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The effect of catalyst precursors on the mechanism
of iron-catalysed graphitization of cellulosef
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Iron-catalysed graphitization of biomass is a simple and sustainable route to carbons with high graphitic
content. It uses abundant precursors and moderate processing temperatures and generates carbons
with high porosity. Recently, it has been demonstrated that the choice of biomass precursor can have
a significant impact on the textural and compositional properties of the resulting carbon. In this paper,
we demonstrate that the choice of catalyst is also critical to the carbon structure. Aqueous iron(in) nitrate
and iron() chloride convert cellulose to carbons with very different textural properties. This is due to the
choice of iron catalyst changing the mechanism of cellulose decomposition and also the nature of the

rsc.li/rscsus active graphitization catalyst.

Sustainability spotlight

Clean energy depends on many technologies that use carbons. This includes electrode materials for lithium and sodium batteries and electrocatalyst supports.
An exciting route to carbons with high graphitic content is iron-catalysed graphitization, which uses simple iron salts to convert biomass to carbon at moderate

temperatures. Numerous authors have employed iron and biomass to generate carbons, but the wide range of precursors and conditions hinders understanding
of how to tune the properties of the carbons. This paper presents a comparative study of how different iron salts can have a dramatic effect on the textural

properties of carbonized cellulose. Such understanding is essential for investigation and scale-up of iron-catalysed graphitization as a technology.

Introduction

Carbon materials have a broad range of applications including
lithium and sodium ion batteries,> adsorbents for water
remediation® and supercapacitors.* Many of these applications
require a balance of properties including porosity, surface area,
conductivity and the presence of graphitic or graphene-like
features. Biomass is a particularly attractive precursor to
carbon materials, due to the diversity of sources and potential
valorisation of agricultural and forestry waste streams.> Many
different types of biomass have been investigated for carbon
production, including raw lignocellulosic biomass®” and
biomass extracts such as cellulose® or glucose.® These can be
converted to carbons via pyrolysis,'® catalytic graphitization™ or
hydrothermal carbonization.”” One of the most important
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factors for widespread application of carbons from biomass is
the ability to reliably tune the structure and properties. While
the effects of processing parameters on pyrolysis™** and
hydrothermal carbonization™ have been studied in detail,
catalytic graphitization has received a lot less attention.

Catalytic graphitization is the use of metal catalysts to
produce graphitic carbons at moderate temperatures. Biomass
is combined with a metal-containing compound and heated in
an inert atmosphere to temperatures above 700 °C. Metal
nanoparticles are generated in situ and catalyse the conversion
of biomass-derived amorphous carbon to graphitic nano-
structures such as nanotubes.” The impact of biomass type on
the structure and properties of carbons produced by catalytic
graphitization is now quite well understood.*'**” However, the
influence of different graphitization catalysts has received a lot
less attention. Across the literature, the numerous examples of
catalytic graphitization use a wide range of catalyst precursors,
including chloride, nitrate, citrate and acetate salts of iron,
cobalt, and nickel, or metal/metal oxide nanoparticles. This
makes it very difficult to make general conclusions about how
different precursors impact the properties of the resulting
carbon.

In this paper, we investigate of the effect of different iron salt
catalysts on the mechanism of graphitization of cellulose.
Cellulose is one of the most promising biomass precursors for
graphitization, as it is the most abundant biopolymer on the
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planet, with 1.5 x 10'* tons produced in nature each year.'® It
can be extracted readily and on a very large scale from wood and
agricultural waste, making it ideal as a sustainable precursor for
materials and as a subject for this study. Previous reports on
graphitization of cellulose have used nickel, cobalt and iron
salts and shown that it is possible to generate carbons with
graphitic nanostructures such as hollow graphitic shells,*
ribbon-like morphologies®**" or multi-walled graphitic carbon
nanotubes.” It is also apparent that different iron salts can
impact carbon structure. For example, cellulose spheres treated
with iron nitrate produced carbons with a mixture of micro- and
mesoporosity, whereas iron chloride produced highly micro-
porous carbons.”® The authors suggested that the higher Lewis
acidity of iron chloride was responsible for the different struc-
tures but the mechanism of cellulose decomposition with
different iron salts was not studied. In this paper, we demon-
strate that different iron salts change the structure and prop-
erties of cellulose-derived carbons by changing the cellulose
decomposition mechanism and the size distribution of the
graphitization catalyst. This detailed mechanistic and process-
ing insight is critical if cellulose graphitization is to provide
a real option for sustainable carbons.

Results and discussion
Characteristics of graphitic carbon

Carbons were produced by combining microcrystalline cellu-
lose (MCC) with aqueous Fe(NO3); or FeCl; and heating to 800 °©
C under nitrogen for 1 h. Powder X-ray diffraction (p-XRD)
patterns show a sharp peak at 26.1° for both samples, charac-
teristic of the interplanar spacing of graphitic carbon (Fig. 1a).
This synthesis is highly reproducible, with separate samples
producing very similar p-XRD patterns when heated under the
same conditions (Fig. S11)."*"” In contrast, a control sample of
cellulose with no catalyst shows only two very broad peaks at
23.5° and 43.6°, indicative of amorphous carbon with some
local stacking but no long-range order. Nitrogen porosimetry
data of the two iron-catalysed cellulose samples show type IV
isotherms indicating a porous structure consisting of both
mesopores and micropores (Fig. 1b). In contrast, the control
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sample shows a type I isotherm, indicating a microporous
structure. More detailed information on the surface area and
pore volume is provided in Table 1.>> The presence of meso-
pores is consistent with the formation of graphitic structures
such as shells*® and nanotubes,” which have been observed in
previous reports of iron-catalysed graphitization. These shells
and nanotubes are formed by catalyst nanoparticles dissolving
amorphous carbon and reprecipitating hollow graphitic nano-
structures. The nanotube diameter is dependent on the size of
the nanoparticle catalyst and nanoparticles within the 10-
50 nm size range thus produce mesoporous carbons. Interest-
ingly, the carbon produced from cellulose and FeCl; contains
macropores, as indicated by the continuing adsorption at p/p, =
1 in the isotherm. This suggests that the catalyst particles are
larger in the sample synthesized with FeCl; than the one
synthesized with Fe(NO;);. The BET surface area is lower for
both graphitized samples, presumably as the microporous
amorphous carbon is converted to mesoporous graphitic
nanostructures.

Raman microscopy was used to further investigate the
nature of the graphitic carbon in each sample. Fig. 2 shows two
prominent peaks at 1325 cm™ ' and 1600 cm ™, corresponding
to the D and G peaks respectively. In perfect graphite, only the G
peak is allowed (at ~1581 cm™ ') and the D peak is forbidden.
Therefore, the presence of the D peak and the deviation of the G
peak from the position of perfect graphite indicates that all
three cellulose-derived carbons exhibit disorder. To extract peak
position and full width half maximum (FWHM) values, a 4 peak
Voigt function was used, where peaks are attributed to the G,
D1, D3 and D4 bands. The information acquired from this
method is detailed in Table 2. The position of the G peak is
confirmed to be shifted to higher wavenumber for all three
samples, which is consistent with nanocrystalline domains. The
ratio of the intensity of the D peak to the G peak (Ip/lg) is
commonly used to provide information on the level of graphi-
tization. However, in this case, there is little difference between
values of any of the carbon structures, likely owing to its
sensitivity to other factors, such as surface defects. However, the
ratio of intensity for the D3 peak compared to that of the G peak
(Ips/Ig) has been shown as a good indicator for the ratio of
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(a) p-XRD pattern (CuK,, source) and (b) vertically offset N, adsorption isotherms of microcrystalline cellulose heated to 800 °C without
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Table 1 Adsorptive properties of carbons produced from microcrystalline cellulose using no additive, Fe(NOs)s or FeCls and pyrolyzed at 800 °C

Iron salt Specific surface area (m* g %) Total pore volume (cm® g~ ) Micropore volume (cm® g™ ") % Micropores
None 470 0.19 0.16 86
Fe(NOs); 360 0.24 0.077 32
FeCl; 370 0.30 0.086 34
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Fig.2 Raman spectra for microcrystalline cellulose treated with (a) no
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iron salt, (b) Fe(NOs)z and (c) FeCls and held at 800 °C for 1 h - including

the deconvoluted Raman spectra, fitted using a 4-point Voigt function.

Table 2 Information derived from Raman microscopy after fitting,
including G peak position, full width half maximum (FWHM) of G peak,
and the intensity ratios of the D and G (Ip/Ig) peaks and the D3 and G
peaks (Ips/lg)

G peak position G peak FWHM
Iron salt (em™) (em™ I/l Ins/lg
None 1599 £1 66.6 + 3 2.55 1.03
Fe(NO3); 1595 £ 1 72.2 £ 2 2.50 0.43
FeCl; 1595 +£1 726 £1 2.60 0.40

amorphous to graphitic carbon.** Considering these ratios, it is
clear that iron catalysts significantly increase graphitic content,
but there is little difference between the two iron salts. Given
the small differences between the Raman data for the two iron-
containing samples, we elected not to analyse the different peak
ratios any further.

To investigate the reason for the different textural properties
of carbons produced from different iron salts, we used ther-
mogravimetric analysis coupled with mass spectrometry (TGA-
MS) to probe the reaction mechanism. For all samples, the
TGA data (Fig. 3a) show a single large mass loss between 300 °C
and 400 °C, corresponding to thermal decomposition of the
cellulose polymer. The onset of mass loss and peak mass loss is
at a lower temperature for both the iron-containing samples.
The differential thermogravimetric (DTG) data for the FeCls-
containing sample (Fig. 3b) also shows a shoulder at 230-280 °©
C. This correlates to a peak for m/z = 18 in the MS data (Fig. 3c),

3492 | RSC Sustainability, 2024, 2, 3490-3499

indicating loss of water. Cellulose pyrolysis involves multiple
chemical reactions, including dehydration, depolymerization
and ring opening.*® Char formation can occur via direct
carbonization of the cellulose or by secondary polymerization of
volatile decomposition products.”® Catalysts such as metal salts
are known to influence cellulose decomposition and the DTG
data suggest that FeCl; promotes dehydration reactions at
a lower temperature than Fe(NO3);.”” This is consistent with the
ability of FeCl; to act as a Lewis acid and suppress the formation
of levoglucosan (Fig. 3f) by promoting dehydration in cellulose,
in addition to depolymerisation of the biopolymer.*** Further
evidence for this comes from MS data for m/z = 60, the most
prominent fragment for levoglucosan (Fig. 3d). Both iron salts
drive formation of levoglucosan at lower temperatures than
pure cellulose and in smaller amounts, but the peak for the
cellulose-FeCl; system is particularly small. The release of CO
and CO, are more challenging to track as CO is masked by the
N, atmosphere of the experiment (m/z = 28) and CO, is overlaid
by N,O (m/z = 44). The sharp peak for m/z = 44 for the cellulose-
Fe(NO3); sample (Fig. 3e) is likely to be a mixture of N,O and
CO, as the highly oxidizing nitrate reacts with the cellulose. CO,
release from the FeCl;-cellulose system starts earlier than for
the cellulose control and the peak is smaller. This provides
further evidence that the FeCl; is changing the decomposition
reactions significantly. Regardless of the gases released, the
yield of the carbon produced using FeCl; (16%) is higher than
that produced using Fe(NO;); (11%). Identical Fe:cellulose
molar ratios were used so this indicates that the FeCl; is
promoting cellulose decomposition pathways that lower the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) TGA and (b) DTG data for cellulose, Fe(NOz)s—cellulose and FeClz—cellulose pyrolysis in N,, mass spectrometry data showing

temperature-dependent release of ion fragments of m/z = (c) 18, (d) 60 and (e) 44 and (f) structure of levoglucosan.

amount of carbon lost as CO/CO, and other volatiles like levo-
glucosan. This in turn will affect the evolution of pores in the
carbon.

Further evidence for the early dehydration of cellulose in the
presence of FeCl; comes from p-XRD data. For raw cellulose and
cellulose with Fe(NO3);, the characteristic peaks for the cellu-
lose structure (Fig. S2at) can be seen clearly even after heating
to 300 °C (Fig. 4a and b), whereas the peaks disappear between
250 °C and 300 °C for cellulose with FeCl; (Fig. 4c). The crystal
structure of cellulose involves a lot of intra and intermolecular
hydrogen bonds, which are broken during dehydration.**
Therefore the loss of peaks below 300 °C for the cellulose-FeCl;
system is consistent with early onset of dehydration catalysed by
the FeCl;. It should be noted that no crystalline iron phases are
observable in the p-XRD data up to 400 °C. Investigations of
related systems have shown that very small amorphous iron-
oxygen clusters or iron oxide nanoparticles evolve during heat-
ing of biomass with iron salts so it is possible that similar
structures exist alongside the decomposing cellulose but can't
be detected by p-XRD.**

Fourier transform infrared spectroscopy (FTIR) offers more
insight into the molecular transformations involved in the
decomposition of cellulose in the three systems. The FTIR
spectrum for the control (no iron) sample up to 300 °C (Fig. 4d)
shows peaks corresponding to -OH, C-O (ether) and C-O
(pyranose), which are all present in the cellulose structure
(Fig. S2bt). Most of the peaks disappear by 400 °C, in line with
the major mass loss observed at 300-400 °C in the TGA and the
loss of peaks in the p-XRD patterns. In their place, small peaks

© 2024 The Author(s). Published by the Royal Society of Chemistry

for C=C and C=0 emerge, consistent with the formation of
decomposition products like levoglucosenone. For both the
iron-containing samples (Fig. 4e and f), there is a significant
loss of functionality below 300 °C, as indicated by a decrease in
FTIR peak intensity between 250 °C and 300 °C. The OH peak is
not present at 300 °C, consistent with dehydration processes.
The C-O ether peak also disappears by 300 °C, which suggests
a significant amount of depolymerization in both iron-
containing systems. Interestingly, for the cellulose-Fe(NO;);
system, the C-O pyranose peak disappears completely by 300 °©
C, suggesting ring opening is one of the decomposition path-
ways. Iron oxides have been shown to catalyse ring-opening
during cellulose decomposition as well as participate in depo-
lymerization and dehydration.**** This could indicate that
small iron oxide clusters are formed during pyrolysis of cellu-
lose-Fe(NO3)3, as has been observed in other biomass-Fe(NO3);
systems.*® For both iron-containing systems, C=C and C=0
peaks are observed from 300 °C, again showing how the iron
promotes carbonization in these systems.

The later stages of cellulose carbonization were investigated
using ex situ p-XRD. Fig. 5a shows that carbonization of pure
cellulose does not produce any crystalline graphitic carbon, as
expected. In contrast, the carbonization of cellulose-Fe(NO3);
produces a characteristic peak for graphitic carbon at 26.1°
(Fig. 5b). This occurs alongside peaks for Fe;C and o-Fe, which
is consistent with the formation of Fe/Fe;C catalyst nano-
particles. At 600 °C and 500 °C, there are no peaks in the p-XRD
patterns for the cellulose-Fe(NOj3); system, suggesting that iron
is present as very small nanoparticles or only as amorphous

RSC Sustainability, 2024, 2, 3490-3499 | 3493
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Fig. 4 p-XRD patterns for microcrystalline cellulose treated with (a) no iron salt, (b) Fe(NOs)s and (c) FeCls and heated to various temperatures.
FTIR spectra for microcrystalline cellulose treated with (d) no iron salt, (e) Fe(NOs)s and (f) FeCls, and heated to various temperatures.

clusters. In contrast, the pyrolysis of cellulose with FeCl;
produces sharp peaks for iron oxide (primarily Fe;O0,) from
500 °C (Fig. 5¢). The lack of significant peak broadening indi-
cates the iron oxide particles are relatively large. From 700 °C,
the iron oxide peaks have been replaced by sharp peaks for a-Fe
with a very small presence of graphitic carbon and by 800 °C the
graphitic carbon peak is fully developed with some o-Fe
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replaced by Fe;C. The ex situ nature of the experiments means
that we cannot make conclusions as to the identity of the
catalyst in the two systems. However, the data strongly suggests
two different routes to reaching the active graphitization cata-
lysts with much larger crystalline species formed in the FeCl;
system. This would be consistent with the observation of mac-
ropores in the cellulose-FeCl;-derived carbon.
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Fig. 5 Exsitu p-XRD patterns of microcrystalline cellulose treated with (a) no catalyst, (b) Fe(NO3)s and (c) FeCls and heated to 500 °C, 600 °C,
700 °C and 800 °C for 1 h. Samples are cooled prior to analysis, therefore, any high temperature phases (e.g. y-Fe) which may be present at high
temperature are not seen in the ex situ p-XRD patterns. Peaks marked * correspond to a reference pattern for Fe (ferrite) and peaks marked #
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Fig. 6 TEM images of cellulose treated with Fe(NOs)s and heated to (a) 600 °C and (b) 700 °C and (c) SEM image of cellulose—Fe(NOs3)z after
heating at 800 °C. TEM images of cellulose treated with FeClz and heated to (d) 600 °C and (e) 700 °C and (f) SEM image of cellulose—-FeCls after

heating at 800 °C.
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Fig. 7 (a) Fitted SAXS data for microcrystalline cellulose treated with Fe(NOs)s and held at 600 °C, 700 °C and 800 °C for 1 h. Particle size
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Transmission electron microscopy (TEM) was used to further
probe the evolution of catalyst particles in the two cellulose-Fe
systems. After heating to 600 °C (Fig. 6a), the cellulose-Fe(NOs)3
sample shows very small (<5 nm in diameter) dark spots of more
electron-dense material, indicating iron-rich nanoparticles. No
evidence of lattice fringes could be seen, which could indicate that
the nanoparticles are amorphous. This is consistent with the lack
of peaks in the p-XRD data. The nanoparticles are larger and more
clearly defined with increasing temperature (Fig. 6b), consistent
with the appearance of Fe;C/Fe peaks in the p-XRD data. From
700 °C, stacked layers of graphitic carbon can be seen, charac-
teristic of hollow shells and nanotubes formed by catalytic
graphitization. Scanning electron microscopy (SEM) with back-
scattered electron detector shows the Fe;C/Fe nanoparticles are
small and evenly distributed across the carbon (Fig. 6¢c, full image
included in Fig. S31). In contrast, the cellulose-FeCl; sample
showed large (>100 nm in diameter), faceted particles after
heating to 600 °C, many of which had become detached from the
underlying carbon when dispersed on the TEM grid (Fig. 6d). This
is consistent with the sharp peaks for Fe;O, in the p-XRD. We
propose that the large particles are a result of halide vapour
hydrolysis, where volatile FeCl;-6H,0O vaporises and reacts with
water evolved during heating. The result is the deposition of large
magnetite (Fe;0,) particles.*® In contrast, Fe(NO3); decomposes
during heating and so remains spread homogeneously
throughout the sample.*” After heating to 700 °C (Fig. 6e), the

a) b)
108 +
3
5 10°
8,
> 3
‘3 10 4
L
g
1024
h |
10° . |
0.1 1 10
c) q (nm™) d)
0.015 . . T 1.0 o
: 5
5 1 T08§
w - =
0.010 4 | P
g __— + 060
3 i —— 7]
o 4 =
> 53
] I +04 &
= 0.005 | S
3 1
© M
q') -
x T il 02 5
M i aaadh Gl 8
0.000 AL *—'*fgﬁﬂ-ﬂlﬂ. B =
1 10 100
Radius (nm)

Fig. 8

View Article Online

Paper

FeCl;—cellulose sample appears to be similar to the Fe(NOs);-
cellulose system, with dark iron-rich particles within layers of
graphitic carbon nanostructures. However, the SEM shows that
the particles are much more variable in size, with some particles
hundreds of nm in diameter (Fig. 6f, full image included in
Fig. S471). This is consistent with porosimetry data, which indi-
cated a mixture of meso- and macroporosity in the carbon
produced using FeCls.

Given that SEM and TEM are microscopic techniques, small
angle X-ray scattering (SAXS) was performed on bulk amounts of
sample to provide averaged structural information. For carbons
prepared from cellulose and Fe(NOj3); there is a clear increase in
scattering between 600 °C and 700 °C (Fig. 7a). At 600 °C, the
broad peak in the scattering data around ¢ = 1 nm™" corre-
sponds to scattering features around 5 nm in diameter,
consistent with the small particles/clusters observed in TEM
images. The data in ¢ range 0.027 < g (nm ) = 9.87 were fitted
and analysed using McSAS, a Monte Carlo method to extract
form-free size distributions (full details in ESIL,T including full
range of collected in Fig. S5f and data with fit lines in
Fig. S67).*® The size histogram for the scattering structures
present in the Fe(NOs);—cellulose system at 600 °C (Fig. 7b)
shows three main features. The peak at very low radius (<1 nm)
can be assigned to micropores and surface roughness (caused
by scattering from the carbon-air interface). The central peak
(between 2-3 nm) is ascribed to the developing iron particles
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(a) Fitted SAXS data for microcrystalline cellulose treated with FeCls and held at 600 °C, 700 °C and 800 °C for 1 h. Particle size histograms

coupled with visibility limits (black dots, left y-axis) and cumulative distribution functions (right y-axis) for microcrystalline cellulose treated with

FeCls and held at (b) 600 °C, (c) 700 °C and (d) 800 °C for 1 h.
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and the features at large radius (>20 nm) are likely caused by
larger pores from the original cellulose structure. At 700 °C and
800 °C (Fig. 7c and d), the main contribution to the scattering
comes from features in the 3-40 nm size range, consistent with
both the catalyst nanoparticles and the mesopores in the
graphitic nanostructures. The FeCl;-cellulose system shows
a similar increase in scattering from 600 °C to 800 °C (Fig. 8a).
However, the broad peak centred around ¢ = 1 nm™ "' is not
present at 600 °C and there is a corresponding lack of features
in the 3-40 nm size range in the histogram (Fig. 8b). This is
consistent with TEM, which only showed large, faceted crystals,
unlike the small nanoparticles/clusters seen in the Fe(NO;);—
cellulose system. The large crystals would be well outside of the
size range probed by SAXS. At 700 °C, the histogram (Fig. 8c)
indicates the emergence of some scattering features around
10 nm in radius, consistent with the observation of nano-
particles in the TEM. At 800 °C, the scattering profile and
histogram (Fig. 8d) are both similar to those of the Fe(NO3);-
cellulose system, again consistent with the observation of
nanoparticle catalysts and graphitic nanostructures with
mesopores.

Conclusions

This study has comprehensively examined the impact of using
Fe(NO3); and FeCl; as catalysts for the iron-catalysed graphiti-
zation of cellulose. The influence of the counterion (NO3;~ or
Cl7) onyield and textural properties is considerable, with FeCls
promoting a higher yield of carbon with nitrogen porosimetry
data providing evidence that porosity extends from micro to
macropores. This is in comparison to a primarily mesoporous
carbon produced from cellulose with Fe(NOj3);. The reason for
the difference in material properties is that the iron salts
promote different decomposition pathways, presumably due to
the different Lewis acidity of the salts. Iron chloride promotes
dehydration of cellulose and strongly suppresses the formation
of levoglucosan, a volatile decomposition product. This in turn
means that the iron chloride generates a higher carbon yield
than iron nitrate. Another major difference between the two
systems is the volatility of FeCl;. Vaporization of the chloride
and subsequent hydrolysis results in the deposition of large
iron oxide crystallites. These in turn produce large Fe/Fe;C
catalyst particles which generate graphitic macropores. This is
in contrast to the Fe(NO;);—cellulose system, which remains
amorphous until >600 °C, with the iron highly dispersed. The
resulting catalyst particles are much smaller, resulting in
a mesoporous graphitic structure. Thus, a simple change in
metal salt can have a significant impact on material properties
in pyrolysis. This is a powerful tool for tuning carbon porosity
and structure.

Experimental
Materials

Microcrystalline cellulose (<20 um), iron nitrate nonahydrate
and iron(m) chloride hexahydrate were purchased from Sigma-
Aldrich and used without any further modification.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Preparation of cellulose samples with iron salts

In all cases, 0.68 mmol iron salt was dissolved in 40 mL of water
at room temperature and added to 20 g of microcrystalline
cellulose (MCC). The mixture was stirred manually until the
liquid was absorbed and dried in a 70 °C oven overnight. For
pyrolysis, 2 g of sample was placed in an alumina crucible and
heated to desired temperature (250, 300, 400, 500, 600, 700 and
800 °C) at a rate of 5 °C min~" under N, atmosphere with flow
rate 1 L min~'. The samples were held at this temperature for
1 h before cooling to room temperature.

Fourier transformed infrared spectroscopy

Infrared spectroscopy was collected using Bruker Alpha FT-IR
spectrometer with an ATR attachment.

Thermogravimetric analysis

Thermogravimetric analysis was carried out using Netzsch STA
449 F3 Jupiter and mass spectrometry data collected by QMS
403 Aeolos Quadro. Thermograms were collected with average
sample mass between 5-10 mg and heated at 10 °C min ™"
between 40-800 °C under N, atmosphere.

Powder X-ray diffraction

Samples were ground into a fine powder and placed on low-
background silicon wafer sample holders. p-XRD experiments
were performed using a PANalytical Empyrean diffractometer
with a copper anode (wavelengths: Kal = 1.5406 A, Ka2 =
1.5443 A) and a Pixel 2D detector. The diffractometer did not
have a monochromator but the KB radiation was removed with
a nickel filter.

Raman spectroscopy

Samples were ground to a fine powder and placed on a glass
slide. Raman spectroscopy was taken using Renishaw inVia
Raman microscope using a red laser at 10% power with wave-
length of 633 nm. Peak fitting was completed using assuming
a 4-peak Voigt function. The 5-peak fit was not used owing to
significant overlap between the G and D, peaks in the spectra.

Scanning electron microscopy

Samples were mounted on an SEM stub using an adhesive
copper tape. Samples were viewed with a FEM-SEM FEI Nova
450 using a CBS detector, operating at 5 kV with deceleration
mode.

Small angle X-ray scattering

Samples were ground into a fine powder and distributed across
a hole in a paper sample holder between two pieces of Scotch
Magic tape. The wide-range SAXS experiments were performed
using the Multi-scale Analyser for Ultrafine Structures (MAUS)
at the Federal Institute for Materials Research and Testing
(BAM), Berlin. Copper and molybdenum anodes (8 eV and 17 eV
photons, respectively) were used to measure over a wide g range.
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Transmission electron microscopy

Approx. 50 mg of sample was dispersed in approx. 1 mL ethanol
and sonicated for around 10 minutes. Subsequently samples
were drop cast onto an E-chip for the Protochips FUSION
heating holder. Samples were observed using a JEOL JEM-2100F
in TEM mode at 200 kV acceleration voltage.

Nitrogen sorption

Nitrogen sorption measurements were carried out using
a Quantachrome Nova 1000 series volumetric gas sorption
analyser at 77 K. 50-200 mg sample was ground to fine powder
and degassed at 100 °C for 24 h under vacuum. Isotherms were
carried out with sample tubes calibrated for filler rods over the
pressure range p/po 0.015-0.095. BET surface areas were calcu-
lated using the Rouquerol correction to select range p/p, 0.015-
0.04 using the method recommended by the International
Organization for Standardization (ISO) 9277.* The total pore
volume was obtained from the isotherm plateau and the
micropore volume was obtained using the ¢-plot method,
according to ISO 15901-2.*°
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