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The conversion of simple glucose in a salt flux results in functional
carbon materials which contain larger quantities of N and S as
dopants. This “salt and sugar” approach gives access to a new type
of mesostructure, where single carbon ribbons terminated with
oxygen and sulfur or nitrogen functionalities are “knitted” towards
very homogeneous, about 10 nm thick layers with very large
specific surface areas of up to 3200 m? g~*. Aberration corrected
high resolution TEM together with EELS reveals the details of this
structure.

Introduction

Carbon, abundant and the element with richest structural
flexibility, has been extensively exploited for new functions
that are not covered by the known allotropes of graphite or
diamond.'™ These new functions generally rely on the genera-
tion of low-dimensional nanostructures and the doping with
foreign atoms.* ® The generation of porosity (and its lining with
heteroatoms) within the sp® carbon materials is another valuable
target for the development of efficient synthetic routes towards
such functional carbon nanostructures.” ® In particular, a nitrogen-
doped version of nanocarbon turned out to be a material family as
such, with unprecedented stability, electronic conductivity, and
electrocatalytic activities (see, for instance ref. 10 or 11).
Recently a simple process for the conversion of carbohydrates
into functional carbon materials in molten salts or salt fluxes
was developed.’"® In a moderate version of black powder
chemistry,"*" controlled amounts of oxygen containing anions,
such as LiNOj;, were added to control redox conditions in the salt
melts. The liquid reaction medium and the moderate oxidation
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Conceptual insights

2d-nanomaterials are a recent, important addition to their 3d counterparts
and are presumably responsible for the most significant practical progress
in the nanoworld. For carbons, it is generally thought that “graphene” is the
only 2d-version. The generation of in-plane porosity (and its lining with
heteroatoms) within sp* carbon materials is another valuable target for
efficient materials synthesis. In particular nitrogen-doped nanocarbons
turned out to be a material family as such, as they offer unprecedented
stability, electronic conductivity, and (electro)catalytic activities. In this
communication, we illustrate a novel 2d carbon nanostructure with
higher specific surface area, controlled porosity, and high heteroatom
functionality. In addition, this material can be simply made by heating
glucose in ordinary salt fluxes, and a scalable and comparatively low-tech
process. This communication focusses on the use of high end electron
microscopy techniques to depict the perfection and beauty of such
structures.

of less stable carbon products allowed us to obtain diverse well
defined morphologies: either highly porous N-doped carbon
scaffolds containing C-N-C bonds, or at higher dilutions
(depending on the salt system, below 1-20 wt% monomer
concentration) carbon sheets with a constant thickness in the
nanometer range and very high sp’carbon content could be
produced in high yields. The process could be readily extended
to the preparation of S-doped carbon by simply replacing the
nitrate salts with sulfur-based salts, such as K,SO, or Na,S,0;.
Again, sheet-like structures of high homogeneity were obtained.
The “problem” within the analysis of these carbons was appar-
ently contradictious characterization data: on the one hand
sheet-like structures with constant nano-thickness over many
micrometer lateral extension were observed, as clearly proven
not only by low resolution TEM, SEM, but also AFM. On the other
hand, the sheets at the same time possessed a very high surface
area and microporosity, much higher than that calculated from an
outer, stack-of-graphene like geometry. In addition, the content of
foreign elements was so high that these foreign atoms could not
been accommodated within graphene planes, and XPS in addi-
tion taught that both sulfur and nitrogen atoms were mostly at

This journal is © The Royal Society of Chemistry 2016


http://crossmark.crossref.org/dialog/?doi=10.1039/c5mh00274e&domain=pdf&date_stamp=2016-03-11
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/C5MH00274E
https://pubs.rsc.org/en/journals/journal/MH
https://pubs.rsc.org/en/journals/journal/MH?issueid=MH003003

Open Access Article. Published on 25 February 2016. Downloaded on 7/31/2025 2:42:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

edge positions. All this came with a superior electrochemical
performance, well ahead of the most ordinary graphene materials,
as for instance substantiated in ref. 16.

It is the intention of the present communication to resolve
this apparent contradiction and to analyze the local structure of
those carbons more carefully using advanced TEM techniques.
As a result, a novel, apparently general carbon nanoarchitecture
could be identified, which essentially can be described as a very
flat block of graphene ribbons, similar to a Ramen noodle block.

Results and discussion

In the present series of experiments the deep eutectic mixture
in the LiCl/KCI system with a melting point of 353 °C was used
as the liquid flux media to react with a diluted mixture of LiNO;
and glucose (in 1:1 mass ratio). Starting from a dilution of
overall reactants to salt of 1:5 (in mass), the explosive runaway
of the reaction is effectively prevented,'” allowing the capture of
the reaction products at different temperatures and reaction
times. After the reaction the salt was removed by washing the
sample with water, leaving only a black product: the rather
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pure, modified carbon. The samples were first analyzed using
SEM, and the very typical layered structures with large lateral
extension and homogenous thickness were found (Fig. 1a).
Nitrogen sorption indicates a highly porous character of those
close-to-perfect sheets: the specific surface area (SSA) increases
with reaction temperature up to 900 °C to 1815 m> ¢~ " and then
slightly decreases. The increase in SSA is in line with the
increase in pore volume, which is interestingly dominated by
micropores (pore size < 2 nm) for all the examined samples, as
shown in Fig. 1c. Along with the increase of the reaction
temperature, the peaks in the pore size distribution also shift
towards larger sizes. This process is the result of the rearrange-
ment of small pores and the formation of mesopores with larger
sizes and thicker walls, an effect already observed for carboniza-
tion of other precursors under different conditions.'®'® Behind
this process is the minimization of surface energy that drives the
structure to evolve towards more condensed graphitic carbon.
Considering the thickness measurements reported below, a
10 nm graphene multistack would have a theoretical specific
surface area of around 80 m”> g™, and the sorption isotherms
would look different and be dominated by surface porosity. This
clearly means that the carbon layers as such, in spite of their

C

O
—m— Ads., N-CS
1 —o—Des., N-CS Seer= 2280 m? g’;ofo
e— _o-~
200 ®— Ads., S-CS ) __g-g=0=C
—O— Des., S-CS O,@"‘O °
— 1 Peg /
s > Seer=1595m?gt
“ o
E 600 | — _g-ooe-0—
g ] 0.20
2 1 ——N-CS
> —~ 0.15 4
2 400+ T ] —5-CS
] ° g
5 ] @ 0.10 -
b e Ay |
'3: ] £
2004® “;' 0.05
pS |
| 0.00 A—————————
0 2 4 6 8 10
Pore size (nm)
0 I v I ' 1 ' 1 ' 1 ' 1
0.0 0.2 0.4 0.6 0.8 1.0

Pressure (P/ P)

Fig. 1

(@ and b) Typical SEM images of (a) N-doped and (b) S-doped carbon sheets synthesized by the molten salt process. (c) Nitrogen sorption

isotherms for the N and S-doped carbon. The inset shows the corresponding pore size distributions, indicating that the S-doped carbon sheet has a
relatively large fraction of mesopores. (N-CS: N-doped carbon sheet; S-CS: S-doped carbon sheet).
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apparent planarity, must be highly porous. Already at this stage,
we can regard minor differences between N-doped and S-doped
carbon sheets: the structures are definitely similar, but S-doped
carbon sheets are thicker, and similar micropores (see inset
Fig. 1) percolate towards small mesopores and add up to an
overall 35% higher pore volume.

As revealed by elemental analysis (Table 1), the samples mainly
contain C, but also O, and N or S. It is an expected outcome that
O constitutes the main termination surface functionality (say as
alcohol or carbonyl groups) of porous carbon by oxidation with
different oxidants, including nitrates.”>*' The doping of N into
carbon from this process even at levels of only 2.8% was
unexpected, especially because the nitrogen was not oxidized,
but transferred to structural nitrogen bound only to carbon
atoms."® The homogeneity of the element distribution was also
checked by EDX (data not shown), and the distribution was
homogeneous within the instrumental resolution.

In the second set of experiments, nitrate ions were replaced
by thiosulfate (S,05>7). Again, very well developed sheet like
structures can be observed (Fig. 1b), and higher concentrations
of S in the materials can be detected (Table 1). Sulfur contents

Table 1 Elemental composition and quantitative structural information
extracted from nitrogen sorption for the N and S doped carbon sheet

Composition (wt%) Structure information

b

Sample Vpore
name C (o) NorS SSA(m?*g ') Dy,®(nm) (cm’®g %)
N-CS 90 7.0 2.8 1595 1.95 0.91
S-CS 91 4.1 4.3 2280 2.10 1.26

% Pore with size less than D;, contribute to 70% of the total pore
volume. ? Total volume per cubic centimeter contributed from pores
with size below 20 nm.
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of 4.3% at those carbonization temperatures can be regarded as
“unusually high”’?>** and speak for extremely stable incorporation
motifs. The maximum SSA goes in this case up to 3230 m> g *,'®
which is even exceeding a hypothetical single layer graphene
material (around 2600 m® g~ '). In the previous papers it was
described that carbon - on the base of Lux-Flood redox
potentials - can reduce p-block elements (like S and N), while
the local structure incorporating these heteroatoms remain to
be revealed.”**

The samples were analyzed by aberration corrected, high
resolution TEM (Ac-HRTEM) using a FEI Titan instrument that
was operated at 300 kV. Fig. 2 shows some data on the sample
N-CS, the N-doped carbon nanosheet. Lower magnification pic-
tures (Fig. 2a and b) clearly show the very homogeneous, layer-like
structure of those carbons. Purposefully, we have chosen positions
where layers overlap and where folded-up parts allow an estima-
tion of the thickness of the single layers, which is, in this specific
case, around 7 nm. A more careful observation of the edge
termination of the sheets, but also their inner structure (Fig. 2c)
reveals that the sheets are composed on “tagliatelle”-like nanor-
ibbons, partly densely packed but essentially bent and disordered,
with the micropores described above coming from the interstitial
sites of the ribbons. Electron energy loss spectra (EELS) (Fig. 2€)
confirm the sp>character of the as-formed sheets.

Picture analysis of the stacked regions reveals a ribbon-to-
ribbon distance of 0.36-0.42 nm, i.e. a typical aromatic packing
distance, but more expanded than graphite. This is known from
graphene oxide, where the incorporation of foreign atoms also
leads to layer expansion.”®?’

The homogeneity and mechanical robustness of these layers
are indeed very high, as for instance shown not only by scanning
electron microscopy (SEM) and TEM, but also by AFM of specimens
floated onto silicon wafers (ESL7 see Fig. SI 1).
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Fig. 2 TEM characterization for the N-CS, synthesized at 900 °C. (a) Low resolution TEM image. (b) HR-TEM images showing part of the edge of the
porous sheet. (c) HR-TEM image. Stacked and isolated graphitic sheets are both observed; however an extended graphitic order is not present. (d) Line
profiles of image intensity as a function of position corresponding to the area selected in c. (e) Typical EELS spectrum of the carbon K-edge showing also

some signal due to the nitrogen K-edge. The shape of the carbon K-edge confirms that sp? C~C bonding is dominating, with only minor sp

hybridization.

216 | Mater. Horiz., 2016, 3, 214-219

3

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/C5MH00274E

Open Access Article. Published on 25 February 2016. Downloaded on 7/31/2025 2:42:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

2 layers

ckness~20 nm

d

Holes in the sheet

View Article Online

Materials Horizons

Fig. 3 TEM characterization for the S-doped carbon sheet S-CS. (a) Low resolution TEM image. (b) HR-TEM images showing part of the edge of the
porous sheet. Large numbers of black spots are observed, implying the random distribution of the heavier element (probably sulfur atoms) within the
sheet. (c) Typical STEM-HAADF images, enabling the direct visualization of pores (black) in the carbon matrix (white). (d and e) STEM images taken by
rotating the sample from (d) O to (e) 30°. (f) HR-TEM images showing fine structures at the edge of the sheet. The inset shows an enlarged part of the
structure. A chain-like structure of heavier atoms with an average separation of 0.27 nm is highlighted.

The local architecture is getting even more recognizable for
the sulfur-doped carbons, where a very similar structure but
with higher porosity is observed. In addition, due to the higher
electron density and the very unusual high radiation stability of
the as-formed layers, even localization and co-localization of
single heavier atoms such as sulfur can be determined.

Low magnification analyses again confirm the homogeneous,
layer-like character of the samples, generally with a higher thickness
than the N-doped samples, here about 20 nm (Fig. 3a). The bended,
ribbon-like character is even more clearly observed (Fig. 3c), and the
ribbons tend to stack less than their N-doped counterparts, with
single ribbons looping out at the edges allowing us to judge their
nanosized dimensions. In the highest magnification applied (inset
Fig. 3f), one can see single and lines of black spots edge-terminating
the ribbons, potentially sulfur in a condensed-thiophenic-
structure.®?®?° The distance between the black spots is
about 0.27 nm, ie. the correct distance of zig-zag-termination sites
in graphene ribbons, here potentially decorated with heavier atoms.
Application of HAADF-STEM (high angle annular dark field-
scanning TEM) microscopy and recording of tilt series (ESIt)
provide a three dimensional impression and allows better visualiza-
tion of the pore structure and distribution (Fig. 3c-e). The composi-
tion of a series of such pictures as a STEM tomographic video is
added in the supporting information and as Fig. SI 2 (ESIt). Again,
the very high, macroscopically homogeneous, well-accessible,
microporous structure of the layers can be convincingly demon-
strated. The reason why the layers are obviously made up of
ribbons, but nevertheless maintain a constant thickness over
lateral extensions of many microns is still open to discussion.

One important point to mention is that the applied synthesis
conditions are selectively corrosive, i.e. all badly organized or less

This journal is © The Royal Society of Chemistry 2016

stable carbon structures are more easily oxidized towards CO,.
The formation of lamellar mesophases in colloidal systems is not
unusual and generally driven by the minimization of interface
energy, with lamellar structures having the lowest interface
energy of all mesophases.®® In the present case this discussion
applies to the conditions throughout synthesis, i.e. a very polar
salt melt and the forming carbon nanophase. By analyzing
intermediates at lower reaction temperatures and shorter

Fig. 4 Artistic illustration of the inner structure of the assembled carbon
nanosheets as well their TEM projection on the plane (depicted as the
shadow of the structure).
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reaction times, we tried to get an admittedly incomplete picture
of the formation mechanism. Obviously, highly fluorescent, but
electron-sensitive carbon nanodots with a high carbon content
and a diameter of about the thickness of the 2d-layers were first
formed. These primary units presumably assemble into two
dimensional aggregates via a ‘“vectorial alignment”, as recently
described also for other carbon nanodots.>* These structures
are in a later stage of the process reaching higher temperatures
oxidatively ‘“‘polished” towards the final structure. Such a
“noodle-block” (“Ramen”) with constant nanometer thickness,
but composed of primary, potentially interlinked ribbons is
artistically illustrated in Fig. 4. It is clear that such structures
combine the highest surface area together with good stability,
structural density and high accessibility of all edge atoms.

Conclusions

In summary, we were able to show that the salt flux based
synthesis for the conversion of glucose into functional carbon
materials which contain N and S as dopants spontaneously
results in a new type of mesostructure, where single carbon
ribbons edge-terminated with oxygen and sulfur or nitrogen
functionalities are “knitted” towards very homogeneous, about
10 nm thick layers which have very large specific surface areas of
up to 3200 m* g~ '. Aberration corrected high resolution TEM
together with EELS gave further details of this structure, includ-
ing its predominant sp>-character, the disordered microporous
pore structure arising from the interstitials of the packing of the
carbon ribbons, and unexpectedly high radiation and oxidation
stability. Due to the combination of high edge-located heteroa-
tom doping with highest surface areas, the resulting structures
have potential as metal-free electrocatalysts or also as a support
“fleece” for metal nanocatalysts. The surprising fact is that this
delicate mesoscale morphology is easily accessible by a convenient
and low price synthesis from ordinary salts and sugars.

Experimental part
Sample synthesis

The carbon sheets were synthesized by a molten salt process
from glucose.'® For the synthesis of N-doped carbon sheets,
10 g of LiCI/KCl (eutectic composition: 45/55 in mass) salt was
mixed with LiNO; and glucose in a ratio of 10:1:1 (in mass),
and the power mixture was thoroughly homogenized by ball
milling. Molten salt reaction of the raw material mixture was
performed using an electric oven under a continuous nitrogen
flow. After reaction, the carbon sheets were extracted from the
reaction product by repeated washing with deionized water,
and finally the as-received wet carbon sheets were dried in a
vacuum at 50 °C for over 24 h. The N-doped carbon sheets
(N-CSs) were obtained after reaction at 900 °C for 5 h. S-doped
carbon sheets (S-CSs) were obtained under identical synthetic
conditions but by replacing LiNO; with the same amount (in
mass) of Na,5,0;.
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Characterization

The microstructures of the samples were first examined by
scanning electron microscopy (SEM) using a Gemini SEM, LEO
1550 system. Quantitative structural information of the samples
was obtained from nitrogen sorption measurements performed
using a Quadrasorb Adsorption Instrument (Quantachrome
Instruments). The specific surface area was calculated using a
multi-point Brunauer-Emmett-Teller (BET) method. The pore
size distribution was extracted from a further analysis of the
isotherms using the quenched-solid density functional theory
(QSDFT) model.

Transmission electron microscopy was performed using an
image Cs corrected FEI Titan instrument that was operated at
300 kv. Samples were prepared via the drop deposition of the
suspended material in chloroform onto a copper TEM grid with
a holey carbon support film.
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