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This paper reports a systematic study into the effect of nitrogen on iron-
catalyzed graphitization of biomass. Chitin, chitosan, N-acetylgluco-
samine, gelatin and glycine were selected to represent nitrogen-rich
saccharides and amino-acid/polypeptide biomass precursors. The mate-
rials were pyrolyzed with an iron catalyst to produce carbons with a wide
range of chemical and structural features such as mesoporosity and
nitrogen-doping. Many authors have reported the synthesis of nitrogen-
doped carbons by pyrolysis and these have diverse applications. How-
ever, this is the first systematic study of how nitrogen affects pyrolysis of
biomass and importantly the catalytic graphitization step. Our data
demonstrates that nitrogen inhibits graphitization but that some nitro-
gen survives the catalytic graphitization process to become incorporated
into various chemical environments in the carbon product.

Introduction

The next generation of energy storage and conversion technol-
ogies such as batteries' and proton exchange membrane (PEM)
fuel cells® rely on low-cost, sustainable carbon materials. To
function efficiently, the carbons need to have tailored porosity
(for electrolyte access or flow of reactants/products) and gra-
phitic features (for electronic conductivity). Nitrogen doping
has also been shown to enhance the properties of carbons for
applications such as the oxygen reduction reaction (ORR)? or
potassium ion batteries.” There are now a plethora of examples
in the literature of porous N-doped carbons for energy
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applications and many of these are synthesized by pyrolysis
of N-rich organic precursors.” The methods frequently use a
transition metal such as iron to catalyze the formation of
graphitic carbon,® and in some cases to provide additional
functionality in the resulting product.” However, it is difficult to
compare the properties of different N-doped carbons, since the
precursors, iron content and heating conditions vary signifi-
cantly between different reports.

Systematic studies are essential for the scientific community
to progress materials such as porous carbons towards applica-
tions. Even factors such as crucible size and shape have been
shown to impact the formation of materials in ceramic
synthesis.® In the field of carbon synthesis from cellulose,
different iron salts have been shown to produce carbons with
dramatically different porosity and graphitic content.” Raw
lignocellulosic biomasses such as wood or nut shells can
generate graphitic carbons with very similar porosity and
graphitic content but only if they are milled to fine powders
before pyrolysis with iron.'® In another example, glucose (solu-
ble monosaccharide) and cellulose (insoluble polysaccharide)
were shown to produce mesoporous carbons with very similar
properties after iron-catalyzed graphitization under identical
conditions.’ In contrast, starch produced microporous car-
bons with very little graphitic content, despite starch being a
polysaccharide comprised of glucose monomers, like cellulose.
The different graphitization mechanism was ascribed to the
fact that starch swells in hot water and can therefore form a gel
around the iron catalyst precursor. All these examples highlight
the importance of studies that compare different carbon pre-
cursors in a systematic way to complement the wealth of
literature that evaluates the electrocatalytic or energy storage
properties of carbons produced from single organic sources.

In this paper, we report a systematic study of the effect of
precursor nitrogen content and chemical structure on the
formation of carbons by iron-catalyzed graphitization. To
achieve this, we selected examples from the two main types of
nitrogen-containing biomass: polysaccharides and polypep-
tides. Chitin (Fig. 1a) is an abundant polysaccharide, which is
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Fig. 1 Structures of (a) chitin, (b) chitosan and (c) N-acetylglucosamine (GlcNAc), (d) representative structure of gelatin and (e) structure of glycine.

found in crustacean shells, typically as a composite with calcium
carbonate. Polypeptides are a completely different class of
biomass. They are polymers comprised of amino acids, where
nitrogen is incorporated into the backbone of the polymer.
Gelatin (a readily available derivative of collagen and abundant
byproduct of the meat industry) was selected as an example of a
polypeptide (Fig. 1d). Given that cellulose, starch and glucose
behave so differently during graphitization, despite all being
based on glucose, we also selected nitrogen-containing com-
pounds that were chemically related to chitin and gelatin but
with different physical properties. For this, we used chitosan
(a soluble deacetylated derivative of chitin, Fig. 1b) and N-
acetylglucosamine (GlcNAc), the water-soluble monomer of chitin
(Fig. 1c). Finally, we also used glycine (Fig. 1e), the most common
monomer found in gelatin. Gelatin is soluble in boiling water,
while glycine is soluble in cold water. Importantly, all the above
compounds display different physical properties such as solubility
and thermal degradation, while representing two important
chemical classes of biomass. In this paper we demonstrate that
nitrogen inhibits graphitization and that the surface and struc-
tural properties of nitrogen-doped carbons vary significantly
depending on the choice of organic precursor and amount of
iron catalyst.

Experimental

Samples were prepared at two different organic to Fe(NO3);
ratios of 5 g to 0.67 mmol (low iron) and 5 g to 3.3 mmol (high
iron). The preparation varied depending on the physical prop-
erties of the organic precursor Briefly, chitin powder (5 g) was
mixed with 20 mL of deionized (DI) water containing 0.27 g
(0.67 mmol) of Fe(NO3);-9H,0 until fully absorbed. The volume
of water was selected to allow complete mixing of the insoluble
powder with the iron nitrate solution, without pooling of excess
solution. This ensured a homogeneous coating of the chitin
powder with the iron salt. Chitosan (5 g) was dissolved in acetic
acid (250 mL, 2 wt%) and stirred for 3 hours before addition of

© 2023 The Author(s). Published by the Royal Society of Chemistry

20 mL of DI water containing 0.27 g of Fe(NO;);-9H,O0.
N-Acetylglucosamine and glycine samples were prepared by
dissolving 5 g of the organic precursor in 25 mL warm DI water
then adding 4 mL of DI water containing 0.27 g Fe(NOj3)3-9H,0.
Gelatin powder (5 g) was dissolved in 50 mL DI water at 70 °C,
followed by addition of 4 mL of DI water containing 0.27 g
Fe(NO3)3-9H,0. All samples were dried at 70 °C in air before
heating in a tube furnace at a rate of 5 °C min~"' under a
nitrogen atmosphere with a flow rate of 1 L min~" to 800 °C.
The samples were held at 800 °C for 1 h, unless otherwise
stated, before cooling completely to room temperature. Sam-
ples with a high iron content were prepared in the same way
but with 1.35 g of Fe(NO3);-9H,0. Control samples from each
organic precursor were prepared using the same method but
without the addition of iron nitrate solution. Full experimental
details can be found in the ESI.t

Results and discussion
N-doped porous carbons at low iron loading

Porous carbons were prepared by iron-catalyzed graphitization
of chitin, chitosan, N-acetylglucosamine (GlcNAc), gelatin and
glycine. All samples were combined with iron nitrate and
pyrolyzed at 5 °C min~"' to 800 °C for 1 hour in a nitrogen
atmosphere. These conditions and the organic:iron ratio are
identical to those used in the study of carbonization of glucose,
starch and cellulose, enabling a direct comparison of all the
systems. Full details can be found in the Experimental section
and ESL.{Fig. 2a shows powder X-ray diffraction (PXRD) pat-
terns for samples of carbon prepared with 0.67 mmol of
Fe(NO;); per 5 g of organic precursor. A diffraction pattern
for cellulose prepared at this iron:biomass ratio is included in
the figure as a comparison.’* All the nitrogen-containing pre-
cursors show limited graphitization compared to nitrogen-free
cellulose. Chitosan and GIcNAc are the only two compounds to
show a significant peak in the graphite region and these are
very broad and shifted to lower 2-theta, indicative of disordered

Mater. Adv,, 2023, 4, 2070-2077 | 2071
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Fig. 2
5 g of organic precursor to 0.67 mmol of Fe(NO3)s.

or turbostratic carbon.'” This is in stark contrast to the strong
graphitic carbon peak of cellulose. The polysaccharide samples
(chitin, chitosan and GlcNAc) show small peaks which corre-
spond to Fe;C, which is believed by many to be the catalyst in
the graphitization process. The very small and broad peaks in
this region for glycine and gelatin indicate very small Fe;C
particles. This would correlate to previous suggestions that very
small Fe/Fe;C nanoparticles are unable to drive catalytic
graphitization.’* Control samples (without iron) show only
very broad peaks indicative of disordered carbon (Fig. S1, ESIt).

Further characterization of the carbons with Raman spectro-
scopy (Fig. 2b) show peaks at approximately 1325 and 1600 cm ™,
corresponding to the D and G bands respectively. The G band is
present in all graphitic materials and indicates the presence of sp>
hybridised carbon within the sample. The D band is forbidden in
pure graphite, so is indicative of a disordered carbon structure. All
the iron-doped samples show sharper peaks than corresponding
control (no iron) samples (Fig. S2, ESIt). This indicates that iron
has generated local order in the form of sp® hybridized carbon,
e.g. small sheet-like structures, even if long-range graphitic
order is absent. Values calculated from fitting of the spectra
(Table S1, ESIt) show sharper peaks corresponding to the D1
and G bands in the chitosan- and GlcNAc-derived carbons,
suggesting a greater degree of ordering than the other samples,
consistent with PXRD. In all the samples, the G band is shifted
from 1581 cm " to a value closer to 1600 cm ™!, characteristic of a
carbon structure composed of nanocrystalline graphitic domains.

N, sorption measurements (Fig. 2c) were used to assess the
porosity of the carbon samples. Glycine- and gelatin-derived
carbons exhibit low porosity: the specific surface area of the
gelatin-derived carbon is too low to calculate a meaningful
value, while glycine-derived carbon has a specific surface area
of just 27 m* g~ ". GleNAc, chitosan and chitin derived carbons
show greater porosity, with specific surface areas of 250, 89 and
390 m> g " respectively. The isotherms for the three sacchar-
ides adopt a type IV shape with hysteresis due to capillary
condensation, indicative of the presence of mesopores. This is
consistent with previous work that shows iron graphitization
catalysts are highly mobile and can move through an amor-
phous carbon matrix to produce graphitic nanotubes or
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(a) XRD patterns, (b) Raman spectra and (c) nitrogen sorption isotherms for carbons derived from various N-containing precursors at a ratio of

capsules.™ Other calculated adsorptive properties are reported
in Table 1. Interestingly, the chitin-derived carbon shows
similar adsorptive properties to cellulose-derived carbon,
despite much lower graphitization. This suggests that graphi-
tization is not the only mechanism for pore development
during pyrolysis of chitin. Porosimetry data for a control
sample of chitin (pyrolyzed without the iron catalyst) shows a
type IV isotherm and BET surface area of 290 m* g~ ' (Fig. S3
and Table S2, ESIY). This is consistent with previous reports'?
and is probably because chitin exists in nature as a complex
hierarchical nanocomposite with CaCO;.'® The pores left when
CaCO; was removed are likely to be maintained during the
pyrolysis process. All other control samples showed minimal
porosity. SEM images of the samples (Fig. S3 and S4, ESIT) show
a range of structures. In chitin-derived carbon it is possible to
see very small pores, as suggested by porosimetry data. Chit-
osan has produced a macroporous, sponge-like network, prob-
ably caused by gas evolution during the early stages of pyrolysis.
Individual nanoparticles were not observable, probably due to
them being too small for the resolution of the instrument.
However, Fe was observable in all samples by EDXA.
Elemental analysis of the carbons shows a significant
amount of nitrogen remains in the system after pyrolysis
(Table 2). Nitrogen content is highest in the carbons derived
from gelatin/Fe(NO3); and glycine/Fe(NOs);. This correlates
with the higher levels of nitrogen in the polypeptide and amino
acid compared to the saccharide precursors. The overall iron
content (derived from residual mass, Table S3, ESIt) is similar
for all 5 carbons, suggesting that iron:carbon ratio is not a

Table 1 Adsorptive properties of carbons produced from glycine, gelatin,
GlcNAc, chitosan and chitin (5 g) and iron nitrate (0.67 mmol)

SpET Max Qads Vtot Smicro Vmicro
Precursor (m’g™") (em’g™") (em’g™) (m’g") (em’g™h)
Cellulose 360 180 0.27 140 0.06
Glycine 27 9 0.015 4 0.001
Gelatin — — — — —
GlcNAc 250 110 0.17 86 0.035
Chitosan 89 34 0.054 32 0.012
Chitin 390 180 0.28 170 0.073

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table2 Compositions of N-containing organic precursors and elemental
analysis of carbons prepared from N-containing organic precursors (5 g)
and iron nitrate (0.67 mmol). Values listed as a% of total CHN content (i.e.,
excluding Fe and O). Gelatin composition estimated using polyglycine

Measured composition
of carbon product

Calculated composi-
tion of precursor

C% H% N% C% H% N%
Glycine 56 12 33 82 0.9 17
Gelatin 59 7 34 80 4 16
(est.)
GlcNAc 77 12 11 94 0.7 6
Chitosan 74 11 14 89 1 10
Chitin 78 11 11 92 0.9 7

factor in the different behaviour of the samples. X-Ray photo-
electron spectroscopy (XPS) was used to examine the chemistry
of the nitrogen in the carbons and the results can be seen in
Fig. 3.

Deconvolution of high-resolution N 1s spectra show four
types of nitrogen species within the carbon samples. The peaks
at approximately 398.1, 399.5, 400.8 and 402.5 eV can be
ascribed to pyridinic-N, pyrrolic-N, graphitic-N and oxidised-N,
respectively.'” The presence of pyridinic, pyrrolic and graphitic-
N shows that nitrogen is doped into the carbon structure
throughout all the systems. GlcNAc- and chitin-derived carbons
show a greater proportion of graphitic-N, where the nitrogen is
embedded completely within a graphitic sheet. This is consis-
tent with the higher degree of graphitization indicated by
Raman spectroscopy and suggests that some nitrogen may be
incorporated into the graphitic planes during graphitization.
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The carbons derived from chitosan, glycine and gelatin all
contain higher proportions of pyridinic and pyrrolic nitrogen.
Pyrrolic nitrogen, involving a 5-membered ring, is likely to
cause distortion of the carbon, consistent with a lower degree
of graphitization. Pyridinic nitrogen occurs at the edge of a
graphitic region, suggesting smaller regions of graphitization.
These observations are both consistent with the more disor-
dered structure indicated by PXRD and Raman spectroscopy for
gelatin and glycine-derived carbons.

Small angle X-ray scattering (SAXS) was used to assess the
size of the Fe/Fe;C particles within the carbon matrix. The raw
SAXS data was fitted using McSAS (Fig. S6 and S7, ESI{), a
Monte Carlo method to extract form-free size distributions.*®
The resulting size distribution histograms for the glycine- and
gelatin-derived carbons (Fig. 4) show a large population of very
small scattering features (r < 1 nm). As SAXS arises from areas
of varying electron density within a sample, there are various
possible scattering interfaces that must be considered, such as
the interface between the Fe/Fe;C particles and the surround-
ing carbon matrix as well as the carbon/air interface. However,
the high electron density of Fe compared to carbon and air
means it is reasonable to assume that a large proportion of the
population comes from the Fe/C scattering interface. This small
particle size may be a reason why little graphitization is
observed in the glycine- and gelatin-derived carbons, as it is
believed that catalyst particles must reach a certain critical size
before graphitization can commence.">'® In contrast, the size
histograms for GlcNAc and chitin-derived carbons show much
larger scattering features, suggesting a larger catalyst particle
size. This is consistent with the high porosity of both carbons,

Pyrrolic N //«‘PyridinicN

('n-e) Ayisuaqu|
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403

401 399
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(a) XPS survey spectra and (b) relative distributions of nitrogen species calculated from deconvolution of (c) the N 1s peaks.

Mater. Adv., 2023, 4, 2070-2077 | 2073


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ma00039g

Open Access Article. Published on 22 March 2023. Downloaded on 6/20/2026 10:22:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

View Article Online

Communication

a 10° C
108 | - - glycine 0.00020 | gelatin |, < 0.0124 glycine |, <
elatin B 5
107 % 8 c 2 5 oo 2
---- GIcNAc .2 000016 3 = 3
108 . hit ° c 8 c
= — -l 1 .osan g S & 0008 8
o e — chitin ® 000012 5 g 5
£ el 2
£ 10° = = =2 00064 =
= ° g 2 B
s 5 000008 5 2 2
EH o Q> 00044 o
102 = s & . =
] = 0.00004 1 M 232 0l 2
= = : E
3
100 . . 0.00000 S A Loo © 0.000 8 3 d 2
0.01 0.1 10 1 10 100 1 o 10 100
q(nm-?) radius (nm) radius (nm)
— - 0.0045
o I— chitin |, o € 0010+ chitosan |~ _ GlcNAc | o
s & 0.0040 L IS
5 3 5 o« 5
s S S 0008 S & 00035 B
|53 r0.8 2 - 0.8 =] et r0s 2
£ 0.004 " s g < @ 0.0030- <
B = =
o k) ] K] k]
£ os 5 2 0006 tos 5 20005 Los &
-] =
= . = IS 2 5 £
S 2 o g g 0000 7
a>.v . Lo4a = = 0.004 los © 2 fo4 ©
2 0.0024 @ 2 o Q000154 =
s ; £ E 2 Eoool Z
= Il loz € g 0002 loo 8 3 ] Loz 8
& b E « Iy g < oos g
Rl 3 b ﬁﬁﬂmﬁm 3 il 3
0,000l ‘I Loo 0.000 | B i pad 00 0.0000 | ! Loo ©
1 o0 100 1 10 100 1 ) 100
radius (nm) radius (nm) radius (nm)

Fig. 4
(c) glycine, (d) chitin, (e) chitosan and (f) GIcNAc.

as the process of graphitization involves movement of the
catalyst through the matrix to create pores. The histogram for
chitosan-derived carbon is like those of glycine and gelatin,
with most particles having r < 1 nm. This pattern follows the
results from XPS and XRD and supports the argument that
graphitization will only proceed above a certain critical particle
size. Something which is difficult to explain from the data so far
in this paper is why the chitin and GlcNAc were much more
resistant to graphitization than cellulose. Carbon derived from
cellulose showed a very similar catalyst particle size range as
carbons from chitin and GlcNAc'' but a considerably larger
graphitic peak.

N-doped porous carbons at high iron loading

In our previous work with nitrogen-free precursors for iron-
catalysed graphitization we showed that a higher iron:organic

Q
(on
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(a) Raw SAXS patterns and resulting size distribution histograms calculated from McSAS fitting of SAXS data for carbons derived from (b) gelatin,

ratio produced larger catalyst particles and correspondingly
higher level of graphitization. In an attempt to trigger higher
levels of graphitization in the N-containing systems, we pre-
pared samples where the iron:organic ratio was increased by a
factor of 5 (3.3 mmol Fe(NO;); per 5 g of organic precursor).
PXRD data (Fig. 5a) shows greater graphite peak intensity
across all the samples. This indicates that nitrogen-rich pre-
cursors can undergo catalytic graphitization with a sufficient
catalyst loading but are much harder to graphitize than analo-
gous N-free precursors such as glucose and cellulose. Raman
spectra (Fig. 5b) also show sharper D and G bands in all the
samples, again indicative of a more ordered and graphitic
carbon. One factor in this appears to be particle size, as the
XRD data shows sharp peaks for Fe;C, indicating larger
catalyst particles. These are readily observed in SEM images
(Fig. S8, ESIt). Nitrogen porosimetry data (Fig. 5c) for the
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(a) XRD patterns, (b) Raman spectra and (c) nitrogen sorption isotherms for carbons derived from various N-containing precursors at a ratio of
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high-Fe samples all show a type IV isotherm, indicating the
presence of mesopores. This is again consistent with greater
graphitization, where the nanoparticle catalyst moves to pro-
duce hollow graphitic nanostructures, as shown in TEM
(Fig. S9, ESIT). The most significant increase in porosity with
higher catalyst loading comes from the gelatin and glycine
systems, which suggests that the amino-acid precursors are
more resistant to graphitization than the saccharides.
Calculated adsorptive properties for all samples are shown in
Table S4 (ESIY).

Elemental analysis of carbons prepared with high catalyst
loading offers valuable insight into the graphitization process
in these systems (Table 3). The higher catalyst loading leads to
carbons with much lower nitrogen content for all 5 precursors.

This indicates that a higher catalyst loading, and subse-
quently higher degree of graphitization, leads to removal of
nitrogen from the system. The iron:carbon ratio (calculated
from the residual mass, Table S5, ESIf) is similar for all 5
samples, again showing that it is the difference in the chemical
and physical properties of the N-containing biomass that is
changing the process of graphitization.

Thermogravimetric analysis (TGA) offers more insight into
why graphitization is more significant at high catalyst loading.
Fig. 6 shows TGA data for gelatin and chitin with a high
Fe(NOs); loading. The degradation of chitin/Fe(NO;); follows
a similar pattern to raw chitin,”® with a single, sharp decom-
position between 300 and 400 °C. The profile for gelatin also
has a major decomposition step between 300 and 400 °C, again
consistent with the profile for raw gelatin.”* For the gelatin/
Fe(NO3); mixture, however, there is also a steep mass loss at
167 °C. This probably corresponds to a rapid combustion
reaction of the oxidizing nitrate with the amine-rich gelatin.??
NO, NH; and CO, are all released at this point (Fig. S10, ESIT),
which supports this conclusion. An interesting feature in the
gelatin/Fe(NO;); data (which is not present in data for pure
gelatin) is a mass loss at ~750 °C. This does not correlate to
release of NO, NH; or CO,. This can be explained by examining
structural and compositional data for carbons prepared at high
catalyst loading for various intermediate temperatures between
600 °C and 800 °C. XRD data (Fig. S11a, ESIt), shows that
between 700 °C and 800 °C, strong peaks for Fe;C are generated
in the gelatin-derived carbon and the graphite peak begins to
emerge. The graphite peak then sharpens when the sample is
held for 1 hour at 800 °C. Importantly, there is a sharp drop in

Table 3 Elemental analysis of carbons prepared from N-containing
organic precursors (5 g) and iron nitrate (3.3 mmol). All values are listed
as a% of total CHN content (i.e., excluding Fe and O)

Product composition

Precursor C% H% N%
Glycine 90 0.9 9
Gelatin 96 0.8 3
GlcNAc 98 0.2 2
Chitosan 98 0.5 2
Chitin 98 0.3 2

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ratios of 5 g to 3.3 mmol (high Fe).

nitrogen content from 12% to 3% between 700 °C and 800 °C
(Table S6, ESIT). This correlates to the mass loss observed in
TGA data and suggests that nitrogen is being expelled from the
system in this temperature region. The lack of a peak for NH; in
the TGA-MS data at this point suggests that nitrogen leaves the
system as N, (not detectable in the N, atmosphere of the instru-
ment). Porosimetry data for the gelatin-derived carbons shows
negligible porosity at 800 °C with 0 hour hold but significant
mesoporosity (Sger = 410 m> g ' and Vi = 0.27 cm?® g7) after
holding for 1 hour at 800 °C (Fig. S12, ESI}), correlating to the
emergence of the graphite peak. These results together indicate
that nitrogen loss occurs before graphitization takes place. Similar
results are seen in the chitin system, where there are clear peaks
in the XRD for Fe;C at 650 °C and a substantial peak for graphite
by 700 °C (Fig. S11b, ESIT). This emergence of graphitic carbon
in the XRD is again mirrored by a sharp increase in porosity
(Fig. S12, ESIt). We are not able to determine whether the iron-
containing catalyst is responsible for removal of nitrogen but iron
is well known to catalyse reactions involving nitrogen so it seems
likely.

Mechanism of graphitization of nitrogen-rich precursors

Two factors appear to be significant in the carbonization of
nitrogen-rich organic materials. The first is the growth of the
catalyst and the second is the removal of nitrogen from the
system during or before the graphitization step. Catalyst size is
clearly important and larger catalyst particles (produced with a
higher catalyst loading) can drive more significant graphitiza-
tion. However, a direct comparison of particle size data of
cellulose, chitin and GlcNAc-derived carbons shows that all
three have similar catalyst size distributions while only cellu-
lose graphitizes readily at a lower catalyst loading. This clearly
shows that the most significant factor in the slow graphitiza-
tion of N-containing precursors is the presence of nitrogen. At
present, the mechanism of iron-catalyzed graphitization is
believed to be driven by dissolution of amorphous carbon in
the catalyst particle, followed by precipitation of graphitic
carbon. Nitrogen is poorly soluble in Fe;C and y-Fe, which
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are the two possible phases for the graphitization catalyst.>®
Therefore, it is possible that the nitrogen needs to be expelled
from the system prior to the dissolution of amorphous carbon
by the catalyst particle. Alternatively, the high temperatures of
pyrolysis may naturally cause cleavage of C-N bonds, as has
been proposed by other authors.>® This need to break many
carbon-nitrogen bonds within the amorphous carbon during
dissolution could be the reason that graphitization is slower in
carbons derived from nitrogen-rich precursors. Gelatin and
glycine contain the highest amount of nitrogen and are the
most resistant to graphitization, which is consistent with the
proposal that nitrogen inhibits graphitization.

Conclusions

Nitrogen-doped carbons are increasingly important in the field
of sustainable energy technologies. In this paper we have
demonstrated that the synthesis of N-doped carbons by iron-
catalyzed pyrolysis of nitrogen-rich precursors is influenced by
multiple factors. Amine-functionalized saccharides and poly-
saccharides, an amino acid and a polypeptide were all used to
produce nitrogen doped carbons by pyrolysis in the presence of
Fe. In all cases, the samples were observed to be highly
resistant to graphitization compared to glucose and cellulose.
This was the case for both insoluble (i.e. chitin) and soluble
biomass types. In the case of gelatin and glycine, this is partly
attributed to the slow formation of the Fe;C nanoparticle
catalyst. However, the fact that graphitization in amine-
functionalised saccharides is slow despite the early formation
of crystalline Fe;C nanoparticles proves that the nitrogen
within the carbon has an inhibitory effect on the graphitization
process. This is proposed to be due to the low solubility of
nitrogen in the iron-rich catalyst phase and the subsequent
time required for loss of nitrogen from the nitrogen rich carbon
before it can undergo dissolution-reprecipitation as part of the
graphitization process. Given that so many new applications for
porous carbons require a high level of disorder (e.g. Na-ion
batteries), the slow graphitization exhibited by these N-rich
systems may be optimized for the formation of materials with
lower levels of graphitization.

For all the precursors, a higher level of catalyst loading was
able to drive more graphitization and the introduction of
graphitic mesopores in the resulting carbon. The increase in
graphitization lead to a drop in the overall nitrogen content in
the carbon, but some was shown to remain in all the systems.
The nature of the nitrogen (pyridinic, pyrrolic, graphitic) varied
significantly between the different precursors. The highest level
of graphitic nitrogen was found in samples with the highest
degree of graphitization, which does suggest that some nitro-
gen survives the graphitization step.

The literature is filled with examples of N-doped carbons
that have been prepared from many different precursors under
a wide range of conditions. This makes it very difficult to
compare the properties of materials from different reports.
This systematic study demonstrates that the structure and
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composition of N-doped carbons can be varied significantly
by small variations in precursor. Importantly, the physical
properties of the precursor seem to be less important than
the chemical composition. N-Acetylglucosamine and chitin
produce N-doped carbons with similar properties, despite
N-acetylglucosamine being a water-soluble monomer of the
insoluble chitin biomaterial. The difference in properties of
the N-doped carbons from saccharide precursors and the
amino-acid precursors is much more significant.
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