a significant shift upon thermal treatment at
elevated temperatures, signifying a transfer of electron density
from carbon to oxygen atoms (Figure 3e,f). The resulting oxygen
position approaches the value similar to oxygen atoms bound to
metals. Consequently, the electronic properties of oxygen atoms,
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and thereby the strength of hydrogen bonding, depend on the
conjugated carbon network. Notably, in solution, highly conju-
gated C=0 groups transition through a tautomerization reaction,
forming conjugated C—OH groups capable of proton bonding Al-
ternatively, C=0 groups can proton bond to nitrate through water
molecules.

To study the mechanism of NO;RR on RC-SnK-800, we carried
out in situ Raman analysis, simultaneously examining the elec-
trode and the electrolyte (1 M NaNO,) from open circuit potential
(OCP) to —1.7 V versus Ag/AgCl. As depicted in Figure 5e and
Figure S32, Supporting Information, upon immersing the elec-
trode in the electrolyte, characteristic vibration of aqueous NO,~
emerged at 1049 cm 1,19 and bands related to water over 3000
cm~!. In addition, D and G bands from the RC-SnK-800 cata-
lyst occur at 1345 and 1574 cm™!. The NO,~ peak gradually de-
creased upon cathodic polarization. Concomitantly, new bands
between 2700 and 3000 cm™! emerged, with growing intensity
atlarger polarization. These observations are indicative of nitrate

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOWIIOD BAEa.D 3|eot|dde au Ag peussnob afe Ssolle O ‘8Sn JO S9Nl 10} ArIqiT8UIIUO /8|1 UO (SUORIPUOD-pUB-SWISHW0D A8 1M ATe1q 1 BU1|UO//:SdNY) SUOHIPUOD Pue Swis | 8y} 88S *[Z0Z/70/0T ] U A%iqiTauluo A8]IM ‘P00 INd Iisu|-oue|d-Xe W AQ §2STTEZ0ZBWPe/Z00T OT/I0p/LL0o" A3 1M AReid 1 jpul|uoy/Sdny wolj pepeojumod ‘€T ‘v20Z ‘G607TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

consumption, accompanied by the formation of C—H bonds on
the catalyst surface resulting from the Volmer step of water re-
duction. The generated active hydrogen (*H) appears vital for
NO,RR. Upon removing the potential and leaving the system
steady for 5 min, the peak intensities of NO;~ were retained and
C—H disappeared. Moreover, the D and G bands of the carbon
structure present similar as before without intensity ratio and
position changes, indicating the short-range order of carbons re-
mained during the process, further showing the good stability of
the catalyst for NO;RR (Figure S33, Supporting Information).

The potential-dependent variations were better visualized by
the heat map (Figure 5f). A clear set of changes are visible in
the C-H bond region (~2700-2900 cm~!) and D (1345 cm™)
and G bands (1574 cm™!), while the signals characteristic for
water (>3000 cm™!) show only slight intensity reduction. Curi-
ously, the D and G bands augmented with the applied potential,
without a major change in the position or shape of the peaks.
The increase might stem from structural changes, pressure in-
duced by adsorbing counterions, or polarization enhancing bond
polarizability and signal strength.[3] Alternatively, the newly ob-
served C—H bands might influence the G and D band profiles
or prompt structural rearrangements.[** The peaks from water
remained almost unchanged, with only a slight decrease in the
intensity upon increasing potential. This might come from the
consumption of water in the pores or from the expulsion of
water from pores decorated with C—H bonds making it more
hydrophobic.

To further investigate the presence of *H, the catalyst was de-
posited onto a glassy carbon electrode, and CV was conducted.
The potential window ranged from the non-faradaic region to the
hydrogen evolution region. As depicted in Figure S34, Support-
ing Information, within the potential range of —0.7 to 0.5 V ver-
sus Ag/AgCl, the catalyst predominantly exhibits capacitive be-
havior. On extending incrementally the potential window toward
more negative values (up to —1.5 V vs Ag/AgCl), a pronounced
reduction current associated with the HER is observed. Notably,
during the scan to more positive potentials, an oxidation peak at
~0.2 V versus Ag/AgCl intensifies and broadens as the potential
window is expanded. This observation, which correlates with the
oxidation of stored hydrogen,!®-%"] indicates that *H is produced
when applying a potential in a sufficiently negative region, essen-
tial for the nitrate reduction reaction NO;RR to generate ammo-
nia.

The coinciding consumption of NO;~ and the appearance
of C—H bonds suggest that the reduction follows the electro-
chemical hydrogenation route. This implies that the reduced pro-
ton (or water) on the carbon surface chemically interacts with
NO,~. As a reducing agent, *H can efficiently break the N—O
bonds.[?°! The strong hydrogenation ability and efficient utiliza-
tion of *H can suppress the competitive HER and enhance the
FE and selectivity of the nitrate conversion.?*] Such a mech-
anism was recently described for metallic catalysts.[?%8] Most
studies indicate a proton-coupled electron transfer over electro-
chemical hydrogenation.[®®”%] There are two possible pathways: i)
Langmuir-Hinshelwood, in which NO,~ would be first adsorbed
on the carbon surface; ii) Eley—Rideal, in which NO,~ would re-
combine with *H without adsorbing on the surface. Given the
substantial adsorption of NO;~ on the surface of RC-SnK-800, it
is inferred that surface-adsorbed nitrate reacts with *H. The sub-
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sequent query concerns the nature of *H transfer to NO,"—as a
hydrogen atom or a proton-electron couple.”!]

As proposed in Figure 5g, the potential NO;RR mechanism
starts with NO;~ binding to the carbon surface via hydrogen
bonds. Upon cathodic polarization, water undergoes reduction to
form *H, pivotal for the entire process. This adsorbed NO;~ in-
teracts with two *H units to form NO, ~, which then dissolves and
re-adheres for subsequent reduction phases leading to ammonia.
This intricate interplay between nitrate, water, and carbon surface
oxygen atoms, mediated by hydrogen bonds, warrants compre-
hensive future research to elucidate its ramifications.

3. Conclusion

In this study, we introduced SnCl, as a non-innocent salt melt
for the synthesis of nanoporous oxocarbons. The use of SnCl,
salt melts proved to be highly effective in condensing oxygen-
rich molecules, owing to the strong affinity of Sn(II) for oxygen
and its redox activity, which facilitates the extraction of oxygen
from molecular precursors. As the model molecular precursor,
we used an oligomer of carbon suboxide (C;0,),, the member
carbon oxides family with conjugated ladder structure and no
inactive C—H groups. The resulting deoxygenation process, ac-
companied by the reduction of carbon atoms, triggers the cross-
linking of RC ribbons forming large 2D structures composed ex-
clusively of sp? carbons and conjugated oxygen species already at
temperatures as low as 300 °C. The rapid condensation of carbon
and the concurrent formation of SnO, nanoparticles leads to the
development of large nanoporosity. Notably, the structural evolu-
tion at higher temperatures leads to higher conjugation without
changing the morphology and porosity.

The combination of high electrical conductivity, the presence
of redox-active oxygen species, and a high overpotential for the
HER endow the synthesized materials with excellent catalytic
properties for nitrate electroreduction, overpassing other carbon-
based catalysts. We attribute this phenomenon to the efficient
bonding of nitrate through hydrogen bonds and electrochemi-
cal hydrogenation reaction on the electrode surface. In a model
wastewater system, the synthesized materials exhibited a remark-
ably high NH, yield rate of 221 mmol h=! g=! with FE of 93.4%.
This enabled the removal of 200 and 1307 ppm of NO;™-N in
8 and 30 h, respectively, with removal efficiencies of 93.2% and
96.4% using a wastewater volume of 60 mL per 0.69 mg of cata-
lyst.
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