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Electrochemical Generation of Catalytically Active Edge Sites
in C,N-Type Carbon Materials for Artificial Nitrogen Fixation

Wuyong Zhang, Shaoqi Zhan, Qing Qin, Tobias Heil, Xiyu Liu, Jinyeon Hwang,

Thimo H. Ferber, Jan P. Hofmann, and Martin Oschatz*

The electrochemical nitrogen reduction reaction (NRR) to ammonia (NH;) is
a potentially carbon-neutral and decentralized supplement to the established
Haber—Bosch process. Catalytic activation of the highly stable dinitrogen
molecules remains a great challenge. Especially metal-free nitrogen-doped
carbon catalysts do not often reach the desired selectivity and ammonia
production rates due to their low concentration of NRR active sites and pos-
sible instability of heteroatoms under electrochemical potential, which can
even contribute to false positive results. In this context, the electrochemical
activation of nitrogen-doped carbon electrocatalysts is an attractive, but not
yet established method to create NRR catalytic sites. Herein, a metal-free C;N
material (HAT-700) is electrochemically etched prior to application in NRR to
form active edge-sites originating from the removal of terminal nitrile groups.
Resulting activated metal-free HAT-700-A shows remarkable catalytic activity
in electrochemical nitrogen fixation with a maximum Faradaic efficiency of
11.4% and NH; yield of 5.86 g mg~',; h™\. Experimental results and theo-
retical calculations are combined, and it is proposed that carbon radicals
formed during activation together with adjacent pyridinic nitrogen atoms play
a crucial role in nitrogen adsorption and activation. The results demonstrate
the possibility to create catalytically active sites on purpose by etching labile
functional groups prior to NRR.

1. Introduction

NH; is one of the most important chemi-
cals in the world. It has an annual global
production volume of approximately
175 million tons and is a pivotal feed-
stock for producing fertilizers and medi-
cals. Its consumption is ever-increasing
with the rapid development of modern
society.!l Until now, the industrial produc-
tion of ammonia is still highly dependent
on the prestigious Haber-Bosch pro-
cess, which operates under harsh condi-
tions (300-500 °C and 150-300 atm) and
requires the use of purified hydrogen-con-
taining synthesis gas, accounting for more
than 1% of the global energy consump-
tion. With every ton of NHj; produced,
more than one ton of CO, is generated.!
Furthermore, Haber-Bosch is a highly
centralized process and transportation
of ammonia and fertilizers to the final
consumers creates additional challenges,
energy consumption, and pollution.
Therefore, it is highly desirable to develop
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alternative decentralized processes for ammonia synthesis that
could run in simple reactors and under less harsh conditions.
In ideal case such a process would be driven by energy from
renewable sources.’] The combination of NH; synthesis with
renewable electricity is a necessary requirement for a future
CO,-free chemical industry.

Electrochemical reduction of nitrogen (N,) therefore seems
to be an alternative worthy exploring.! However, electro-
catalytic activation of the chemically highly inert dinitrogen
molecule is a difficult task. Moreover, the strong competition
between hydrogen evolution reaction (HER) and NRR further
lowers the efficiency due to selectivity limitations caused by
the nearly similar redox potential (0 V and 0.094 V versus RHE
for HER and NRR, respectively).”) NRR to NHj is a 6-electron
transfer process with many kinetic barriers and configurational
requirements resulting in high activation overpotential. Alter-
native reactor and electrolyte concepts have been proposed to
overcome these limitations,®l but it is a matter of fact that the
development of novel catalytic nanomaterials with high energy
adsorption sites for nitrogen activation is currently the top
priority on the road towards an NRR system with practically
relevant space-time-yield and energy efficiency.”) Numerous
nanomaterials including metals, metal oxides, metal chalcoge-
nides and metal-free carbon materials have been developed and
successfully applied as electrocatalysts for NRR over the past
years.l%) However, these developments seem to have reached
their technical and conceptual boundaries and no giant leap
can be anticipated for future research. At this tipping point
of potential stagnation, novel and unconventional catalytic con-
cepts and electrode/reactor designs for the electrochemical acti-
vation of nitrogen are needed, which consider the microkinetic
and macrokinetic demands at the same time."”) Notably, NRR
results or comparable catalytic materials can show significant
differences between laboratories.['""13] It can be anticipated that
one of the most straightforward ways to overcome such experi-
mental limitations in the future will be to move to reactor con-
cepts with larger solid-liquid-gas interfaces and therefore intrin-
sically higher ammonia production rate.l*

Among the catalytic nanomaterials investigated, metal-free
carbon-based materials have attracted a lot of attention because
of their abundancy and low-cost.”] Especially heteroatom-rich
carbons (e.g., carbons doped with nitrogen) emerged as prom-
ising NRR catalysts recently and different mechanisms for
the activation of N, on their surface have been proposed.[1041¢]
Nonetheless, carbon materials seem to be constantly on the
trailing end of the activity race compared with metal-based
materials. The first reason for this might be their possibly lower
intrinsic density of catalytically active sites. While in a nano-
structured metal-based catalyst in principle every surface atom
could act as an active center, part of the atoms in carbon-based
materials are needed to “create” catalytically active sites and
are therefore not active themselves. Secondly, the actual role
of heteroatoms and the chemical construction of catalytically
active sites are still not understood in detail. Porous nitrogen-
doped carbon materials are often comparably heterogeneous
in structure and precise tailoring of their chemical architec-
ture is a difficult task. The controlled synthesis of such metal-
free catalysts therefore remains a major challenge.’] While
heteroatom doping seems to be an effective route to improve
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electrochemical activity of carbon materials by regulating the
local distribution of electron density,1°%16218] it is often observed
that the stability of heteroatoms under electrocatalytic reaction
conditions is another severe limitation. Especially if nitrogen-
doped carbons are applied in NRR, false positive results can be
obtained and misinterpretations can be made when unstable
nitrogen species are released from catalysts themselves and
detected as ammonia in the reaction solution.”>"l However, the
amount of detected ammonia in such cases often still exceeds
the amount of nitrogen in the catalysts. When other analytical
issues or contaminations can be ruled out, such findings indi-
cate that the removal of electrochemically unstable nitrogen-
containing functional groups from nitrogen-doped carbons
could be responsible for the formation of catalytically active
areas serving as strong adsorption sites for dinitrogen suitable
for NRR. Related catalyst engineering strategies have already
been recently applied to polymeric carbon nitrides. Controlled
thermal generation of nitrogen vacancies was found to be a
suitable method for the activation of N, due to bonding with
electron back-donation.'318 [n these cases, nitrogen atoms
from the backbone of the carbon nitrides did not contribute to
ammonia production. Comparable “defect engineering” is not
limited to carbon-based materials. For instance, it was also suc-
cessfully applied to hybrid metal-oxide based materials, such
as oxygen-vacancy-rich TiO,/Ti;C,T, (with T = OH or -F)% or
defect-rich amorphous Bi,V,0;1/Ce0,.2! In both cases, the
availability of localized electrons and thus the ability for z-back
donation is enhanced, which can contribute to dinitrogen acti-
vation. In all these examples, however, the potential catalyti-
cally active sites are supposedly created with the synthesis of
catalysts, that is, before the materials are engineered into an
electrode and transferred to the reaction medium. A look at
the field of classical thermal catalysis shows that the activation
of catalysts to create the desired active phase within the actual
reactor under conditions close to the later catalytic process is
widely established there.?2l Although such in situ activation
comes with a couple of advantages like the avoidance of con-
tact between the catalysts and air or solvents and although elec-
trochemical activation most likely occurs accidentally in many
cases, a comparable concept is yet neither widely understood
nor systematically established in electrocatalysis. A few exam-
ples for electrocatalytic activation of metal-based catalysts have
been reported but a comparable approach has not yet been
established for metal-free materials in NRR.?’]

Herein, a C,N-type nitrogen-rich carbon material with high
concentration of pyrazinic nitrogen and terminal nitrile groups
was employed as model material to investigate the possibility
for electrochemical activation of an NRR catalyst. C,N-type
materials have been reported before but their application for
novel electrocatalytic mechanisms remained so far unexplored
to the best of our knowledge.? Accompanied by the electro-
chemical etching of unstable nitrile groups, C,N went through
an unexampled activation process to form activated C,N.
After activation, the materials exhibit excellent NRR perfor-
mance with the highest Faradaic Efficiency (FE) of 11.4% and
an NH; yield of 5.86 ug mg™, h™.. Unlike traditional syn-
thetic processes, such a unique electrochemical process modi-
fies and rebuilds the material surface, decorating the porous
structure with well-defined and homogenous active edge sites.

© 2022 The Authors. Small published by Wiley-VCH GmbH

85U8017 SUOLUIOD 9AIE1D) 3[cedldde U Aq pauenob ae oIl VO ‘3N JO SaINJ J0j AIq1T 8UIIUO AB[IM UO (SUONIPUOD-PUR-SLLIBY WD  AS 1M AleIq 1jul [UO//:SdNY) SUOTPUOD pue SIS 1 8L 89S *[220Z/TT/T0] Uo AriqiTauliuo AB]iM ‘10110 Jnd Imnsul-¥oueid-xe (N Aq 9TTY0Z202 1ILUS/Z00T OT/I0p/Lod™A8 i Ake.q i pul|uo//Sdny woij pepeo|umod ‘zy ‘2202 ‘62895T9T



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

Furthermore, supported by DFT calculations, a corresponding
NRR mechanism based on a synergistic effect between carbon
radicals and adjacent pyrazinic nitrogen atoms is proposed.

2. Results and Discussion

Porous C,N was synthesized by direct thermal condensation
of hexaazatriphenylene-hexacarbonitrile (HAT-CN) under N,
atmosphere at different temperatures according to a previous
report.?’l Resulting materials are denoted as HAT-700 and
HAT-950 corresponding to their synthesis temperature. The
microstructure of as-obtained HAT-Ts was studied by scan-
ning electron microscopy (SEM) and both samples show a
plate-like structure with a diameter of ~5 um. The internal
parts of the partly opened disks of HAT-700 consist of small,
aggregated particles (Figure 1a,d). In contrast, HAT-950 has a
closed shell without obvious defects. The porous structures of
HAT-Ts can also be observed in high-resolution transmission
electron microscopy (HRTEM, Figure 1b,e). HAT-950 has more
graphitic structure in comparison to HAT-700. This is charac-
teristic for the typical ongoing carbon ordering at higher con-
densation temperature.l’!

X-ray diffraction (XRD) patterns display a broad peak cen-
tered at around 26° (2 Theta) which is attributed to carbon (002)
diffraction (Figure S1, Supporting Information).?l Energy-
dispersive X-ray (EDX) mapping confirms the homoge-
nous distribution of carbon and nitrogen atoms in HAT-Ts.
HAT-700 apparently has a higher heteroatom content as indi-
cated by the intense response in nitrogen mapping (Figure 1c,f).
The quantitative element content was analyzed by combus-
tion elemental analysis (EA), EDX and X-ray photoelectron
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spectroscopy (XPS). All applied methods (Table S1, Sup-
porting Information) show that HAT-700 has a higher content
of nitrogen and a lower C/N atomic ratio in comparison to
HAT-950. The porosity of HAT-Ts was investigated by nitrogen
physisorption experiments (Figure S2a, Supporting Informa-
tion). HAT-700 has a specific surface area (631 m? g!), which
is comparable to HAT-950 (564 m? g7!). Besides, the different
adsorption behaviors of both samples indicate variations in
their pore architectures. HAT-700 has a type I(a) isotherm as
typical for materials with narrow micropores. In contrast,
HAT-950 exhibits a type IV(a) isotherm with the hysteresis
loop of H4 type and large uptake of nitrogen at high relative
pressure, as expected for materials with large mesopores./?’!
Accordingly, the pore size distributions of HAT-Ts analyzed by
the quenched-solid density functional theory (Figure S2b, Sup-
porting Information) indicate that HAT-700 mainly consist of
micropores with diameters below 2 nm whereas HAT-950 has
more mesopores spanning from 2 to 10 nm in diameter.
HAT-Ts have been chosen as model substances for the fol-
lowing investigations because not only their pore structure but
also their atomic construction (here in particular the content
and chemical bonding motives of the nitrogen atoms as well as
the concentration of uncondensed nitrile functional groups) can
be controlled by the condensation temperature. The binding
energies of nitrogen, carbon, and oxygen 1s electrons within
HAT-Ts were further investigated by XPS (Figure S3a, Sup-
porting Information). From the deconvoluted high-resolution C
1s spectra (Figure S3b, Supporting Information), it can be seen
that the relative content of electron-rich graphite-like sp? carbon
with BE(C 1s) centered at 284.8 eV significantly increases from
9.2 at% for HAT-700 to 37.8 at% for HAT-950, accompanied by
the decrease of the relative content of sp’carbon bonded to

Figure 1. a,d) SEM, b,e) HRTEM, and c,f) EDX mapping images for a—c) HAT-700 and d—f) HAT-950.
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more electronegative nitrogen (BE(C 1s) centered at 286.2 eV)
from 68.2 at% to 471 at%. The N1s spectrum of HAT-950 is less
intense compared to HAT-700 due to the decrease of nitrogen
content (Figure S3c, Supporting Information). Further deconvo-
lution shows that the peak at lower binding energies of BE(N 1s)
in the range of 398-399 eV attributed to nitrile- and pyrazine
groups decrease in intensity, whereas quaternary nitrogen
atoms with BE(N 1s) = 400-401 eV become more dominant in
HAT-950.8! In contrast to carbon and nitrogen, there is not
such an obvious difference in O 1s speciation between HAT-700
and HAT-950 (Figure S3d, Supporting Information).
Nitrogen-doped carbon materials have been successfully
applied in NRR and other electrocatalytic reactions, 10318229
but it is a matter of fact that their intrinsic heterogeneity
makes it difficult to achieve a detailed understanding for the
source of catalytic activity and especially for the possible con-
tribution of an electrochemical activation. HAT-Ts are gener-
ally also expected to be active as NRR electrocatalysts. In the
fundamental scientific context, they can serve as ideal model
compounds, because their nitrogen content, binding motives
of the heteroatoms, and the chemistry of the edge sites can be
controlled by the condensation temperature. For that purpose,
as-synthesized HAT-Ts loaded on carbon paper (1 mg cm™)
were employed as working electrode for nitrogen reduction in
0.1 m HCI electrolyte with a three-electrode system (Figure S4,
Supporting Information). Cyclic voltammetry (CV) was meas-
ured first on electrodes with a wide potential range until the
response curve became stable. An unexpected progressive cur-
rent increase, which appeared for HAT-700 during continued
cycling, indicates a change of its chemical structure over time
(Figure S5, Supporting Information). In contrast, a decrease
of current density was observed for HAT-950 which has a
lower total nitrogen-content and contains heteroatoms that
are electrochemically more stable. To further investigate the
electrochemical behavior of both materials under CV etching,
tests with 2000 cycles at a rate of 100 mV s were carried out
with HAT-700 in an argon-saturated electrolyte. As expected,
the electrochemical response of HAT-700 increased dramati-
cally under cycling (Figure S6, Supporting Information). After
CV etching, the obtained activated HAT-700 (denoted as HAT-
700-A) exhibited not only an increased response current, but
also a shift of its onset potential by 570 mV in linear sweep vol-
tammetry (LSV, Figure S7, Supporting Information) in presence
of nitrogen. These measurements point towards an improved
conductivity and/or the generation of electrocatalytically active
sites, which is also proven by the weakened interfacial charge-
transfer resistance in the electrochemical impedance spectros-
copy (EIS, Figure S8, Supporting Information). In comparison,
there is only a negligible change of the LSV curve of HAT-950
(Figure S7b, Supporting Information) even after the CV treat-
ment. These results indicate a significant irreversible change
of the structure of HAT-700 during this electrochemical proce-
dure. Given the fact that both samples differ in their content
of nitrile groups, the most likely reason is the electrochemical
etching of these abundant edge-functionalities in HAT-700. In
the next step, the NRR activity of HAT-700-A in aqueous elec-
trolyte has been tested. HAT-700-A exhibits intense response to
nitrogen with higher current density from —0.50 V to —-1.10 V
versus RHE in Nj-saturated electrolyte than in Ar-saturated
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electrolyte (Figure 2a). Several control experiments were sub-
sequently performed to quantify the NRR products and clarify
their origin (Figure 2b). Under the given conditions, limited or
no ammonia was detected by the indophenol blue method
under Ar atmosphere, at open circuit voltage and unaided
carbon paper electrode.*l On the contrary, strong absorption of
indophenol blue was observed when HAT-700-A was set under
electrochemical potential in the presence of nitrogen. This indi-
cates that ammonia is generated from the electroreduction of
dissolved N, Furthermore, the yields of ammonia and the cor-
responding Faradaic efficiencies (FEs) at all given potentials are
plotted according to a NH,* standard curve (Figure S9, Sup-
porting Information). HAT-700-A exhibits a maximum FE of
11.4% toward ammonia at —0.60 V versus RHE and the max-
imum ammonia production rate reaches 5.86 g mg™, h at
—0.70 V versus RHE (Figure 2c). The response current increases
with more negative applied potential, but, in agreement with
other studies, this leads to the pronounced dominance of HER
(Figure S10, Supporting Information). NRR performance was
further validated by nuclear magnetic resonance (NMR) spec-
troscopy (Figure S11, Supporting Information). At the point of
—0.60 V versus RHE, NRR performance determined by NMR
showed consistency with the FE and NH; production rate deter-
mined by the indophenol blue technique (Figure S12, Sup-
porting Information). No hydrazine was detected during the
NRR process at all given potentials (Figure S13, Supporting
Information), demonstrating a typical high nitrogen selec-
tivity of HAT-700-A. The NRR activity of HAT-950 was also
tested and compared with HAT-700-A (Figure S14, Supporting
Information). A maximum FE of 4.2% at —0.40 V versus RHE
can be achieved with a maximum ammonia production rate
of 3.2 ug mg,, h! which are both inferior to HAT-700-A.
Notably, HAT-950 has a slightly lower overpotential, which can
be attributed to its better electronic conductivity. An electro-
chemical stability test of HAT-700-A (Figure S15, Supporting
Information) shows that the material can produce ammonia
over 24 h and that the microstructure of the materials particles
does not significantly change after this procedure (Figure S16,
Supporting Information). A slight deviation of the NH; produc-
tion over time can be observed after more than 8 h of reaction,
which may be attributed to crossover of a part of the produced
ammonium from cathode to anode or to a decrease of the FE
over time resulting from blocking of the NRR active sites with
ammonium (Figure S17, Supporting Information). The mate-
rials have further been tested for five-consecutive NRR cycles
and there is only a slight fluctuation of FE and NH; production
rate observed during the cycles (Figure S18, Supporting Infor-
mation), further revealing the stability of HAT-700-A.

As it has been reported recently, numerous factors could
influence the reliability of NRR results such as impurities in
the supplied N, (NH;3, NO,, or others) or residual nitrogen-
containing compounds in the water and glass container.%>d
To minimize their effect on NRR results, gas-scrubbing bot-
tles were used in all experiments to remove possible impuri-
ties from the supplied nitrogen. The results reported here have
been obtained with N, gas from a central house supply, the
purity of which may slightly vary over time. We have therefore
repeated the experiments with nitrogen gas of 99.999% purity
and measured possible other nitrogen sources in the reaction

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. a) LSV of HAT-700-A under Ar and N, flow. b) Control experiments evaluated by the indophenol blue method. c) FE and NHj; yield of HAT-
700-A at all given potentials. d) '"H NMR spectra of standard samples of “NH,Cl and >"NH,CI (light line) and pre-concentrated electrolytes from NRR

with N, and °N, as supplied gases (dark line).

solution. For the latter, nitrate and nitrite UV-Vis analysis have
been performed for the fresh electrolyte, after supplying N,
gas with and without scrubbing as well as after leaving the cell
open overnight (Figure S19, Supporting Information). For both
anions, no increase of the concentration in comparison to the
as-made electrolyte has been detected with or without the appli-
cation of gas scrubbing. In accordance with the recommended
rigorous testing protocols for NRR we believe that proper gas
scrubbing is of huge importance to get reliable results and to
minimize the risk to get false positive results in electrochem-
ical nitrogen reduction. For the present study, however, we were
not able to detect extreme differences in our electrochemical
results with or without nitrogen scrubbing. The electrochem-
ical experiments have been further repeated with nitrogen gas
of a nominal purity of 99.999% and the result is comparable to
those obtained by the application of N, from the central supply
(Figure S20, Supporting Information). Besides, isotope labeling
experiments with °N, as the feeding gas that also went through
a scrubbing procedure have been performed to further validate
the nitrogen source for ammonia. From the 'H NMR spectra of
pre-concentrated electrolyte after electrolysis with different N,
gases employed (Figure 2d), distinct doublet peaks of "NH,*
with a spacing of 73 Hz were observed, while triple peaks of

Small 2022, 18, 2204116 2204116

“NH4" with 52 Hz spacing can be detected after the supply
of ¥N,. In combination with the continuous production of
ammonia under N, flow with electric potential, it is confirmed
that the measured NHj originates from the electroreduction
of N, dissolved in the electrolyte. Quantitative analysis of the
isotope labelling experiment also shows that the FE result
with PN, is comparable to that of N, at —0.6 V versus RHE
(Figure S21, Supporting Information).

Motivated by the novel electrochemical activation process
of HAT-700 and the improved NRR performance of the cor-
responding HAT-700-A, the chemical structure of the active
sites formed during electrochemical etching was investigated.
At first, the concentration of nitrogen-containing species in
electrolyte increased significantly after the CV etching, which
indicates the removal of soluble nitrogen species from HAT-
700 during activation. In contrast, the increase for HAT-950
is rather limited as proven by the intensity variation in the
UV-Vis spectra of the electrolyte before and after CV etching
(Figure S22, Supporting Information). Furthermore, if the HCl
electrolyte is replaced with phosphate buffer solution (PBS
with pH = 72), neither an increase of the response current nor
a notable concentration of nitrogen-containing species in the
electrolyte can be observed under otherwise similar conditions

(5 of 9) © 2022 The Authors. Small published by Wiley-VCH GmbH
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(Figure S23, Supporting Information). This confirms that an
electrochemical potential and an acidic environment are both
necessary to enable the electrochemical etching process. EA
analysis of the chemical composition of HAT-700 after CV
etching shows that the N-content of is reduced by 5.4 at%
(Table S2, Supporting Information). Meanwhile, the C-content
decreases by 6.6 at%. Accordingly, XPS results also revealed
drops of nitrogen content by 6.6 at%. If the concentration of
removed nitrogen species detected in electrolyte is set in rela-
tion to the standard curve of ammonium, the calculated etched
nitrogen content would correspond to 4.9 at%, which is in good
accordance with the EA and XPS results (Table S3, Supporting
Information). Because of the etching of nitrile groups, the C/N
atomic ratio of HAT-700 increases from 1.94 to 2.24. In contrast,
there is no notable decrease of the nitrogen content in HAT-950
after the CV experiment.

We subsequently employed XPS to investigate the change of
the chemical environment of HAT-Ts during the electrochem-
ical etching process (survey spectra, Figure 3a). In the high-
resolution N 1s spectra of HAT-700-A (Figure 3b), the peak cor-
responding to electron-rich nitrogen has a slight positive shift
of 0.8 eV compared to HAT-700, indicating that the remaining
nitrogen changes to a higher average formal oxidation state.
Furthermore, the content of electron-rich nitrogen at lower
binding energies (red line) is slightly decreasing in relation to
graphitic-N centered at 401.2 eV (blue line) and oxidized-N cen-
tered at 402.7 eV (green line) but still represents the majority
of all nitrogen in the material. This observation corroborates
our hypothesis that the elevated concentration of nitrogen-con-
taining species in the electrolyte originates from the cleavage
of nitrile groups and that the majority of the remaining elec-
tron-rich nitrogen atoms are pyrazinic. The electronic state
change of HAT-700 also becomes obvious in the C 1Is spectra
(Figure 3c). Accompanied by the loss of the —CN group, the
shape of the C 1s peak undergoes a significant change and

a
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Figure 3. Electronic structure analysis of HAT-700 before and after elec-

trochemical activation a) survey spectra, b) high-resolution deconvoluted
N Ts spectrum, and c) C 1s spectrum of HAT-700 and HAT-700-A.
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the increasing relative contribution of C=C bonds centered at
BE(C 1s) = 284.8 eV (red component) can be observed. Accord-
ingly, the content of electron-rich carbon has an increase to
42.7 at% of all carbon species detected. Notably, the carbon atoms
with a binding energy of BE(C 1s) = 292.1 eV can be attributed
to —CF, introduced by the Nafion™ used during the electrode
preparation process (Figure S24, Supporting Information).B3!
The small doublet located at 440 eV in the survey spectrum
of HAT-700-A (Figure 3a) can be attributed to the indium foil
applied as sample support during XPS. On the contrary, the C 1s
and N 1s spectra of HAT-950 remain the original characteristics
after electrochemical etching besides the inevitable —CF, peak
(Figure S25, Supporting Information). In contrast to XPS data,
the Raman spectra of HAT-Ts (Figure S26, Supporting Infor-
mation) do not show significant changes before and after elec-
trochemical activation. This is reasonable, as the loss of nitrile
groups would neither affect the D-band nor the G-band which
originate from vibrations of the sp? carbon six-rings and C=C
bonds, respectively. The pore structures of HAT-700 and HAT-
700-A before and after electrochemical activation were also eval-
uated. Their CO, physisorption behavior is comparable, which
indicates that the pore structure of HAT-700 undergoes lim-
ited change after electrochemical activation (Figure S27, Sup-
porting Information). According to the analysis given above, it
can be concluded that etching under electrochemical potential
removes the nitrile groups under acidic environment, while it
also endows the material with new edge sites. It is proposed
that these sites contain carbon radicals, stabilized by the unique
conjugated system of HAT-700 and the remaining heteroatoms.
The presence of carbon radicals is proven by electron paramag-
netic resonance (EPR) spectra. A comparison between HAT-
700 and HAT-700-A shows an obviously enhanced EPR signal
at g = 2.027,3% which can be attributed to unpaired electrons
on exposed carbon radicals (Figure S28, Supporting Infor-
mation). The signal intensity has an apparent decrease after
HAT-700-A was left in air for a while due to the annihilations
of the formed radical sites. Such carbon radicals are known to
be suitable to function as catalytic sites for various reactions,
including nitrogen fixation.[?*¢33 In addition, another C,N-type
material with high pyrazinic nitrogen content but without ter-
minal nitrile groups was also employed for NRR as a reference
material (700 °C was chosen as the condensation temperature
in analogy to HAT-700).2*! No similar activation process and
nitrogen activation activity were observed (Figure S29, Sup-
porting Information).

In order to illuminate the origin of the remarkable catalytic
activity of HAT-A-700, the NRR mechanism on the electro-
chemically induced catalytically active carbon sites was investi-
gated with theoretical support. Electrochemical detachment of
the —CN edge groups from C)N likely forms a carbon radical
site stabilized by the large aromatic rings and remaining het-
eroatoms. Hence, catalytic pathways of NRR promoted by the
formed radical (Figure S30, Supporting Information) were
investigated using density functional theory (DFT). The distal
and alternating pathways via end-on coordination, and the
enzymatic pathway by side-on adsorption of N, on catalytic
centers have been calculated in detail. To facilitate the reac-
tion, electron polarization has been proposed to break the N=N
bond via the strong-weak electron polarization on the side-on

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. The energy panel of the enzymatic pathway through side-on adsorption of N, on the spcarbon and its neighboring nitrogen atom. The

adsorbed N, has been marked with a brown circle.

adsorbed N, molecule.['">2%] The carbon radical and its adjacent
N atom have different electronic structure and could coopera-
tively activate the N=N bond. Therefore, the enzymatic pathway
was computed through side-on adsorption of N, on the sp-C
and its neighboring N atom (Figure 4).3Y The N, adsorption
on the carbon and nitrogen atoms leads to a square geometry
(Figure S30, Supporting Information). This N, adsorption
is unfavorable with an uphill free energy of 0.73 eV, which
could be caused by the electron-rich nitrogen atom in the aro-
matic rings. However, the different polarization of carbon and
nitrogen atoms facilitates the third protonation process, fea-
turing the breaking of the N-N bond and a large decrease in
free energy of 2.32 eV. The initial activation barrier of 0.73 eV
is in good accordance with the experimentally determined ideal
potential in the range of —0.6 to —0.7 V versus RHE. During the
fifth protonation the hydrogen atom prefers to adsorb on the
nitrogen atom nearby the *NH,. In the following step, forma-
tion of the first ammonia molecule is energetically favorable.
The last protonation to form the second ammonia has the
highest uphill free energy of 0.95 eV during the entire cata-
Iytic processes and is the potential rate-determining step. The
successive exothermic reaction steps with low Gibbs energy
barrier will account for the excellent catalytic performance
for NRR. With the end-on adsorption of the N, molecule, the
highest uphill free energy (2.04 eV) in the distal pathway is
the last protonation. In contrast, it is the fourth protonation
(1.78 eV) in alternating pathways (Figure S31, Supporting Infor-
mation). Moreover, in solution, the neighboring carbon of the
sp?-C could be saturated with —CN, and —OH groups, sug-
gesting multiple possible catalytic pathways (Figures S32 and
S33, Supporting Information). However, these pathways lead
to relatively high energy barriers. Herein, the adjacent nitrogen
of sp?-C efficiently activates the N-N bond and makes synergy
of two neighboring atoms within a suitable distance promotes
the catalytic NRR with low energy barrier. In situ technologies
to monitor the reactants and intermediates on the materials
surfaces is still encouraged in the future to get a more reliable
understanding of the mechanism.*® The pristine HAT-700
without activation was also considered (Figure S34, Supporting
Information), but after optimization, the N, molecule is des-
orbed from the —CN group and the pyrazinic N atom of the
C,N. This indicates that the NRR on the inactivated C,N mate-
rial is thermodynamically infeasible and that the formation of
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carbon radicals after electrochemical activation can be seen as a
reasonable origin for the electrocatalytic activity.

3. Conclusion

A series of nitrogen-rich carbon materials was employed for
electrochemical nitrogen reduction and the electrochemical
activation of HAT-700 was established to introduce catalytically
active sites. Such an etching process endowed HAT-700 with
improved NRR activity with a maximum Faradaic Efficiency of
11.4% and NH; production rate of 5.86 ug mg., h™%. Investiga-
tions based on different methods revealed that the electrochemi-
cally fragile nitrile groups at the edges of C;N were removed by
electrochemical etching, and then the formed carbon radicals
can act as active sites for NRR. A computational model sup-
ports the assumption that local carbon radical structure with the
adjacent nitrogen can be a cooperatively operating system for
nitrogen reduction with low energy barrier. This work provides a
new perspective on the origin of catalytically active edge sites in
nitrogen-rich carbons generated by an electrochemical activation
process. In the future, advanced in situ characterization tools
can be applied in order to clarify the mechanisms of nitrogen
fixation with the involved elementary steps and to directly con-
firm the radical structure of active sites under working condi-
tions. A more detailed investigation of the influence of the pore
structure on the catalytic properties under working conditions
will also be necessary in the future. The work is one of the first
attempts to tailor the chemical architecture of carbon-based
materials by means of electrochemistry, which may guide the
design of metal-free catalysts other than C,N for potential elec-
trochemical applications even beyond NRR.
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