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rated porous carbons from
controlled calcination of a metal–organic
framework†

Gregory S. Day,ab Jialuo Li, b Elizabeth A. Joseph,b Peter C. Metz, a

Zachary Perry,b Matthew R. Ryder, *a Katharine Pagec and Hong-Cai Zhou bd

Thermal decomposition of an iron-based MOF was conducted under controlled gas environments to

understand the resulting porous carbon structure. Different phases and crystallite sizes of iron oxide are

produced based on the specific gas species. In particular, air resulted in iron(III) oxide, and D2O and CO2

resulted in the mixed valent iron(II,III) oxide. Performing the carbonization under non-oxidative or

reducing conditions (N2, He, H2) resulted in the formation of a mixture of both iron(II,III) oxide and iron(III)

oxide. Based on in situ and air-free handling experiments, it was observed that this is partially due to the

formation of zero-valent iron metal that is rapidly oxidized when exposed to air. Neutron pair distribution

function analysis provided insight into the effect of the gas environment on the local structure of the

porous carbon, indicating a noticeable change in local order between the D2O and the N2 calcined samples.
Introduction

Porous carbons have long been utilized for adsorption,1 sepa-
ration,2 and catalytic applications.3 Several different method-
ologies can be used for the generation of porous carbons, from
the direct pyrolysis of an organic precursor such as biological
waste products4 or organic polymers,5 to the chemical activation
of a carbon precursor using a strong base.6 In particular, metal
oxide doped porous carbons have been used for many different
catalytic transformations, such as alcohol oxidation,7 the
Fischer–Tropsch reaction,8 and oxygen evolution.9 The genera-
tion of these metal oxide doped porous carbon species has
typically been achieved through post-synthetic growth or
incorporation of metal nanoparticles within the carbon struc-
ture.10 In these materials, the porosity of the carbon is either the
result of a porous biological precursor, which oen has a non-
tional Laboratory, Oak Ridge, Tennessee
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or air-free calcined MOFs. See DOI:

8–2767
uniform range of porosities, or is dependent on the process-
ing step, typically through chemical etching.11

Metal–organic frameworks (MOFs) are a class of porous
materials comprised of inorganic nodes, oen referred to as
secondary building units (SBUs), connected by organic linkers.12

One of the main advantages of MOFs is that both their physical
and chemical structures and functionalities can be tuned
through simple ligand or metal modication. Such features are
promising for many next-generation smart applications,13 and
have identied MOFs as particularly interesting materials for
gas separation14 and catalysis.15 Additionally, the regular
geometry of these compounds results in high levels of crystal-
linity and regularly shaped and organized pores.

Due to their tunable porosity and the presence of metal
centers, there has been a growing interest in using MOFs as
templates for the generation of porous carbons.16 MOF-derived
carbons are typically produced via the direct calcination of
MOFs in inert atmospheres like N2,17 Ar,18 or He.19 Carboniza-
tion offers many benets for MOFs, the most obvious benet
being the increased hydrolytic stability compared to the parent
MOF, allowing them to be utilized under aqueous conditions.18

This improved stability, alongside their tunable structures, give
MOF-derived carbons the potential to be used as a replacement
for standard porous carbons in areas such as water remedia-
tion20 or chemical warfare agent degradation.21 The ordered
structure of MOFs also leads to the relatively facile formation of
graphitic carbon, known for its electrical conductivity. This has
resulted in many examples of MOF-derived carbons being
utilized in electrochemical applications such as the oxygen
evolution reaction.22 Additionally, there is an interest in
dispersing metallic nanoparticles throughout a carbon scaffold
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 N2 adsorption isotherms of the calcined PCN-250 samples
showing alterations in total capacity and pore shapes via calcination
gas environment.
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to prevent sintering and maintain high chemical activity,21

which MOF-derived carbons excel at through their pre-
dispersed metal SBUs.23

MOFs have long been used as gas storage materials due to
their high surface areas, increasing accessible surface for the
physisorption of gases.14 The adsorption affinity and capacity
are oen dependent on the dimensions of the host/guest, such
as the size of the gas molecule, pore window,24 or the degree of
polarizability.25 As such, the use of different gases during
calcination should result in varying degrees of gas adsorption
and diffusion. While activation processes have been studied in
the formation of activated carbons,26 less research has focused
on the effect of different gas environments on the formation of
MOF-derived carbons. In particular, it has been noted in the
MOF-derived carbon literature that calcination conditions have
an impact on the resulting pore structure.27 However, there has
yet to be a thorough systematic study of this process.

Results and discussion

In this work, we have focused on a typical iron-containing MOF,
PCN-250 (PCN¼ porous coordination network)28 (also known as
MIL-127 (ref. 29)), consisting of Fe3m3O clusters and the ligand,
3,30,5,50-azobenzenetetracarboxylate (ABTC), with the formula
C48H28Fe6N6O32, or (Fe3O)2(ABTC)3. This iron-based MOF was
of particular interest for carbonization due to the catalytic
applications of iron oxide particles,30,31 as well as the ease of
separation afforded by the magnetic behavior of iron oxide.18

PCN-250 has been well studied for gas storage and separation
applications due to its accessible open metal sites.28,32 Open
metal sites are utilized to improve the polarization of gas
molecules within the MOF pores, improving the adsorption
affinity of the gas species.24 Improved gas adsorption affinity,
results in an increased likelihood of adsorption events occur-
ring during calcination, which could result in variations in the
pore structure of the nal porous carbon.

Initial thermogravimetric analysis (TGA) of PCN-250 under
air, N2, and water-saturated N2 determined the decomposition
temperature of PCN-250 to be between 350 to 450 �C, with
partial dependence on the gas ow environment (Fig. S1†).
Calcination under air results in the near-complete thermolysis
of the ligand (76% of the total theoretical mass), while analysis
under N2 only results in a 25% mass loss upon decomposition
at 450 �C, with a subsequent mass loss event occurring at 580–
620 �C. Interestingly, when PCN-250 is decomposed in the
presence of water vapor, the mass loss event at 620 �C results in
what appears to be the complete pyrolysis of the ligand, with the
nal sample mass corresponding to that observed under air
oxidation.

Based on the TGA results, we became interested in the gas
ow-dependent decomposition of PCN-250 and decided to
study the effect of gas environments on the material structure.
We hypothesized that the different gas environments should
result in highly differentiated pore structures when trans-
formed into a MOF-derived carbon. To prevent complete loss of
ligand-derived carbon upon carbonization, the samples were
calcined at 500 �C for 4 hours under six different gas
This journal is © The Royal Society of Chemistry 2020
environments: air, N2, He, water enriched N2 (utilizing D2O to
prevent potential H incorporation for neutron diffraction
experiments, 2% D2O by volume), CO2, and H2 (5% in N2).

Brunauer–Emmett–Teller (BET) adsorption analysis of each
sample was conducted to conrm the effect the gas environ-
ments have on surface area (Fig. 1). In general, the calcined
samples have lower BET surface areas compared to uncalcined
PCN-250 (approximately 1500 m2 g�1),28 with the air calcined
samples showing the smallest BET surface area, 9 m2 g�1, and
the He calcined sample showing the highest BET surface area,
265 m2 g�1. In agreement with our initial hypothesis, the
surface area has a strong correlation with the residual carbon
content in the material (Table S1†). The surface area of the
samples was found to correlate linearly with the carbon content,
giving a correlation coefficient (R2) value of 0.93129 (Fig. S2†).
The R2 value improves to 0.98115 if the data for the D2O sample
is removed as an outlier (Fig. S3†).

The carbon content for the D2O calcined sample is the
highest, despite only having the third-highest surface area
(221 m2 g�1). This could be due to the D2O labilizing the metal–
carboxylate bonds during the heating phase of the calcination,
due to a competitive ligand exchange, forming a partially
amorphous MOF structure that possesses a lower surface area
before carbonization. This pre-carbonization amorphization
likely prevents off-gassing during carbonization, causing some
of the ligands to become trapped within the structure. The
presence of organics is corroborated by the higher hydrogen
and nitrogen content in the D2O sample (1.91 and 5.28%,
respectively) (Table S1†). The nitrogen contained in the azo-
benzene bridge of the ligand is well known for readily elimi-
nating N2 well below 500 �C,33 which suggests that the
remaining nitrogen content within the MOF-derived carbons is
due to poor heat transfer within the porous structure, prevent-
ing carbonization of some of the interior ligands. To test this
hypothesis, we performed additional experiments looking at the
Nanoscale Adv., 2020, 2, 2758–2767 | 2759
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Fig. 2 PXRD of PCN-250 samples calcined under different gas flow
environments: (a) air and H2, (b) D2O and CO2, and (c) N2 and He.
Based on the gas environment, these samples exhibit the formation of
iron(II,III) oxide, iron(III) oxide, or both.
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collapse of PCN-250 under water-rich streams at lower
temperatures. Compared to heating under N2, there was an
increased degree of amorphization under water at 250, 275, and
300 �C (Fig. S4†). When PCN-250 was heated under water at
300 �C for 16 h there was negligible crystallinity remaining in
the sample, while heating under N2 still showed characteristic
peaks for PCN-250.

The samples of PCN-250 exhibit a large hysteresis at when
the relative pressure, p/p0, is greater than 0.4, which is repre-
sentative of mesoporous structures within the material. The
generation of a 38 �A mesopore within PCN-250 has been
previously reported,32 which matches the pore size distribution
of the calcined PCN-250 samples reported here (Fig. S5 and
S6†). The N2 and the He calcined samples show broadly similar
isotherms, suggesting a similarity in the environments gener-
ated by these gases during calcination. Interestingly, the D2O in
N2 calcined sample also shows a similar isotherm to that
produced by N2 and He, which suggests that the concentration
of D2O in the sample during calcination is low enough to not
signicantly impact the overall carbon superstructure, despite
the differences in total carbon content. However, this same
phenomenon is not observed with the sample calcined in the
presence of 5% H2 in N2, which shows a signicant reduction in
the BET surface area, 98 m2 g�1.

Despite the differences in sample porosity, the morphologies
of the individual samples are similar, maintaining the relative
shape of PCN-250 as seen through scanning electron micros-
copy (SEM) images (Fig. S7–S13†). The air calcined sample
shows the most substantial deviation from the shape of pre-
treated PCN-250, with large cracks and channels observed in
the material (Fig. S8†). The other samples all show similar
contractions on a few of the crystal faces and corresponding
concavity to the crystal edges (Fig. S9–S13†). These strains
induce the formation of a wave-like pattern on the faces of most
of the crystals, with the effect being most evident for the CO2

calcined sample (Fig. S11†).
As PCN-250 contains iron-based SBUs, we were interested in

probing the presence and phases of the resulting Fe nano-
particles within the samples. Powder X-ray diffraction (PXRD)
data were collected using a Bruker D8 diffractometer equipped
with Cu Ka radiation. The six samples showed that in addition
to altering the porous carbon structure of the material, calci-
nation under different gas environments resulted in the
generation of various iron oxide phases and variation in crys-
tallite domain size (Fig. 2). Analysis of the iron oxide domains
was performed via Rietveld renement of the experimental data
using known iron oxide structures, and the soware package
GSAS II.34 The unit cell parameters, the atomic displacement
and position parameters of the atoms, and the crystallite size of
the iron oxide phases were rened. All samples were initially
modeled as a mixed-phase system consisting of both iron(II,III)
oxide and iron(III) oxide, with subsequent single-phase ts
performed on those data showcasing zero contribution from
a second phase. As expected, calcination under air results in the
complete formation of the fully oxidized iron(III) oxide, Fe2O3

(Fig. 2a).
2760 | Nanoscale Adv., 2020, 2, 2758–2767
Interestingly, Rietveld renement of the H2 calcined sample
(Fig. 2a, bottom) gave an iron(III) oxide phase fraction of
81.5(7)% with a balance of 18.5(14)% being iron(II,III) oxide by
mass (Table 1). The sample visibly glowed as it was exposed to
air aer cooling to room temperature (Video 1†), which suggests
that oxide formation does not occur during the calcination
process, but only upon exposure to air.

Exposure to oxygen atom-containing gases such as D2O and
CO2 did not result in iron(III) oxide, but formed the mixed valent
iron(II,III) oxide, as conrmed via Rietveld renement (Fig. 2b).
This is likely due to the poorly oxidizing nature of the two
molecules, which, while introducing oxygen atoms to the metal
clusters of PCN-250, do not have the oxidation potential to
produce iron(III) oxide. Initial renement using standard
iron(II,III) oxide resulted in a poor t, with the intensity ratio of
the (113) to (022) peaks (35.8 and 30.3� 2q) differing signicantly
from that seen in the bulk material. The t quality was
substantially improved by using a model with cation
This journal is © The Royal Society of Chemistry 2020
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Table 1 PCN-250 samples calcined at 500 �C under various conditions

Atmosphere
BET surface area
(m2 g�1)

Pore volume
(cm3 g�1)

Iron(II,III)
oxide fraction (mass%)

Iron(III)
oxide fraction (mass%)

Iron(II,III)
oxide size (nm)

Iron(III)
oxide size (nm)

Air (X-ray) 9 0.017 0 100 N/A 132.9(19)
Air (neutron) — — 0 100 N/A 99(9)
H2 (X-ray) 98 0.112 18.5(14) 81.5(7) 25(11) 88.4(20)
D2O (X-ray) 221 0.190 100 0 6.2(6) N/A
D2O (neutron) — — 100 0 19.9(7) N/A
CO2 (X-ray) 144 0.124 100 0 13.5(11) N/A
N2 (X-ray) 235 0.201 70.5(20) 29.5(10) 5.2(6) 210(190)
N2 (neutron) — — 46.4(14) 53.6(16) 15.2(5) 330(200)
He (X-ray) 265 0.200 62(4) 37.7(22) 19(12) 70(40)

Fig. 3 High-resolution SEM of (a) air, (b) D2O, and (c) N2 calcined
samples. TEM images of (d) air, (e) D2O, and (f) N2 calcined samples.
Higher resolution versions of the images are in the ESI.†
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deciencies in the structure, with an iron occupancy of 0.982 in
the tetrahedral site and 0.974 in the octahedral site.35 The
rened iron(II,III) oxide crystallite sizes are less than 20 nm
(Table 1), likely due to the conditions invoked through
connement in the MOF-derived graphitic scaffold, and with
the milder oxidation preventing the sintering observed with
iron(III) oxide.

Meanwhile, aer calcination under an inert atmosphere, the
resulting material was also observed to oxidize in air at room
temperature. Interestingly, while H2 calcined PCN-250 mainly
resulted in the formation of iron(III) oxide, the N2 and He
calcined samples resulted in a more even mixture of the two
iron oxide phases. The N2 calcined sample resulted in 70.5(2)%
iron(II,III) oxide and 29.5(10)% iron(III) oxide by mass (Fig. 2c,
top), while the He calcined sample resulted in 62(4)% iron(II,III)
oxide and 37.7(22)% iron(III) oxide (Fig. 2c, bottom) according to
Rietveld renement of the laboratory PXRD patterns (Table 1).

Rietveld renement on the PXRD of the six samples also
revealed information regarding trends in the crystallite size of
the iron oxide phases. In general, the iron(III) oxide phases,
when present, appeared to be larger than those of the iron(II,III)
oxide. The iron(III) oxide crystallite phases range in size from
70 nm in the He calcined sample to 210 nm in the N2 sample.
Both air and N2 calcination resulted in the formation of iron(III)
oxide domains greater than 100 nm.

Transmission electron microscopy (TEM) images of both the
air calcined (Fig. 3a and S14†) and the N2 calcined (Fig. 3c and
S18†) samples both show the presence of bulk iron(III) oxide.
Meanwhile, both the He calcined (Fig. S20†) and the H2 calcined
(Fig. S15†) samples have poorly discernible features, with no
apparent signs of bulk iron oxides, nor nanoparticle oxides.
This is suggestive of the highly mixed and intermediate ranged
size of the iron oxide nanoparticles, which corresponds with the
size values determined by PXRD Rietveld renement. The
iron(III) oxide particles are less than 100 nm (88.4(20) nm and
70(40) nm for H2 and He respectively), and the iron(II,III) oxide
particles are greater than 10 nm (25(11) nm and 19(12) nm for
H2 and He respectively), corroborating the TEM images.

Further insight into the bulk carbon structure of the mate-
rials was achieved via high magnication images using a high-
resolution SEM. The SEM images show the presence of nano-
scale features, typically in the form of approximately 20 nm
nodules (Fig. 3 and S21–S26†). The nodules are readily apparent
This journal is © The Royal Society of Chemistry 2020
alongside the surface wave-like pattern, suggesting that the
physical strain introduced during the nodule formation is likely
responsible for the bulk wave-like pattern on the surface of the
material (Fig. S22†). These nodules are present in all the
materials except for the air calcined sample (Fig. 3a and S21†).
As the air calcined PCN-250 has limited carbon content, these
nodules are likely at least partially due to the residual carbon
within the remaining samples. In the air calcined sample, there
instead appear to be 20–100 nm holes formed due to the
Nanoscale Adv., 2020, 2, 2758–2767 | 2761
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Fig. 4 PDF of the neutron scattering data for PCN-250 calcined under
(a) air, (b) D2O, (c) N2. Each data set shows raw data (blue circles), the
oxide fit (red line), the graphite fit (green line), the mPDF fit (orange
line), with the final difference curve shown below (purple line) the
noise present in the data is removed via a 100 point 3rd order poly-
nomial Savitzky–Golay smoothing function performed on the residual
curve. All three graphs are shown at different scales for clarity.
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complete pyrolysis of the ligand, which correlates well with the
small observed level of mesoporosity in the air calcined sample.

Samples previously calcined under air, D2O, and N2 were
studied via neutron diffraction and total scattering at the
Nanoscale Ordered Materials Diffractometer (NOMAD)36

beamline of the Spallation Neutron Source (SNS) at Oak Ridge
National Laboratory (ORNL) to enable pair distribution func-
tion (PDF) analysis. Analysis of the Bragg diffraction peaks in
the three samples was performed via the same Rietveld rene-
ment methods described for the laboratory PXRD data (Table 1).
Both the air and the D2O calcined samples still only showed
the presence of a single iron oxide phase, iron(III) oxide and
iron(II,III) oxide, respectively. Similar to the laboratory PXRD
data, the D2O data was also best t to an iron(II,III) oxide
structure containing cationic vacancies.35 Both data sets show a
similar trend to the lab-scale data, with the iron(III)
oxide crystallites being signicantly more substantial and the
iron(II,III) oxide crystallites tending to be smaller, with some
minor variation between the two sets of renements. Analysis of
the Bragg diffraction of both the air and the D2O calcined
samples also showed signicant magnetic diffraction peaks
(Fig. S27–S38†).

The neutron diffraction data of the N2 calcined sample still
exhibits a mixture of iron(II,III) oxide and iron(III) oxide.
However, the ratio of the two phases differs signicantly, with
the neutron data rening to 46.4(14)% and 53.6(16)% for
iron(II,III) oxide and iron(III) oxide, respectively. Most likely, this
is the result of a sampling error, with the sample not being in
the same condition for both laboratory PXRD and neutron
diffraction analysis. The signicant estimated standard devia-
tion in the iron(III) oxide domain size is likely due to the poly-
disperse distribution of crystallites within the N2 calcined
sample, with both bulk and nanoparticle domains observed in
the TEM (Fig. S18 and S19†).

PDF ts of the three samples were performed using
PDFgui.37 Each data set (Fig. 4) shows raw data (blue circles), the
oxide t (red line), the graphite t (green line), the mPDF t
(orange line), with the nal difference curve shown below
(purple line) the noise present in the data is removed via a 100
point 3rd order polynomial Savitzky–Golay smoothing function
performed on the residual curve. All three graphs are shown at
different scales for clarity.

The nuclear component of the iron oxide PDF data for the
three samples was t with the unit cell parameters, atomic
thermal parameters, the linear atomic correlation factor, and
the empirical spherical particle size were rened. The air
calcined sample was in reasonable agreement with iron(III)
oxide, corroborating Rietveld analysis (Fig. 4). The main
component of the difference curve of the air calcined sample
appeared to be due to a broadly oscillating curve, which is
characteristic of magnetic scattering. To conrm this, we t the
difference PDF using the magnetic pair distribution function
(mPDF) method developed by Frandsen and Billinge38,39 in
Diffpy-CMI.40 The mPDF was modeled using the known
magnetic structure of iron(III) oxide,41 consisting of spins fer-
romagnetically aligned within the plane, but antiferromagnet-
ically aligned between adjacent planes of the iron sublattice.
2762 | Nanoscale Adv., 2020, 2, 2758–2767
Both the paramagnetic scale factor and the scale factor for the
overall mPDF function were rened. The difference curve aer
the renement of both the nuclear and magnetic PDF is
minimal (Fig. 4a). This suggests that the residual carbon
content of the air calcined sample is low, matching well with the
elemental analysis data, with the air calcined sample only
containing 0.15% carbon by mass (Table S1†).

The nuclear component of the PDF for the D2O calcined
sample (Fig. 4b) was modeled using iron(II,III) oxide and
graphite. The residual aer tting the nuclear component is
relatively small, but with a periodic oscillation related to the
magnetic correlations of iron(II,III) oxide. The inverse spinel
structure of iron(II,III) oxide consists of iron(III) in the tetrahedral
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Overlap of the D2O (red line) and N2 (blue dashes) with the N2

scaled so the first peak (1.4 �A) matches that of the D2O, a difference
curve (orange) which is taken as the D2O graphitic curve subtracted
from the scaled N2 curve is shown below. At the bottom is a calculated
PDF for the graphitic carbon phase utilized for the PDF fitting.46 The
overall range of the order between the two matches well out to 4.2�A.
The N2 calcined sample has a greater degree of order at the inter-
mediate ranges (2.42 and 3.66�A) and shows greater order at 5.1�A, with
minor broad features from 6 �A and beyond.
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positions and mixed iron(II) and iron(III) in the octahedral
positions. The spins of the tetrahedral sites align antiferro-
magnetically with the spins of the octahedral sites. The overall
imbalance in the spin magnetic moment due to the differences
in site numbers and oxidation states account for the ferrimag-
netic properties of iron(II,III) oxide.42 The mPDF was again t
against the nuclear difference PDF (Fig. 4b) using a spin
conguration determined from the literature.42 As the iron
oxide crystallite size is much reduced and the percentage of
carbon is vastly increased in the D2O sample compared to the
air calcined sample (31.6% versus 0.15%), the overall contri-
bution from magnetic scattering is less apparent.

Meanwhile, the PDF of the N2 calcined sample data (Fig. 4c)
was t to a three-phasemixture of iron(II,III) oxide, iron(III) oxide,
and graphite, with the residual consisting of the magnetic
scattering from both iron(II,III) oxide as well as iron(III) oxide.
The nuclear and the magnetic PDFs were modeled with
a mixture of the two iron oxide phases, with the scale factors for
the contributing phases rened. The initial analysis does not
show any alteration to the two magnetic structures, both the
iron(III) oxide and the iron(II,III) oxide spins are the best t using
the antiferromagnetic and ferrimagnetic structures mentioned
previously. The current work is not focused on the exact varia-
tion between the local magnetic structure and that of the bulk
phase materials. Still, this concept will be investigated as part of
future work.

The carbon component of the D2O and N2 samples were both
t to graphitic carbon. Previous studies into MOF carbonization
have shown that MOF-derived carbons, especially those using
aromatic ligand units, tend to have a high degree of graphiti-
zation.43 Observation of the PDF of the D2O and N2 samples
showed the presence of a large peak at 1.4�A, which is indicative
of the sp2 C–C bond in graphitic carbon,44 further supporting
the identication of the carbon phase in these materials as
graphitic.

The domain size of the carbon scaffold was modeled in
PDFgui using an empirical spherical shape function for the
graphite phase.45 Both the D2O and the N2 data only show
carbon correlations out to near 5 �A. When rened through the
entire range of 1–30 �A, the D2O domain size settles on 5.28 �A
while the N2 only renes out to the slightly larger 5.76 �A.
However, constraining the domain size and rening the two
samples from 5.3 to 15�A does suggest some minor contribution
from the graphite phase in the N2 sample, with the scale factor
for graphite being 0.019 as opposed to 0.0023 for the D2O
sample. To accurately visualize the longer-range component as
well as differences in the degree of order between the two
samples, the 1–5 �A and the 5–15 �A ts of both the N2 and the
D2O data were graphed together with the N2 data scaled such
that the intensity at the 1.4�A peak matches that of the D2O data
(Fig. 5). The image shows the higher relative intensities for the
N2 t at 2.42, 3.7, 4.26, and 5.1�A, which shows the higher degree
of structural order in the N2 sample relative to the D2O sample,
which correlates well with the difference in porosity and
elemental analysis data. To best illustrate this relationship, we
opted to take the difference of the D2O graphitic curve from the
scaled N2 graphitic curve (orange line in Fig. 5), which shows
This journal is © The Royal Society of Chemistry 2020
some possibility of minor features at distances greater than 5�A
visible as small humps or waves. By comparing the position of
these waves to that of the peaks in a calculated bulk graphite
PDF, we can observe that the waves of the N2 do correspond in
location with the graphite peaks at 7.1, 8.25 and 10.8 �A, sug-
gesting that the N2 data does have a minor amount of larger-
scale graphitic components.

The rst three C–C peaks (1.4, 2.42, and 2.84�A) correspond
to standard graphitic carbons.44 The peak at 1.4�A corresponds
to the bond between two sp2 hybridized carbons, the peak at
2.42 �A corresponds to the distances between meta oriented
carbon atoms in hexagonal carbon moieties, and the peak at
2.84 �A corresponds to the para–para distance in graphitic
carbon.44 In keeping with the general trend of longer-range
order observed in the N2 sample, we also observed an
increase in relative order in the short-range peaks of the
graphitic PDF by observing the alteration in the peak intensity
ratio at low r. The D2O calcined sample has an intensity ratio
of 2.05 for the 1.4 to 2.42�A peaks, while the N2 calcined sample
has an intensity ratio of 1.57. This suggests that there is
a higher degree of simple C–C sp2 hybridized bonds in the D2O
calcined structure compared to complete C6 units. This can be
visualized by observing the difference in the scaled N2

compared to the D2O at 2.42�A (Fig. 5), as there is a noticeable
peak there, which corresponds to the higher relative number
of units in the N2 sample. This result corresponds well with the
porosity and surface area of the D2O calcined sample, which is
noticeably lower than that of the N2 calcined sample despite
having a more substantial carbon content. The increased
carbon content is likely due to the amorphous collapse of the
Nanoscale Adv., 2020, 2, 2758–2767 | 2763
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carbon domains, which has limited the ability of the material
to maintain a porous structure.

Meanwhile, the N2 calcined sample has a higher degree of
complete C6 units relative to its carbon content, explaining its
higher porosity and surface area. The structural collapse
induced by D2O exposure is likely due to the competition
between the D2O and the MOF ligand, ABTC, to bind to the iron
centers in PCN-250. This competitive delegation could poten-
tially cause an initial loss of order within the D2O structure
ahead of carbonization. Results from bulk testing under water
vapor conditions have shown that a complete loss of crystal-
linity does occur before thermal decomposition, which does
suggest that small scale nanoscale amorphization could be
potentially occurring during standard calcination experiments
(Fig. S4†). This partial collapse could also be partially insulating
for the interior of the material upon calcination, as the D2O has
not only the highest carbon content (31.61% by weight) but also
the highest hydrogen content at 1.91% by weight, which is
signicantly higher than the next highest sample, the N2

calcined sample at 1.47%. This is likely due to incomplete
carbonization of the interior structure during calcination, aided
by the insulating nature of the pre-amorphized ligand under
D2O conditions.

To probe the oxide species that form under inert gas ow, we
conducted in situ variable temperature PXRD analysis under He
and N2 ow (Fig. 6). Unfortunately, due to safety concerns and
instrument limitations, we were unable to conduct the same
calcination in the presence of H2. Upon heating to around
450 �C, there is a complete loss of crystallinity in the sample as
it appears to lose the last remnants of MOF structural stability.
Aer this loss of stability, the only peaks that are present are
due to the alumina sample holder utilized for these experi-
ments. However, in the N2 calcined sample, at 550 �C, a new
phase, Fe(0), starts to grow in (marked with a black rectangle in
Fig. 6a). This Fe(0) phase grows in intensity as the temperature
is ramped to 700 �C. We were also able to observe the Fe(0)
phase when the sample was held at 500 �C for 2 h, which is
Fig. 6 (a) In situ variable temperature PXRD under N2, (b) in situ variab
sample holder are observable at elevated temperatures due to the shifti

2764 | Nanoscale Adv., 2020, 2, 2758–2767
similar to the 4 h calcination condition used for the bulk sample
prep (Fig. S43†). For comparison, holding the sample at 500 �C
under He for 4 h produced no noticeable growth of Fe(0).
However, the eventual increase was observed once the sample
reached 700 �C aer having been previously held at 500 �C for
4 h and 600 �C for 2 h (Fig. S44†). As a control, we also per-
formed the same variable temperature program under UHP Ar
gas. The results show similar behavior to the He calcination,
with a small growth of Fe(0), although the intensity of the phase
peaks is generally quite low under Ar as well (Figure S45†).
Based on these results, we hypothesized that the formation of
Fe(0) was due to the presence of N2 and that the formation of
Fe(0) under He and Ar could be the result of N2 impurities, with
the UHP cylinder utilized having 5 ppm N2. However, the UHP
Ar utilized did not list any N2 content, although it cannot be
discounted at present. Interestingly, performing the same
200 �C to 700 �C in situ experiments using the isolated Fe3m3O
cluster under both N2 and He did not result in the formation of
any crystalline species (Fig. S46†).

To determine if Fe(0) was indeed being formed during tube
furnace calcination, an air-free sample collection environment
was built (Fig. S47†). Using the cell, the sample could be iso-
lated under N2 during and aer calcination and then brought
into an Ar lled glove-box. Using an air-free PXRD cell
(Fig. S48†), we were able to analyze the sample, showing the
presence of Fe(0) (Fig. S49†). The procedure also allowed us to
calcine PCN-250 under H2 and isolate the result, which showed
the presence of Fe(0) (Fig. S50†). Rietveld renement of these
samples suggests a domain size of 13.9 nm for the N2 sample
and a size of 30 nm for the H2 calcined sample.

Additionally, N2 adsorption analysis of the two samples
suggests that the post calcination oxidation appears to increase
the BET surface area and pore volume, as both air-free samples
have lower surface areas and pore volumes compared to
their air-exposed counterparts. The N2 calcined sample
exhibits a BET surface area of 220 m2 g�1 and a pore volume of
0.188 cm3 g�1 (versus 235 m2 g�1 and 0.201 cm3 g�1 for the air-
le temperature PXRD under He. Diffraction peaks due to the alumina
ng of the sample stage during heating.

This journal is © The Royal Society of Chemistry 2020
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exposed sample), and the H2 calcined sample exhibits a BET
surface area of 84 m2 g�1 and a pore volume of 0.084 cm3 g�1

(versus 98 m2 g�1 and 0.112 cm3 g�1 for the air-exposed sample).
Also, the isotherms of the two samples are broadly similar in
features to their oxidized counterparts, with some variation in
the H2 sample due to a more considerable hysteresis, suggest-
ing a difference in the mesopore shape (Fig. S51†).

Conclusions

The work herein showcases the unique behavior of the iron-
based MOF, PCN-250, during calcination under different gas
ow environments. While our initial hypothesis proposed that
the calcination conditions could change the porosity of the
sample, we were surprised by the formation of different phases
of iron during the calcination process. These results show that
the nanoconned state of the iron sites within the MOF allows
for an unprecedented level of oxidation control, with the
atmospheric conditions above the sample being entirely
responsible for the formation of the resulting iron oxide phase.
The local structure of several of the materials was probed via
neutron scattering PDF experiments, which allowed for partial
investigation of the magnetic structure of the carbon scaffolded
iron oxide materials, which showed that while the size range of
the carbon ordering is similar between different samples, the
relative ratio of ordering at the molecular level changes signif-
icantly with the gas environment. A post-calcination oxidation
event was observed for N2, H2, and He calcined samples, which
resulted in the formation of mixed oxide phases within the
samples. These materials were probed via in situ PXRD and air-
free calcination methods, which showed that these post-
calcination oxidations are at least partially due to the forma-
tion of zero-valent iron under calcination conditions. Future
work will focus on elucidating the mechanism of zero-valent
iron formation, as well as the effect of the local environment
and nanoconnement of the metal centers on the reduction
event. The ability to control the bulk and local structure of metal
oxide-containing porous carbons are of great use for potential
catalytic applications, with future work focusing on the devel-
opment of heterogeneous catalysts through the controlled
calcination of MOFs.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The work was supported by the U.S. Department of Energy
(DOE) Office of Science Graduate Student Research (SCGSR)
program and the Center for Gas Separations Relevant to Clean
Energy Technologies, an Energy Frontier Research Center fun-
ded by the DOE Office of Science (Basic Energy Sciences) under
Contract Number DE-SC0001015. The SCGSR program is
administered by the Oak Ridge Institute for Science and
Education (ORISE) for the DOE under contract number DE-
SC0014664. M. R. R. acknowledges the DOE Office of Science
This journal is © The Royal Society of Chemistry 2020
(Basic Energy Sciences) for additional research funding and the
National Energy Research Scientic Computing Center
(NERSC), a DOE Office of Science User Facility operated under
Contract No. DE-AC02-05CH11231 for access to super-
computing resources. H.-C. Z. acknowledges the Robert A.
Welch Foundation for a Welch Endowed Chair (A-0030). The
research used resources at the Spallation Neutron Source,
a DOE Office of Science User Facility operated by the Oak Ridge
National Laboratory. The authors also acknowledge the Texas
A&M Microscopy and Imaging Center and Materials Charac-
terization Facility.

References

1 B. Chen, Q. Ma, C. Tan, T.-T. Lim, L. Huang and H. Zhang,
Carbon-Based Sorbents with Three-Dimensional
Architectures for Water Remediation, Small, 2015, 11(27),
3319–3336.

2 S. Sircar, T. C. Golden and M. B. Rao, Activated carbon for
gas separation and storage, Carbon, 1996, 34(1), 1–12.
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