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ABSTRACT: The electrochemical conversion of low-cost precursors into high-value chemicals
using renewably generated electricity is a promising approach to build up an environmentally
friendly energy cycle, including a storage element. The large-scale implementation of such process
can, however, only be realized by the design of cost-effective electrocatalysts with high efficiency
and highest stability. Here, we report the synthesis of N and B codoped porous carbons. The
constructed B−N motives combine abundant unpaired electrons and frustrated Lewis pairs (FLPs).
They result in desirable performance for electrochemical N2 reduction reaction (NRR) and
electrooxidation of 5-hydroxymethylfurfural (HMF) in the absence of any metal cocatalyst. A
maximum Faradaic efficiency of 15.2% with a stable NH3 production rate of 21.3 μg h−1 mg−1 is
obtained in NRR. Besides, 2,5-furandicarboxylic acid (FDCA) is first obtained by using non-metal-
based electrocatalysts at a conversion of 71% and with yield of 57%. Gas adsorption experiments
elucidate the relationship between the structure and the ability of the catalysts to activate the
substrate molecules. This work opens up deep insights for the rational design of non-metal-based
catalysts for potential electrocatalytic applications and the possible enhancement of their activity by
the introduction of FLPs and point defects at grain boundaries.
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■ INTRODUCTION

Carbon-based materials are promising as metal-free electro-
catalysts due to their low cost, high (electro)chemical stability,
modifiable surface chemistry, and high electronic conductiv-
ity.1−7 Among various carbon modifications, porous carbon
materials have attracted particular attention due to their large
specific surface area and pore volumes. These properties are
highly desired for heterogeneous electrocatalysts since a high
specific surface area usually comes with a high density of
catalytically active sites.8 Besides, the strength of interaction
with substrate molecules and thus the catalytic performance of
carbon materials can be tuned by doping of heteroatoms (e.g.,
B, N, P, S, F, etc.). The incorporation of non-carbon atoms
causes inhomogeneous charge distribution and modifies the
work function of the electrons in the catalysts. These effects
can be used to tailor the redox potential of the catalysts and to
modify the electron transfer mechanism to the substrate
molecules.9−12 In consequence, many examples are known in
which heteroatom-doped carbon materials show remarkable
electrocatalytic performance, especially for the activation of
small molecules.13−18 Constructing specific chemical binding

motives and frustrated Lewis pairs (FLP) are two main routes
for the activation of molecules such as N2 or CO2 due to strong
substrate polarization, which usually improves the correspond-
ing electrocatalytic performance.19−22 Another possible source
of significant catalytic activity in graphene-based materials are
point defects at grain boundaries. Such point defects can lead
to the presence of a large number of unpaired electrons. This
can even cause macroscopic ferromagnetism23−25 or can be the
reason for catalytic activity.26 Doping graphene-based materials
with B and N in fact significantly enhances the density of grain
boundaries because of the preferred formation of nanoscale B−
N domains/grains.27−29 Although these principles are in
general known and accepted, they have not yet been
transferred to porous carbonaceous materials.
One electrocatalytic reaction that has recently received

significant attention is the electrochemical N2 reduction
reaction (NRR), which is a potential alternative to the
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traditional Haber−Bosch process that can be driven by
renewable electricity at ambient conditions instead of high
temperature and pressure.30−34 In NRR, hydrogen is formally
created from water instead of coal or methane, and thus no
CO2 is created as a side product in this process. Furthermore,
NRR can be performed anywhere because it is geographically
not linked to hydrogen production. This “decentral produc-
tion” does eliminate the necessity to transport produced
ammonia and fertilizer over long distances and also simplifies
production on demand. However, considering the inertness of
N2 molecules and the demanding six-electron transfer, strong
competition from the hydrogen evolution reaction (HER)
remains a major problem. To implement NRR on large scale in
the future, catalysts with high selectivity, but at the same time
low costs and low overpotentials, are required.35−39 Although
metal-free catalysts for NRR have been developed, their
Faradaic efficiency (FE) and NH3 production rate still remain
limited.40

Electrocatalysis is most rewarding when not only the
reductive half-reaction but also the coupled oxidative half-
reaction creates a valuable product. Instead of coupling NRR
with the oxygen evolution reaction (OER), selective oxidation
of other substances such as biomass would be a more valuable
reverse process in a full cell.41 However, these reactions are
also far from simple and have high requirements on the
catalysts as well. Biomass is a sustainable non-fossil-based
carbon source and can serve as an alternative feedstock for the
chemical industry.42−45 Among different biomass-derived
platform molecules, 2,5-furandicarboxylic acid (FDCA) is
particularly important as it is a widely applied starting
monomer or intermediate for different polymeric materials
and can potentially replace terephthalic acid.46−48 Currently,
FDCA is mainly produced from the oxidation of 5-hydroxy-
methylfurfural (HMF) with O2 under high pressure, while
HMF is derived from cellulosic biomass.49,50 Electrocatalytic
oxidation of HMF under ambient conditions is possible as well
but requires the use of metal-based catalysts.51−54

In this work, N and B codoped porous carbon with
abundant point defects and polar pore wall structure, in which
positively charged B atoms act as electron acceptors together
with negatively charged N atoms as electron donors, is
fabricated. The as-obtained BNC material was applied for
electrochemical NRR with a high FE of 15.2% and a NH3
production rate of 21.3 μg h−1 mg−1. Besides, this material was
used as the first metal-free electrocatalyst for HMF oxidation
with a FDCA yield of 57% at 71% conversion after a reaction
time of 6 h.

■ RESULTS AND DISCUSSION
In a typical synthesis of B and N codoped carbon, a mixture of
melamine, L-cysteine, and boric acid as precursors underwent
pyrolysis at high temperature. To tune the amount and binding
structure of the doped atoms, different mass ratios of melamine
to L-cysteine to boric acid were mixed, and as-obtained
products were denoted as NC, BNC-1, and BNC-2 with the
ratio of 2:1:0, 2:1:0.2, and 2:1:1, respectively. During the
pyrolysis, the reactants were first pyrolyzed at 600 °C to form
B-doped C3N4, which was further heated to 1000 °C to obtain
BNC (Figure 1a).15,55 Transmission electron microscopy
(TEM) images of BNC-2 (Figure 1b,c) show a morphology
of interconnected nanoribbons with uniform but defect-rich
nanoporous structure. The uniform presence of different
elements B, C, and N is demonstrated by electrons energy loss

spectroscopy (EELS) elemental mapping (Figure S1). A
comparable structure is observed for NC and BNC-1 (Figure
S2). The individual ribbons of NC appear thinner but larger in
the plane, which indicates that the codoping of N and B can
improve the interaction (stacking) between the single
graphene-like layers and introduces more grain boundaries at
the same time. Scanning electron microscopy (SEM) images
(Figure S3) also exhibit a rather dense appearance of the BCN
samples when directly compared to the rather graphene-like
NC material, in accordance with TEM results. X-ray diffraction
(XRD) (Figure 1d) patterns of BNC-2 show only broad peaks
corresponding to (002) and (101) reflections at 26° and 44°,
respectively, which are also present in NC and BNC-1 (Figure
S4). This indicates that the structure is mainly amorphous,
which is typical for nanoporous carbon materials, and the
absence of crystalline BN in the as-obtained samples. The
acquired electron energy loss spectrum (EELS) (Figure 1e)
confirms the coexistence of B, C, and N in the BCN-2, with the
K-edge absorptions at 191, 284, and 401 eV, respectively.
X-ray photoelectron spectroscopy (Figure S5) was also

conducted to investigate the chemical compositions of the
samples. With increased addition of boric acid, the doping level
of B and N increases (Table S1); i.e., B helps to keep N in the
structures, presumably via B−N bonds. XPS spectra of N 1s
were then deconvoluted to elucidate the detailed binding
motives (Figure 2a). In BNC-1 and BNC-2, the four
characteristic peaks centered at 398.1, 398.5, 399.7, and
400.8 eV can be ascribed to pyridinic N, N bonded to B atoms,
pyrrolic N, and quaternary N atoms, respectively. The content
of electron-rich/Lewis basic N atoms is apparently higher in
BNC-2.56,57 N 1s spectra of B-free NC show the presence of
pyridinic N, pyrrolic N, quaternary N, and oxidized N atoms.58

The high-resolution B 1s spectra show three obvious peaks

Figure 1. (a) Synthesis processes of N and B codoped carbon. (b)
Representative TEM image, (c) HRTEM image, (d) XRD pattern,
and (e) EELS spectrum of BNC-2.

ACS Applied Energy Materials Article

DOI: 10.1021/acsaem.9b01852
ACS Appl. Energy Mater. 2019, 2, 8359−8365

8360

http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01852/suppl_file/ae9b01852_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01852/suppl_file/ae9b01852_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01852/suppl_file/ae9b01852_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01852/suppl_file/ae9b01852_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01852/suppl_file/ae9b01852_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01852/suppl_file/ae9b01852_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01852/suppl_file/ae9b01852_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01852/suppl_file/ae9b01852_si_001.pdf
http://dx.doi.org/10.1021/acsaem.9b01852


corresponding to B−O, B−N, and B−C species (Figure S6) in
BNC-1 and BNC-2.59 The content of electron-deficient/Lewis
acidic B atoms is also apparently higher in BNC-2. The
successful fabrication of B−N bonds in BNC-2 is also
demonstrated by Fourier transform infrared spectra with
obvious peaks located at 1380 cm−1 (Figure S7), which can
be attributed to out-of-plane stretching of B−N−B bonds.60

Raman spectra (Figure 2b) show two characteristic peaks at
∼1598 and ∼1338 cm−1, which can be assigned to the so-
called disordered (D) and graphite (G) bands of carbon,
respectively. The low intensity of both bands indicates the very
defective carbon structure in the materials because codoping of
N and B heteroatoms creates abundant point defects and
possible also vibrational dissymmetry in the sp2 carbon
structure. Electron paramagnetic resonance (EPR) spectra
show an obvious EPR signal for BNC with a g value of 2.006,
and the signal intensity increases with the doping level of N
and B, while there is almost no EPR signal for NC (Figure 2c).
This EPR signal can be attributed to the presence of plenty of
unpaired electrons due to point defects at grain boundaries in
BNC.61−63 In addition, FLPs can possibly be formed from
nonsaturated B and N atoms near these defects, providing the
targeted-for unique advantages for the activation of small
molecules in electrocatalysis. These properties are absent in
NC and less pronounced in BNC-1, as also reflected in the
lower intensity of the EPR signals.
N2 (−196 °C) physisorption experiments were performed to

analyze the textural properties of the BNC and NC materials
(Figure 2d). Compared with NC, doping of B and N in BNC-1
and BNC-2 results in significantly increased specific surface
areas (SSAs) (Table S2). Note that most nanopores indeed
rely on edge termination of the covalent BNC sheets; i.e., these
are the preferred locations of unpaired electrons and FLP
motifs. The shapes of the isotherms at different relative
pressures also represent specific hierarchical pore characters.
The higher N2 uptake at lower pressure indicates a high
content of narrow micropores in BNC-2, especially when
compared to BNC-1. In contrast, there is only a small volume
of micropores and mesopores but a higher macropore volume
and external surface area in NC. This is typical for sintered
porous carbons which in general loose micropores due to

Figure 2. (a) High-resolution N 1s XPS spectra, (b) Raman spectra,
(c) EPR spectra, and (d) N2 physisorption isotherms (at −196 °C) of
NC, BNC-1, and BNC-2.

Figure 3. (a) FE and NH3 production rate of BNC-2 electrode at different given potentials. (b) Comparison of FE and NH3 production rate at a
potential of −0.3 V vs RHE for NC, BNC-1, and BNC-2. (c) HMF conversion and (d) FDCA yield over the 6 h chronoamperometry test of NC,
BNC-1, and BNC-2 electrode, respectively.

ACS Applied Energy Materials Article

DOI: 10.1021/acsaem.9b01852
ACS Appl. Energy Mater. 2019, 2, 8359−8365

8361

http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01852/suppl_file/ae9b01852_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01852/suppl_file/ae9b01852_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01852/suppl_file/ae9b01852_si_001.pdf
http://dx.doi.org/10.1021/acsaem.9b01852


covalent rearrangement and sintering at higher temperatures.
BN motifs obviously improve the stability of edge terminations
against sintering. All that is confirmed by the pore size and
pore volume distribution curves (Figure S8). Therefore, it can
be concluded that codoping of B and N can create a
hierarchical nanoporous architecture, and the BN content has a
significant effect on the pore structure and its stability, which
provides innate advantages for the further catalytic applica-
tions.
In view of the unique structure of N and B codoped carbon,

including porosity and high heteroatom doping level as well as
unpaired electrons and high oxidation potential, their electro-
catalytic applications were studied. The electrochemical NRR
performance of BNC-2 was first tested with a three-electrode
system. The comparison of linear sweep voltammetry (LSV)
curves under Ar- and N2-saturated electrolyte solution
indicates an obvious current response of the BNC-2 electrode
toward N2 (Figure S9a). Chronoamperometry tests were then
conducted under different given potentials (Figure S9b), while
the corresponding FE and NH3 production rates were
quantified from the NH4

+ calibration curve (Figure S10). A
maximum FE of 15.2% with a comparably high NH3
production rate of 21.3 μg h−1 mg−1 can be achieved at a
potential of −0.3 V vs RHE (Figure 3a). At more negative
given potentials, FE and NH3 production rates both decrease
mainly due to the fact that HER turns into the dominant
process.64 Optical images and UV−vis spectra show that the
BNC-2 catalyst does selectively produce NH3. The solutions
have been tested for N2H4 as one possible byproduct, and
N2H4 cannot be detected, independent of the applied
potentials (Figure S11). In addition to high activity, excellent
stability is also required for a practical NRR catalyst. As shown
in the recycling test (Figure S12a), FE and NH3 production
rates remain almost constant (Figure S12b), and the long-term
chronoamperometry test also exhibits good current stability of
BNC-2 (Figure S13). TEM images and XPS spectra acquired
for BNC-2 material after the cycle test demonstrate the
structural stability (Figure S14). To exclude NH3 to come
from other nitrogen sources, some control experiments were
conducted by measuring the NH4

+ concentration within the
pure electrolyte before the test, under open circuit potential,
and by using pure carbon paper as the catalyst at the potential
of −0.3 V vs RHE. As shown in the UV spectra, no NH4

+ has
been detected in those control experiments (Figure S15a) as
well as under Ar-saturated electrolyte at different given
potentials (Figure S15b). In addition, based on the rigorous
protocol for NH3 synthesis,65 an 15N isotopic labeling
experiment was performed (Figure S16). The 1H nuclear
magnetic resonance (1H NMR) spectra of standard samples of
14NH4

+ and 15NH4
+ exhibit a triplet coupling and double

coupling, respectively. Through comparison, the feeding gas of
14N2 and 15N2 produces 14NH4

+ and 15NH4
+ as the final

product, respectively. Therefore, it can be seen as proven that
the NH4

+ in the electrolyte is generated via NRR catalyzed by
BNC-2. To highlight the influence of codoping and porosity,
NC and BNC-1 were also tested and compared with BCN-2
(Figure 3b). Both materials exhibit a significantly lower FE and
NH3 production rate.
Another requirement for the large-scale implementation of

electrochemical NRR would be the coupling with a suitable
value generating oxidation process on the opposite electrode in
a symmetrical full cell. In addition to the electroreduction
reaction, the ability of as-obtained samples to act as an

oxidation catalyst was also tested. Compared with the
electrooxidation of water producing oxygen, which is
abundantly available from cryogenic distillation of air, selective
oxidation of biomass by electricity is promising to synthesize
high-value chemical compounds. Therefore, the electro-
oxidation of HMF was studied as a second application using
BNC and NC materials as catalysts.
From the LSV curves of BNC-2 with and without the

addition of 5 mM of HMF in 0.1 M NaOH (Figure S14a), it
can be seen that current densities dramatically increase after
adding HMF, indicating that the materials exhibit obvious
catalytic activity for HMF oxidation. In the absence of HMF,
there is also an anodic current due to the water oxidation to
O2, which is the main competing reaction for HMF oxidation
(in a comparable way as HER is for NRR).66,67 Similarly,
BNC-1 also shows obvious current response for HMF
oxidation (Figure S14b). On the contrary, the current densities
after adding HMF only slightly increase for NC and at higher
overpotentials (Figure S14c). In the absence of HMF, the
current densities generated by the NC electrode are much
higher when comparing to the BNC electrode, which shows
that NC is a more favorable catalyst for water oxidation/OER,
while BCN is not. There are several possible intermediates
during the oxidation of HMF to FDCA (Scheme S1), such as
2,5-diformylfuran (DFF), 5-formyl-2-furancarboxylic acid
(FFCA), and 5-hydroxymethyl-2-furancarboxylic acid
(HMFCA).68 Therefore, chronoamperometry tests were
further performed to investigate the HMF conversion and
FDCA selectivity over time. At a potential of 1.9 V vs RHE and
after 6 h, 71% of HMF was successfully converted at the BNC-
2 electrode, which largely surpasses the catalytic activity of NC
and BNC-1 (Figure 3c). BNC-2 also provides a desirable
FDCA yield of 57% (Figure 3d). Carbon paper without
catalyst loading does not exhibit any activity for HMF
oxidation (Figure S15). In addition, the stability test of
BNC-2 for HMF oxidation (Figure S16) shows that the
current densities first decrease due to the consumption of
reactants and then recover immediately after readdition of
HMF. After four times, BNC-2 can still provide fast and
sensitive response toward HMF addition, implying good
stability and the absence of irreversible processes on the
electrode.
Based on the above analysis and comparisons, BNC-2

exhibits the best catalytic performances, both for nitrogen
reduction and for biomass oxidation. Following the activity−
structure relationships, the possible active sites for this catalysis
must be discussed. First, it has been recently reported that B−
N bonds can act as the active sites for electrochemical NRR.22

As can be seen from XPS results, the excellent activity of BNC-
2 indeed goes with a higher content of B−N bonds. Maybe
more importantly, B and N atoms near defects could act as a
FLP-like structure with positively polarized (electrophilic) B
atoms and negatively polarized (nucleophilic) N atoms, and
thus the reactants N2 and HMF could be effectively activated
by strong polarization on top of these structural motives.39

Furthermore, point defects at the grain boundaries between
B−N and graphitic domains can lead to high catalytic activity
because the unpaired electrons at such sites will provide
binding sites for the substrate molecules and electron transfer
activation. From a textural point of view, as a result of the
higher nanoporosity, BNC-2 also exhibits higher electro-
chemical surface area (ECSA) according to capacitance
measurements (Figure S17). This is of particular importance
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for the catalytic conversion of larger molecules such as HMF as
they have to have access to the entire internal surface of the
catalyst particles deposited on the electrodes.
As mentioned above, codoping of N and B creates a porous

structure with high SSA, which can be favorable for adsorption
and activation of reactants as well as for electron/mass transfer.
N2 adsorption experiments at 298 K show that BNC-2 can
indeed adsorb a higher volume of N2 even at room
temperature, compared with NC and BNC-1 (Figure 4a). N2
adsorption at 273 K was also tested (Figure 4b) and exhibits
the same trend. Based on those two data sets, the heat of
adsorption (Qst) for N2 was estimated (Figure 4c). The Qst
values at low N2 uptakes come with a rather high experimental
error, and a comparison at higher volumes of adsorbed N2 is
more reliable. Indeed, the unusual high value of Qst indicates
strong affinity between BCN-2 and N2 molecules. This
quantifies the N2 polarization beyond van der Waals binding
and activation which is certainly one source of its higher NRR
activity.

■ CONCLUSION

In summary, a novel N and B codoped carbon catalyst with
porous structure has been synthesized from simple precursors.
The introduction of N and B heteroatoms leads to the
construction of N−B motives and frustrated Lewis pairs in a
microporous architecture which is also rich in point defects.
The latter can improve the strength of adsorption of reactants
(N2 and HMF) and thus their activation. As a result, BNC-2
exhibits a desirable electrochemical NRR and HMF oxidation
performance. HMF oxidation has only been shown exemplarily
here and that the catalytic concept is general and can also be
applied for oxidation reactions. A further increase of the boron
content and careful balancing of the elemental composition
provides room for further enhancement of these NRR catalysts.
Gas adsorption experiments support the unusually strong
binding and activation of N2 and might serve as a simple
descriptor to relate structure and catalytic activity. We believe
that this work provides novel and deep insights into the
rational design and the origin of activity in metal-free
electrocatalysts and enables a physically viable discussion of
the active motives as well as the search for their further
applications.
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