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Oxygen-Rich Carbon Nitrides from an Eutectic Template
Strategy Stabilize Ni, Fe Nanosites for Electrocatalytic
Oxygen Evolution

Chun Li, Enrico Lepre, Min Bi, Markus Antonietti, Junwu Zhu, Yongsheng Fu,*
and Nieves López-Salas*

Functionalized porous carbons are central to various important applications
such as energy storage and conversion. Here, a simple synthetic route to
prepare oxygen-rich carbon nitrides (CNOs) decorated with stable Ni and
Fe-nanosites is demonstrated. The CNOs are prepared via a salt templating
method using ribose and adenine as precursors and CaCl2·2H2O as a
template. The formation of supramolecular eutectic complexes between
CaCl2·2H2O and ribose at relatively low temperatures facilitates the formation
of a homogeneous starting mixture, promotes the condensation of ribose
through the dehydrating effect of CaCl2·2H2O to covalent frameworks, and
finally generates homogeneous CNOs. As a specific of the recipe, the
condensation of the precursors at higher temperatures and the removal of
water promotes the recrystallization of CaCl2 (T < Tm = 772 °C), which then
acts as a hard porogen. Due to salt catalysis, CNOs with oxygen and nitrogen
contents as high as 12 and 20 wt%, respectively, can be obtained, while
heteroatom content stayed about unchanged even at higher temperatures of
synthesis, pointing to the extraordinarily high stability of the materials. After
decorating Ni and Fe-nanosites onto the CNOs, the materials exhibit high
activity and stability for electrochemical oxygen evolution reaction with an
overpotential of 351 mV.

C. Li, M. Bi, J. Zhu, Y. Fu
Key Laboratory for Soft Chemistry and Functional Materials of Ministry of
Education
Nanjing University of Science and Technology
Nanjing 210094, China
E-mail: fuyongsheng@njust.edu.cn
C. Li, E. Lepre, M. Antonietti, N. López-Salas
Colloid Chemistry Department
Max Planck Institute of Colloids and Interfaces
Am Mühlenberg 1, 14476 Potsdam, Germany
E-mail: nieves.lopezsalas@mpikg.mpg.de

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/advs.202300526

© 2023 The Authors. Advanced Science published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

DOI: 10.1002/advs.202300526

1. Introduction

Porous carbon materials are essential in
many important applications because of
their wide availability and superior physic-
ochemical properties,[1] such as electric
and thermal conductivities, chemical sta-
bilities, low densities, as well as their
high specific surface area and adjustable
pore size. For example, they have been
widely used as electrodes for fuel cells,[2]

supercapacitors,[3,4] and batteries,[5] as
well as effective supports for separation,[6]

sorption,[7] gas storage,[8] and catalysis.[9]

In particular, porous carbon materials
with targeted functionality are one of the
most competitive materials compared to
other porous materials, such as metal-
organic frameworks, porous silica, porous
polymers, and zeolites, because of their
abundant, inexpensive raw materials
and thus great economic attraction.[10,11]

An efficient way of functionalization is
attaching heteroatoms (e.g., doped with ni-
trogen, oxygen, sulfur) directly during their

synthesis.[12] To fulfill multiple, combined functions, for exam-
ple, high activity and stability in electrocatalysis, heteroatom-
doped porous carbons often cooperate with metallic nanoparti-
cles/nanosites. They use metal-carbon interaction resulting from
the long electron pairs of the heteroatoms with the empty orbitals
of metals to stabilize metallic sites in a ligating fashion[13–16] and
prevent them from aggregation.[17–19] This allows the dispersion
of a larger amount of stable metallic active sites, providing highly
active and long-lifetime catalysts.[20,21]

The heteroatom content and pore structure of heteroatom
doped-porous carbons can be altered by changing precursors and
pyrolysis temperatures,[22–24] and by using different physical and
chemical methods, such as templating methods,[25] salt melt syn-
thesis, 3D printing,[26] and freeze-drying-assisted synthesis.[27]

For example, Zhang et al. reported the in situ polymerization and
carbonization of quinone-amine polymer precursor on the sur-
face of a nanosized MgO template to obtain hierarchical porous
carbon.[28] Moreover, the salt templating approach is simple and
efficient, based on a salt acting as solvent and template. Thus, the
crosslinking of the precursor and carbonization can proceed in
one step. Some metal chlorides, like zinc chloride, were able to
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form eutectic mixtures with simple organic alcohols or amides,
leading to a highly homogeneous reaction environment.[29] Xue
et al. fabricated N/O doped hollow carbon nanorods (HCNs)
based on a new deep-eutectic-solvent (DES) formed via the
hydrogen bond between urea, 2,5-dihydroxy-1,4-benzoquinone,
and ZnCl2. The new DES acts as a C/N/O precursor and auto-
template, while ZnCl2 can promote the condensation process
due to its Lewis-acidic dehydration effect.[30] Other alkali metal
chlorides such as LiCl, NaCl, and KCl[31] were also well studied
in salt melts and hard templating systems. There are only a few
reports introducing alkaline earth metal chlorides such as CaCl2
and MgCl2 as salt templates.[32,34] Huang et al. investigated the
multiple roles of CaCl2, where CaCl2 was finally encapsulated in
nitrogen-doped carbons, and a mesopores structure with high
surface areas was obtained after aqueous removal of CaCl2. Pam-
pel et al. described MgCl2·6H2O as both soft and hard templates
in the construction of tubular nitrogen-doped porous carbons
with adenine as a precursor.[35] The soft template comes from
molten hydrate (eg. its hexahydrate, melting point 96 °C), while
a hard template forms later due to the dehydration of the molten
hydrate that then crystallizes. The interaction between MgCl2
hydrates and the precursors, however, was hardly discussed, and
the mentioned literature neither discussed the mechanism of
CaCl2 hydrates as templates.

Herein, we use CaCl2·2H2O as a salt template and ribose and
adenine as precursors for the synthesis of oxygen-rich carbon ni-
trides (CNOs) and found that CaCl2·2H2O not only acted as a
template but also formed a supramolecular structure with ribose
via hydrogen bonding at lower temperatures, providing the for-
mation of a homogeneous eutectic mixture where condensation
and carbonization processes occur. The solidification of CaCl2
(T < Tm) at higher temperatures occurs during the condensa-
tion of the precursors, generating organized nanocrystals as hard
templates. The CNOs nitrogen and oxygen contents were up to
20 and 12 wt%, respectively, even when the pyrolysis tempera-
ture was as high as 800 °C. A large number of mesopores with
unique graphitic conjugated rings were observed in the CNOs
sheets. The structure and elemental composition of these CNOs
are extremely stable, making them candidates to perform sub-
strates for metal deposition. The CNOs exhibit a higher loading
capacity of nickel atoms than iron atoms, and CNOs with Ni ex-
hibited better catalytic performance in oxygen evolution reaction
(OER) than CNOs with Fe atoms. Interestingly, the addition of Fe
atoms into Ni-based CNOs displayed an enhancement in electro-
catalytic activity, which could contribute to the synergistic effect
between nickel and iron, located at different sites but connected
via strands of carbon covalency. Due to the described features, the
catalyst exhibited excellent durability.

2. Results and Discussion

2.1. Synthesis Mechanism of CNO

The CNOs were synthesized as described above. The final oxy-
gen and nitrogen contents of these CNOs are as high as 12 and
20 wt% and remain stable in a temperature range from 600 to
800 °C. Carbon yields are unusually high, speaking for tightly
bound precursors. We found that the hydrogen bond between
ribose and CaCl2·2H2O allows the formation of a supramolec-

ular, liquid, eutectic structure. Moreover, the strong dehydrat-
ing effect of CaCl2·2H2O quickly activated and polycondensed
the precursors and fostered the formation of CNOs with ho-
mogeneous morphology and structure. As shown in Scheme 1,
CaCl2·2H2O and ribose form a supramolecular structure that in-
tegrates into pre-defined intermediates adenine, thus generating
partially-ordered, nanostructured carbons with stable elemental
composition and properties.

As shown in Figure 1a and Figure S1a, Supporting Infor-
mation, the mixture of ribose and CaCl2·2H2O (the first bottle)
turned into an organized, opaque liquid at 90 °C after 5 and 24 h,
suggesting the formation of supramolecular structure since the
vial was capped and thus the dehydration of CaCl2·2H2O could
not take place. The supramolecular structure is formed via the
hydrogen bond between ribose and CaCl2·2H2O, which can be
proven by the DSC curves in Figure 1b. The DSC curve of ri-
bose and CaCl2·2H2O mixture shows three peaks. The first one
is related to the loss of adsorbed water because there is a mass
loss in Thermogravimetric analysis (TGA) curves (Figure 1c). The
second one is related to the phase change of the mixture and
loss of water since there is a mass loss in TGA and DTG curves
which, however, starts from 67 °C which is earlier than CaCl2
2H2O (75 °C). The third peak starting from around 100 °C, is
endothermic and broad due to the recrystallization water loss of
CaCl2·2H2O.[36] The mixture has a lower melting point, around
88 °C than the individual ribose (97.7 °C), evidencing the inter-
molecular hydrogen bond and formation of a structure that can
melt. The formation of supramolecular structure could also be
proven by the Powder X-ray diffraction (PXRD) patterns of the
ribose and CaCl2·2H2O mixture that shows neither characteris-
tic peaks of ribose nor CaCl2·2H2O (Figure S1b, Supporting In-
formation). Moreover, these supramolecular structures can reor-
ganize to pre-defined intermediates with adenine. As shown in
Figure 1a, with the presence of CaCl2·2H2O, ribose molecules
start to condense at very low temperatures (the color of the mix-
ture changed from yellow at 5 h to extendedly-conjugated black
after 24 h), while adenine remains nonreactive. When adding ri-
bose to the mixture of adenine and CaCl2·2H2O, the mixture be-
came reactive. The FTIR spectrum in Figures S2 and S3, Sup-
porting Information also reflects the reactivity of those mixtures:
a number of peaks belonging to the functional group of adenine
vanished after adding ribose and CaCl2·2H2O already at moder-
ate temperatures.

2.2. Material Characterization

FTIR was performed to understand the chemical nature of the
CNOs further. The FTIR spectra of AR6, AR7, and AR8 in Figure
S4a, Supporting Information show two obvious peaks, indicat-
ing the simple constituents of the carbon frameworks. The peak
at 1600 cm−1 is attributed to C=C/C=N groups, and the broad
peak around 1250 cm−1 stems from the overlap of C–N and C–
O groups.[37] Figure S4b, Supporting Information shows the Ra-
man spectra of AR6, AR7, and AR8. D-band and G-band can be
seen at around 1350 and 1600 cm−1, which are usually associ-
ated with defective carbon structures and sp2-hybridized carbon
from aromatic structures, respectively. The intensity ratios of D
to G peaks (ID/IG) show an almost negligible rise from 0.997
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Scheme 1. Schematic diagram of the formation process of CNOs.
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Figure 1. a) Digital pictures of mixed ribose, adenine, and CaCl2·2H2O (1:1 in mass) in a 90 °C oven for 24 h, b) DSC curves for melting point determi-
nation, and c) TGA curves of precursors and the mixture with CaCl2·2H2O.

to 1.002 with the increase in pyrolysis temperature, indicating
the samples keep their heteroatom-doped, defecteous graphitic-
layered structures.[38,39] G′ bands are also observed, which are typ-
ical of highly ordered carbon material, demonstrating the high
structural order of the graphitic system in the CNOs, while vi-
bration disorder stems from asymmetries entered by 32 wt % of
heteroatoms (Table S1, Supporting Information). TGA of these
CNOs in synthetic air aims at evaluating their thermal stability
(Figure S4c, Supporting Information). Apart from the mass loss
at ≈100 °C that corresponds to adsorbed water, the majority of
mass loss happens after 500 °C, suggesting good oxidation sta-
bility of AR6, AR7, and AR8.

XPS was carried out to identify the elemental compositions
and their chemical state across the surface of the synthesized
CNOs. The XPS survey spectra of AR6, AR7, and AR8 show
the presence of the principal O 1s, N 1s, and C 1s (Figure S4d,
Supporting Information). Three peaks at around 284.8, 286.3,
and 288.7 eV can be fitted in the C 1s spectrum, as shown in
Figure 2a, which correspond to sp2-hybridized carbon, C–N/C–O,
and C=N/C=O, respectively. The N 1s spectrum can be deconvo-
luted into four peaks (Figure 2b). Peaks around 398.1, 400.0, and
401.6 eV are attributed to pyridinic-N, pyrrolic-N, and quaternary-

N, respectively. The peak around 404 eV is usually associated
with positively charged or oxidized nitrogen functionalities.[40]

Yet, it can also be a collective effect of an increased HOMO
level of the conjugated framework. With the increase in heating
temperature, the contents of more stable quaternary-N species
and “N–O” species (i.e., electron-poor species) are increased, as
shown in Table S2, Supporting Information, while pyridinic-N
and pyrrolic-N exhibit a downward trend. For instance, the con-
tent of quaternary-N in AR8 is two times that of AR6, revealing
the increasing electropositivity of nitrogen species in CNOs at
higher pyrolysis temperatures. Though the content of different
N-species is changed, the total nitrogen content is constant, sug-
gesting a structural conjugation change of the N-species in the
whole CNOs structure with no nitrogen loss during the pyrolysis.
O 1s spectra also show the rise of O–C species from AR6 to AR8,
as shown in Figure 2c, because O–H at the edge of CNOs layers
tends to become a more stable C–O–C structure. Therefore, the
electronic properties of the CNOs can be tailored by controlling
the pyrolysis temperature.

PXRD analyses of the obtained CNOs all show a broad peak
at around 25° (Figure 2d), corresponding to the (002) planes
from graphitic carbon layers stacking.[41] The CNOs are partially
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Figure 2. a) C 1s, b) N 1s, c) O 1s XPS spectra, d) PXRD patterns, e) N2 adsorption-desorption isotherms, and f) pore distribution of AR6, AR7, and
AR8.

Figure 3. TEM images of a) AR6, b) AR7, and c) AR8. d) HRTEM image of AR8.

ordered but not perfectly translationally ordered (the nanostruc-
ture is shown in TEM images below, Figure 3). Thus, diffraction
can only generate a broad peak instead a sharp one.

The surface area and pore size distribution of the pre-
pared CNOs were evaluated by nitrogen adsorption/desorption
isotherms. As shown in Figure 2e, AR6, AR7, and AR8 all display
type IV isotherms with a distinct hysteresis loop associated with
capillary condensation in mesopores. It is well acknowledged
that hysteresis is attributed to thermodynamic and/or network
effects. The H4 hysteresis loop represents the presence of meso-

pores, as also quantified with the pore distribution in Figure 2f.
AR8 showed more accessible pores with the highest total pore
volume, which is mainly contributed by mesopores. Similar to
the mesopore volume, microporosity in the CNOs increased with
increasing pyrolysis temperature. We observe a huge jump in ab-
solute micropore volume and relative contribution: from 9.3%
to 20.2% when the temperature was raised from 600 to 700 °C
(Table 1). Note that the micropores are the potential location of
single metal atoms and are, of course, the main contribution to
the specific surface area.[42,43]
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Table 1. Specific area, total pore volume, and percentage of different sizes
of pores of the CNOs..

Sample SBET
[m2 g−1]

Vmicropore
[cc g−1]

Vmicropore
[%]

Total pore volume
[cc g−1]

AR6 275 0.046 9.3 0.49

AR7 545 0.138 20.2 0.683

AR8 766 0.192 21.7 0.883

Another strong evidence for the idea that CaCl2·2H2O makes
ribose more active and promotes condensation is that the ratio
of salt to precursors could alter the specific surface area (Table
S3, Supporting Information) and composition (Table S1, Sup-
porting Information) of produced CNOs but make no difference
in the pore size distribution. As shown in Figure S5a,b, Support-
ing Information, CNOs showed similar pore size distribution af-
ter changing the ratio of salt to the precursor. Still, the surface
area of CNOs with a higher salt/precursor ratio was larger, con-
firming that CaCl2·2H2O acts as a template in the synthesis pro-
cess. If CaCl2·2H2O was not enough to form sufficiently reactive
supramolecules with ribose and to condense with adenine, then
the residual adenine molecules will condense with each other, re-
sulting in higher nitrogen content in the produced CNOs (Table
S1, Supporting Information). As shown in Figure S5c,d, Support-
ing Information, when the ratio of adenine and ribose is changed,
the pore structure of obtained CNOs is still similar.

The morphology of the CNOs was further characterized by
scanning electron microscopy (SEM) and transmission electro
microscopy (TEM). As shown in Figure S6, Supporting Infor-
mation, raising the pyrolysis temperature did not change the
macroscale morphology. Flakes of several micrometers in hori-
zontal size are observed in all three samples. In TEM images, a
sheet-like morphology with included mesopores is observed. As
shown in Figure S7a–c, Supporting Information, AR6, AR7, and
AR8 all exhibited mesoporous structures with a pore diameter
below 10 nm, consistent with the pore size distribution deter-
mined from their nitrogen isotherms. As shown in Figure 3a–
c, the main difference between the samples is that the pore wall
structures mature with increasing temperature. The walls of AR8
are more contrasted and well organized in graphitic layers than
AR6 and AR7. AR6 showed the beginning of lattice lines, coexist-
ing with still disordered structures (Figure S7d, Supporting In-
formation). AR7 showed the growth of the lattice lines into the
nanometer region (Figure S7e,f, Supporting Information), while
in AR8, the graphitic layers essentially wrapped around the for-
mer template, which is now a mesopore, as shown in Figure 3d.
In the thin edges of the flakes, HRTEM can be applied, confirm-
ing that the structure is composed of onion-ring-like multilayer
graphite rings with a layer spacing of 0.34 nm (Figure S8, Sup-
porting Information). Moreover, the number of these graphitic
layers increased with a higher amount of ribose; all samples have
about the same pore morphology, while the increase of monomer
is invested in thicker walls, a further chemical control parameter
given into our hands by the special process.

Then we explore whether this eutectic-mediated hard template
method can be otherwise generalized, that is, if it applies to other
monosaccharides and nucleobases. As shown in Figure S9a, Sup-
porting Information, the mixture of glucose and CaCl2·2H2O (1:1

in mass) became semi-liquid like ribose and CaCl2·2H2O after 3
h in a 90 °C oven and turned dark brown after 24 h, suggest-
ing CaCl2·2H2O also promotes the condensation of glucose. The
DSC curves of glucose showed its melting point is 165 °C, while
the mixture of CaCl2·2H2O and glucose is liquid or glassy and
only showed one peak assigned to water loss (Figure S9b, Sup-
porting Information), that is, a supramolecular mixed crystal is
not easily formed. In addition to the water loss, the mixed glucose
and CaCl2·2H2O also showed earlier decomposition than the in-
dividual glucose and CaCl2·2H2O, as displayed in Figure S9c,d,
Supporting Information, proving activation again. AG8 showed
similar mesopores with graphitic-layered structures and pore dis-
tribution with AR8, as displayed in Figure 4a and Figure S10a,b,
Supporting Information, indicating that our recipe can –with lit-
tle variations– be extended to other sugars.

Other nucleobases, such as guanine and cytosine, were also
applied to replace adenine as a nitrogen source. Again, a meso-
porous morphology with wrapped graphitic walls and similar
pore distribution was found (Figure 4b,c and Figure S10c,d, Sup-
porting Information).

As we mentioned, ribose is strongly activated due to the de-
hydration effect of CaCl2·2H2O. While the CNOs form adeno-
sine, ribose connected to adenine, displays a vague ring struc-
ture with some short-range ordered structure compared to the
clear graphitic rings in AR8 (Figure S11b,f,c,g, Supporting In-
formation), indicating that the ribose in adenosine is less acti-
vated than individual ribose. But the ribose contained in adeno-
sine can still interact with CaCl2 2H2O and give birth to mul-
tilayer graphitic rings. Other nucleosides other than adenosine,
such as guanosine and cytidine, also showed the ability to interact
with CaCl2 2H2O. The obtained CNOs from adenosine, guano-
sine, and cytidine –As8, Gs8, and Cd8– all exhibited the typical
mesopores with graphitic margins (Figure 4d–f). Therefore, the
eutectic-mediated hard template synthesis strategy has a promis-
ing future in carbon material synthesis based on the wide possi-
bility in the available precursors, including but not limited to aro-
matic compounds with hydroxyl groups. This study could also in-
spire further exploration of the rarely studied alkaline earth metal
chlorides as templates.

The conductivity of the CNOs was measured to explore the
effect of composition and structure on their electrical prop-
erty. AR8, with the highest graphitic nitrogen content and or-
dered structure, displays the highest conductivity (AR6: 0.531
S m−1, AR7: 1.243 S m−1, AR8: 1.473 S m−1). This can be ex-
plained by higher quaternary-N in AR8 because higher content
of graphitic nitrogen (quaternary-N) is favorable for the conduc-
tivity of the samples,[44] together with the extended conjugation
paths observed in HRTEM. And the locally ordered mesopores
with graphitic rings could also be favorable for conductivity since
graphitic domains, especially graphitic crystalline domains in
large size, could enhance the electrical conductivity.[45]

Heteroatom-doped carbons are not only active (electro-
)catalysts by themselves, due to the altered electronic struc-
ture of the carbon atoms adjacent to heteroatoms[46,47] but also
provide a stable matrix for metal single-atoms.[48] Thus, AR8
was selected as the support to load commonly used non-rare
metals for OER electrocatalysis, nickel and iron, because of its
more ordered structure, higher microporosity, and higher con-
ductivity. A series of samples with different metal content were
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Figure 4. TEM images of a) AG8, b) GnR8, c) CR8, d) As8, e) Cd8, and f) Gs8.

prepared to optimize the loading amount of metal. As expected,
the Inductively coupled plasma optical emission spectroscopy
(ICP-OES) results display a positive relationship between the
loading amount of Ni and the concentration of metal precursor,
and the Ni content reached 16.2 wt% with a CNO/metal precursor
ratio of 2 (seen in Table S4, Supporting Information). The PXRD
patterns of these samples showed no characteristic peaks of Ni
species, implying no severe aggregation of Ni atoms and particle
formation. What is worth noting is that the Ni loading amount
remains at 0.7 ± 0.03 wt% after acid etching regardless of the ini-
tial content, indicating that the highest loading capacity of CNOs
for Ni at strong, non-leachable binding sites is 0.7 wt%. Mean-
while, this deep binding capacity for Fe on CNOs is about 0.4 ±
0.02 wt%. The difference suggests a stronger interaction between
AR8 and Ni than Fe. Moreover, an enhanced (electro-)catalytic
activity based on the synergy between different metals was also
reported,[49–51] especially Ni and Co-based oxygen-evolving cata-
lysts (OECs) with Fe doping/incorporation. For instance, Cheng
et al. demonstrated that bridged FeNi bimetallic twin sites sig-
nificantly enhanced the OER activity.[52] Thus, to analyze for a
potential “Fe effect/synergy” on nickel-based catalysts, Ni and Fe
were co-doped into AR8.[53] The final contents of Ni and Fe in
AR8_Ni1Fe0.2_A were 0.6 and 0.04 wt%, respectively, quantifying
the preferred competitive Ni-binding.

Spherical aberration-corrected scanning transmission electron
microscopy (STEM) was used to evidence the distribution of
nickel and iron nanosites. Since the signal of the high-angle an-
nular dark-field (HAADF) image is approximately proportional
to the square of the atomic number, and the atomic number of
the metal (ZNi = 28, ZFe = 26) is much higher than that of C (ZC

= 6) and N (ZN = 7), metallic atoms can be distinguished from
the CNOs support.[54] Strong signals attributable to heavier ele-
ments appear in the HAADF-STEM image of AR8_Ni1Fe0.2_A,
as shown in Figure 5a. Figure 5b, obtained from the yellow re-
gion in Figure 5a, displays isolated bright dots around atomic
size (highlighted by yellow circles), which can confirm the sub-
nanometer distribution of Ni and Fe in AR8_Ni1Fe0.2_A. These
heavy element signals can also be observed in other regions
of AR8_Ni1Fe0.2_A, proving that Ni and Fe are mainly dis-
tributed as nanoclusters (Figure S12, Supporting Information).
The EELS signal shown in Figure S12c, Supporting Informa-
tion area displays clear signals assigned to Fe and N elements
and very weak signal from Ni, suggesting the existence of Fe,
Ni nanoclusters.[55] We exclude the potential influence from the
signal of calcium as indicated by the ICPOES -analysis which
showed a 0.008 wt% of calcium present in the sample and SEM
energy-dispersive X-ray (EDX) spectroscopy only detected 0.015
wt% of calcium (Figure S13, Supporting Information), which is
close to the limit of detection of the technique. The weak signal
attributed to Ni shown in Figure S12c, Supporting Information
is probably because of the low resolution of the analysis and low
concentration of Ni and Fe in ca. 10 nm2.

2.3. Electrochemical Performance

The electrocatalytic activity of the as-synthesized CNOs toward
OER was explored by linear sweep voltammetry (LSV), as shown
in Figure S14a, Supporting Information. The overpotential of the
metal-free AR6 (477 mV) is higher than the overpotential of AR7

Adv. Sci. 2023, 10, 2300526 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2300526 (7 of 11)
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Figure 5. a) HAADF-STEM image of AR8_Ni1Fe0.2_A, and b) HAADF-STEM image from (a) area.

Figure 6. a) Linear sweep voltammetry (LSV), b) Tafel slope, and c) Cdl of the catalysts. d) Current-time (I-t) chronoamperometric responses for
AR8_Ni1Fe0.2_A, IrO2, and RuO2.

(430 mV) and AR8 (434 mV), which can be rationalized by its low
conductivity. The electrochemical stability of AR8 was assessed
through a comparative analysis of its initial LSV and LSV curves
after undergoing 1000 CV cycles, as illustrated in Figure S15a,
Supporting Information. The absence of any activity decline in-
dicated the exceptional durability of AR8 in electrocatalytic appli-
cations. The stability of AR8 in electrocatalysis is much higher
than the benchmark RuO2 and comparable to commercial IrO2
(Figure 6d). The chemical and structure stability of AR8 were
further evaluated by PXRD, XPS, and TEM results of the elec-
trode after the durability test. The PXRD pattern of AR8 demon-
strated no peak shift after the durability test, indicating no ex-
pansion of the interlayer distance (Figure S16a, Supporting In-
formation). The functionalization of AR8 was scarcely altered, as
evidenced by the XPS analysis conducted after 1000 CV cycles
(Figure S16b, Supporting Information). Notably, the detection of
residual binder in the sample after the electrochemical assess-
ment may have contributed to the minor discrepancies observed.
Moreover, the TEM images revealed the perfect preservation of
the mesoporous structure with graphitic walls of the AR8 elec-
trode after the durability test. Therefore, given its demonstrated
long-term stability, AR8 represents a promising substrate candi-
date for electrocatalytic applications. Figure S14b,c, Supporting
Information shows that the CNOs exhibited better OER electro-

catalytic activity after loading nickel and further enhancement af-
ter adding iron. Iron doping reduced the overpotential by around
20 mV. As shown in Figure S14d, Supporting Information, the
catalytic activity improved with the increasing nickel content. The
overpotential of AR8_Ni5 is 334 mV, with nickel content reaching
16.2%, which is 90 mV lower than AR8_Ni1, whose nickel content
is 2.6%. This implies that the nickel species played a key role in
improving the catalytic activity. Moreover, the LSV curves of AR6,
AR7, and AR8 in Figure S14a, Supporting Information showed
that AR6 exhibits poorer activity at higher current density regions
than AR7 and AR8, which possess more porous structures. While
the overpotential of AR8_Ni1Fe0.2_A is 1000 mV when the cur-
rent density is as high as 300 mA cm−2 (Figure S14e, Supporting
Information), suggesting the mass transfer of the porous struc-
ture is good.

After acid etching, the overpotential of nickel-doped CNOs is
around 380 mV, which is 50 mV lower than the overpotential of
pure AR8, as seen in Figure 6a (specific value is listed in Table
S4, Supporting Information). The overpotentials of AR8_Ni3 and
AR8_Ni5 are lower than that of AR8_Ni3_A and AR8_Ni5_A, sug-
gesting the acid etching removed some active nickel species, po-
tentially also secondary Ni-aggregates. However, the removal of
weakly bound Ni species is beneficial for the stability of the cat-
alysts, as can be seen in Figure S15b,c, Supporting Information.

Adv. Sci. 2023, 10, 2300526 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2300526 (8 of 11)
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The overpotential increased by 50 mV after the 1000-cycle CV
test, while AR8_Ni5_A only showed an increase of 4 mV. The
electrocatalytic activity of CNOs doped with iron was also in-
vestigated. The overpotentials of AR8_Fe1_A, AR8_Fe3_A, and
AR8_Fe5_A are 433, 435, and 443 mV, respectively, which shows
only little improvement when compared to pristine AR8. The
AR8_Ni1Fe0.2_A, after co-doping a trace amount of iron and
nickel into CNOs, has an overpotential of 351 mV, a lowering
by 36 and 82 mV, compared with the CNOs doped with only
nickel or iron: This performance is also comparable to the bench-
mark RuO2 (358 mV in Figure S15d, Supporting Information)
and other Ni and Fe single atoms-decorated carbonaceous mate-
rials (Table S5, Supporting Information).

In addition, the kinetics of OER can be explored through
the Tafel slope (Figure 6b). Tafel slopes of AR8_Ni1_A,
AR8_Ni3_A, AR8_Ni5_A, AR8_Fe1_A, AR8_Fe3_A, AR8_Fe5_A,
and AR8_Ni1Fe0.2_A are 70, 67, 61, 85, 84, 84, 85, and 64 mV
dec−1, respectively. The Tafel slopes of Ni-Fe co-doped CNOs and
Ni-doped CNOs are generally comparably low, with Fe-doped
species being slightly higher. The OER activity of a catalyst largely
depends on the density of the accessible electrochemical sites.
The density of accessible electroactive sites and the intrinsic prop-
erties of catalysts were evaluated by measuring the electrochem-
ically active surface area. The OER catalyst acts as a capacitor
when the voltage is applied: charge accumulation occurs at the
electrolyte-catalyst interface. In the absence of any Faradaic reac-
tion, that is, before the reaction sets in, the electrode capacity is
the electric double layer capacity Cdl, and the electrochemically
active surface area is calculated from Cdl. As shown in Figure 6c,
the Cdl values of the iron-doped CNOs are lower than that of Ni-
doped CNOs. This trend is consistent with the tendency of ac-
tivity of these two types of catalysts, indicating that the Fe-doped
CNOs with less doping amount have a lower density of accessible
catalytic active sites, while Ni-doped CNOs have a higher density
of accessible active sites and have better intrinsic activity. The Cdl
value of Ni-Fe co-doped AR8_Ni1Fe0.2_A is the largest, indicat-
ing the highest active surface area.[56] In practical applications,
the stability of the catalyst is an extremely important parame-
ter. The I-t curves of AR8_Ni1Fe0.2_A and RuO2 are compared
in Figure 6d. The electrode showed a current density retention
rate as high as 96.6% after 20 h at 1.6 V, which is comparable
to the IrO2 (94.2%). In comparison, benchmark RuO2 showed
the known decay (46.6% retention rate), indicating the much bet-
ter stability of our Ni, Fe-doped CNOs in electrocatalytic OER,
outperforming in durability even well-established materials so-
lutions based on rare noble metals, while realizing the same per-
formance. Besides, The TEM image of AR8_Ni1Fe0.2_A after the
electrocatalysis stability test showed no observed aggregation of
metal clusters (Figure S17, Supporting Information).

3. Conclusion

In summary, adenine and ribose were used as building blocks
to construct CNOs CaCl2·2H2O as a multi-purpose reagent, then
Ni and Fe- nanosites were deposited onto CNOs. Ribose and
CaCl2·2H2O form a supermolecular eutectic solution via strong
proton bridges, resulting in a homogeneous starting solution
and activated dehydration and condensation of ribose molecules
due to the strong acid catalysis of CaCl2·2H2O. The supermolec-

ular approach enables to synthesize homogeneous CNOs with
high oxygen and nitrogen content and stable composition in high
yields. The samples are inherently mesoporous with mesopores
below 10 nm due to self-organized CaCl2 crystals serving as hard
templates. At the same time, the walls are composed of onion-like
packed bend graphitic layers of N, O-doped carbon. The thickness
of the walls directly follows the relative ribose content.

With its inherently high specific surface area and pore vol-
ume, this sample was used as an OER electrocatalyst and already
showed rather acceptable activities. Ni-Fe co-doping improves the
OER electrocatalytic activity of CNOs in alkaline conditions, with
the lowest overpotential of 351 mV and a Tafel slope of 64 mV
dec−1. The washed catalysts showed on top a remarkable oxida-
tion stability in long-duration electrolysis, the real design target of
the applied synthetic exercise. Now, sustainable catalysts with Ni-
Fe nanoclusters can outperform even reference materials based
on rare noble metals. Additional experiments also showed that
the approach is rather general and works for other carbohydrates
and nucleobases.

Using supramolecular-organized, eutectic, catalytic mixtures
of ribose/carbohydrate and CaCl2·2H2O is also able to dis-
solve high concentrations of nucleobases as nitrogen precursors,
thereby representing a simple and attractive tool for the synthesis
of CNOs with stable structure, controlled meso-and microporos-
ity, and potentially wider compositions, all secured by chemical
self-processes.

4. Experimental Section
Materials: Adenine (> 99%) and D-(−)-ribose (analytical grade) were

purchased from TCI EUROPE N.V., and Serva, respectively. Adenosine,
D-(+)-glucose, cytosine, cytidine, guanine, and guanosine were pur-
chased from Aldrich. Calcium chloride-dihydrate (≥ 99%) was purchased
from Fisher Chemicals. Iron (III)-acetylacetonate (99+%) and nickel (II)-
acetylacetonate (96%) were from Acros, respectively. Nafion (5 wt. % in a
mixture of lower aliphatic alcohols and water, containing 45% water) was
from Aldrich. The chemicals were all used as received. The RuO2 and IrO2
were purchased from Aldrich, 99.9%

Synthesis of CNOs: In a typical procedure of CNOs synthesis, adenine
(1.28 g) and ribose (0.78) (mole ratio = 1:1) were mixed with CaCl2·2H2O
(20 g) by grinding in a mortar. The mixture was transferred to a crucible
and heat-treated at different temperatures (600, 700, and 800 °C) for 2 h
with a heating rate of 1 K min−1 in a nitrogen atmosphere. After cooling
to room temperature, the solid was washed with HCl (1 M, ≈400 mL) at
room temperature 2 times and 70 °C 1 time. After washing, the material
was dried at 60 °C under atmospheric pressure for several hours and then
at 150 °C under vacuum overnight to remove the absorbed water. The fi-
nal product was obtained with a weight yield of around 30%. The samples
were named AR6, AR7, and AR8, where A represents adenine, R represents
ribose, and the number means the pyrolysis temperature (e.g., 6 for 600
°C). For the CNOs obtained from other precursors, G, C, Cd, Gn, and Gs
represent D-(+)-glucose, cytosine, cytidine, guanine, and guanosine, re-
spectively. CNOs obtained from the different mass ratios of CaCl2·2H2O
and precursors, with a number at the end representing the mass ratio. For
example, AR7Ca6 means the mass ratio of CaCl2·2H2O and the precursors
was 6.

Synthesis of Ni-Fe Decorated Catalysts: Taking AR8_Ni1Fe0.2 for ex-
ample, 10 mg of nickel (II)-acetylacetonate and 2 mg of iron (III)-
acetylacetonate were dissolved in 5 mL acetone, and then 100 mg of AR8
was added into the solution. The mixture was stirred for 4 h and was put
into a 60 °C oven overnight. After the evaporation of acetone, the solid
was placed in a muffle furnace, heated to 350 °C for 2 h in the air, and then
named AR8_Ni1Fe0.2. After cooling to room temperature, the solid was

Adv. Sci. 2023, 10, 2300526 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2300526 (9 of 11)
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washed with hydrochloric acid (1 M, 100 mL) for 2 days and then dried.
The washed sample was named AR8_Ni1Fe0.2_A, where AR8 represents
the CNOs support, the number after metal represents the mass of metal
precursor put in 10 mg CNOs support, and A at the end represents acid
wash.

Characterization: PXRD patterns were recorded with the Bruker D8 Ad-
vance instrument using Cu-K𝛼 (𝜆 = 1.5418 Å) as the radiation source. The
2𝜃 ranged from 5° to 60°. X-ray photoelectron spectroscopy was obtained
on a Thermo Scientific K-Alpha. TGA was carried out on a Thermo Mi-
crobalance TG 209 F1 Libra in a Pt crucible, using synthetic air as the
gas carrier with a heating rate of 10 K min−1. Elemental chemical anal-
ysis was carried out using a vario MICRO cube CHNOS Elemental Ana-
lyzer (Elementar Analysensysteme GmbH, Langenselbold) in the CHNS
and CHNO modes. ICP-OES was performed on a PerkinElmer ICP-OES
Optima. 500 μL HNO3:HCl mixture (1:2 v%) was used to dissolve the
sample (≈10 mg). SEM and EDX spectroscopy were recorded on an LEO
1550-Gemini scanning electron microscope from Zeiss, coupled with an
Oxford Instruments energy-dispersive X-ray detector X-MAX. Nitrogen ad-
sorption and desorption isotherms at 77 K and carbon dioxide isotherms
at 25 K were recorded on a Quadrasorb SI apparatus. The samples were
degassed at 150 °C under vacuum for 20 h before the measurements. The
Brunauer–Emmett–Teller (BET) method was used to calculate the specific
surface area (SBET) from nitrogen adsorption data (P/P0 < 0.2). The total
pore volume (VT) was obtained from the amount of gas adsorbed at P/P0
= 0.995. Pore size distribution and volumes of micropores and mesopores
were calculated by the quenched solid density functional theory (QSDFT)
model using slit/cylindrical pore shape. TEM were obtained from FEI Ta-
los F200X G2. HAADF and low-angle annular dark-field (LAADF) STEM
images were acquired by an aberration-corrected transmission electron
microscope (AC-STEM), JEOL-2100F.

For electrode preparation, a suspension of 90 wt% of CNOs and 10
wt% polyvinylidene fluoride (PVDF) in 1 mL ethanol was sonicated for 1
h and then dried. The obtained solid was roll-pressed into a 40 μm thick
sheet and cut into a 10 mm diameter pellet for conductivity measurement,
which was conducted in a four-point probe device at room temperature.
Electrochemical measurements were performed on Gamry-potentiostat in
a three-electrode cell with 0.1 м KOH as electrolyte at room temperature.
2 mg catalyst were dispersed in 1 mL ethanol and 50 μL Nafion (5wt%),
and the mixture was sonicated for 45 min. The ink was sprayed on car-
bon fiber paper (2 × 1 cm) to get a 1 mg cm−2 mass loading electrode.
The as-prepared electrode, Ag/AgCl electrode (with saturated KCl), and Pt
wire were used as work, reference, and counter electrodes, respectively.
Electrochemical active surface area and cyclic voltammetry from 0.95 to
1.15 V with scan rates from 2 to 10 mV s−1 were measured, and the cur-
rent density at 1.10 V was plotted against the scan rate. The linear fitted
slope was Cdl.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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