High surface area of carbonaceous Cr,GaC composite micro-
spheres synthesized by sol-gel chemistry
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MAX phases are wildly renowned for incorporating metallic and ceramic properties into a single compound but lack high

degrees of porosity. Using a sol-gel chemistry technique, known as a Polymer Type Il complex method, more flexibility to

the shape, morphology, microstructure, and porosity is achieved while simultaneously synthesizing MAX phase. This sol-gel

chemistry techique demonstrates a signficant departure from traditional solid state synthetic methods. Temperature

profiles in this study allowed discussions of the influence of furnace and microwave heating on the resulting products. The

carbonaceous Cr.GaC spheres were identified to exhibit Type IV isotherm behavior and a hysteresis type of H2(a). Micropore

surface areas ranged from 220-416 m?/g and the maximum BET specific surface area received was 616 m?/g,.

Introduction

Ternary carbides and (carbo)nitrides that belong to the
family of MAX phases have been held in high regard since
their discovery in 1960 and eventual resurgence in 1996.2
MAX phases crystallizing in the hexagonal space group
P63/mmc are described by the general formula Mn.«1AX;, (n
=1, 2, 3, 4) where M = early-to-mid-transition metals, A =
main group elements, mostly from groups 13 and 14, and X
= carbon and/or nitrogen. Largely known for their ability to
couple ceramic and metallic properties into a singular
compound, they are currently commercially used as high-
performance coatings, and nuclear power plant
claddings.>= With well over 150 different compounds of
these materials to date, the main focus currently resides on
Ti-Al-C based systems.®=8 Unsurprisingly, this has come as a
result of the complementary interest in the 2D MXenes,
which MAX phases are a precursor phase for. %10

Apart from being used as coatings to make devices more
resistive against extreme conditions,>12 MAX phases
have found no wide-spread commercial use. Due to this
they have been largely relegated to theoretical speculation
for potential uses. Some of these uses include
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incorporation into high efficiency engines, directly into
nuclear reactors, and indirectly in the production of
asymmetric supercapacitors.*!® Even more, MAX phases
and their 2D siblings, MXene, have also shown potential in
the realm of catalysis and in gas adsorption. 42! Most
importantly, as it relates to this work, is the inclusion of
MAX phases into composite materials. Whether this is
realized by means of ex situ or wet chemical processing,
many works exist detailing the possibilities to utilize these

types of compounds in a variety of different applications.??~
24

Following these ideas, it is well known MAX phases innately
possess low surface areas.!?> Their incorporation into
material composites that are microporous in nature can
unlock enhanced hybrid properties. Solid state heating
techniques, unfortunately, do not possess the capabilities
to achieve this goal in a singular step. MAX phase material
will need to be made separately via solid state heat
treatments with elemental reagents and then additionally
added to porous material.?>2* Moreover, the level of
atomistic homogeneity is not equivalent to what can be
obtained using methodologies like sol-gel chemistry.?®
Recently, a method known as the amorphous metal
complex method has become a viable synthesis strategy for
MAX phase synthesis and yield optimization. Phases such
as Cr,GaC, Cr.GeC, V,GeC, V,GaC, V,GaCi4Ny, and V,PC
have all been produced utilizing this technique.?’3! Shape
processability using this approach is limited though.
Remedying this required a pivot toward another sol gel



technique known as the Polymer Type Il complex method.?®
Here natural product derived biopolymers such as Chitosan
are taken advantage of to complex metal ions dispersed
into a gel matrix.3? Shape augmentation into wires,
spheres, films, etc. all become possible.3%33 Chitosan
innately being porous makes it a great candidate for pore
composite templating with the synthesized MAX phase.
With this, we aim to hybridize metallic/ceramic properties,
with high degrees of porosity, and all through a single
synthetic heat treatment step. BET surface analysis and
sorption measurements of the carbonaceous composite
microspheres are performed to pave the way to suitable
applications.

Experimental

Materials and Methods

Materials

Chromium (lll) Nitrate Nonhydrate (Acros Organics, 99.9%),
Gallium Nitrate Hydrate (Alfa Aesar, 99.9%), and Chitosan
(Medium Molecular Weight 190,000-310000 KDa, Sigma
Aldrich) were all used with no processing applied to them.

Synthesis of Cr,GaC Composite Spheres

In a typical synthesis, 2.000 g of Cr(NOs)s:9H,0 (2 eq, 5
mmol) and 0.7375 g of Ga(NOs)3-H,0 (1 eq, 2.69 mmol)
were weighed and added to a beaker containing 10 mL of
water and vigorously stirred using a magnetic stir bar. In
another beaker, 0.6 g of Medium Molecular Weight
Chitosan, 1 mL of Acetic Acid, and 4 mL of the previously
made Cr:Ga metal solution were mixed thoroughly in 20 mL
water. Chitosan was chosen as carbon source for its
inherent  properties of acting as a proton
absorber/chelating agent3? , being very porous in nature,
and most importantly its insolubility in basic solutions.
Therefore, performing sol-gel chemistry, where metal ions
are mixed intimately with this natural biopolymer, allows
for it to act as a template for significant levels of porosity.
Stirring continued for 20-30 minutes to ensure complete
homogenization of the mixture. Using a blunt dispensing
tip and syringe (CML supply), the Cr:Ga chitosan metal
solution was added to a 1M NH4OH solution dropwise. The
metal chitosan macrospheres (1.60 - 2.98 mm in length)
were precipitated in the dilute NH4OH solution, filtered,
and then transported to a watch glass. The macrospheres
were left overnight at 35 °C to evaporate excess moisture
and ammonia. The dried spheres were then subsequently
heat treated by two different methods: Conventional
furnace as well as microwave heating. For the conventional
method, the dried spheres were loaded into an alumina
boat and transferred to a tube furnace (Carbolite). The
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system environment was purged for 30 minutes with UHP
Argon. A heating profile of ramping 2 °C per minute to 1050
°C, dwell for 2 hours at 1050 °C, and cooling to room
temperature was applied. For the non-conventional heat
treatment, dried spheres were transported down an
alumina tube. This alumina tube was then inserted into a
fused silica ampoule. 7.000 g of susceptor (Activated
Charcoal 12-20 mesh, granular) were added to a high
alumina crucible (Coors). The fused silica ampoule and
sample were positioned in the middle/toward the bottom
of the susceptor to ensure uniform heating. The system
chamber of the microwave reactor (CEM Mars) was flushed
with the sample using UHP Argon for 20-30 mins. A heating
profile of 700 W (approximately 700-750 °C) for 20 mins
was applied to the sample. The resulting microspheres
after both the furnace and microwave treatment were
recovered for further analysis. All microspheres across all
gauge sizes were analyzed in four different states (wet, dry,
furnace heat treated, and microwave heat treated). In the
wet state when the spheres were precipitated, they were
positioned onto a petri dish and placed directly under a
microscope. Using LAS EZ software, a digital snapshot of
about 100 spheres was taken with a scale bar. Following
this, the software Image J was used to set scale and draw
line segments across at least 50 spheres. The sphere
diameters were averaged automatically using the measure
and summarize function. To ensure the average from Image
Jwas correct, the spread of data was also averaged in Excel.
This entire procedure was repeated across the remaining
processing steps and then repeated across all gauge sizes.

Materials Characterization

Powder X-ray Diffraction/ Rietveld Refinements

All samples were ground with an agate mortar pestle and
placed on top of a flat cylindrical Si low background stage.
The X-ray diffraction data were recorded using a Bruker D2
Phaser (2" Generation) powder X-ray Diffractometer that
utilizes Ni-filtered Cu Ka radiation (A = 1.5406) at room
temperature. The 260 ranges extended from 10°-90° with a
step size of 0.05°. The experimental patterns generated
were then subsequently matched with theoretical profiles
for the most accurate phase determination. Analysis of the
percentages of existing phases in bulk samples were carried
out by Rietveld refinement with the assistance of Topas.3

BET Measurements Surface Analysis Theory

Surface area analysis of the Cr,GaC-based spheres was
performed on a Micromeritics ASAP 2020 Surface Area and
Porosity Analyzer with nitrogen as the adsorbate at 77 K.
This was performed for samples generated from furnace
synthesis with selective gauge sizes ranging from 17-30
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gauge (1.4 - 0.31 mm). Similarly, microwave synthesis
samples were measured also with the same selective size
ranges (17-30 gauge, 1.4 - 0.31 mm). The sample weight
for each BET was chosen to be around 100 mg. All samples
were degassed for approximately 10 hours at 200 °C with
residual pressure less than 50 umHg. The surface areas
were determined using the Brunauer-Emmett-Teller (BET)
model.3> Micropore and external surface areas were
determined through the t-plot method. Pore size
distributions were generated using the Barret-Joyner-
Halenda (BJH) method.?®

SEM/EDS

Analysis of the microstructure was performed using an
Auriga-Zeiss FIB SEM. The composition of samples was
determined utilizing an Oxford Instruments SDD detector
(Ultim MAX). A standard aluminum stage holder was
covered with carbon tape to fasten 10-20 spheres to the
holder surface. The beam current was set at a 20 keV
accelerating potential primarily for the EDS that was
conducted. Multiple sites of the bulk samples were
analyzed at varying magnifications (ranging from 1K-70K
magnification).

TEM and HR-TEM

Cr,GaC sphere powder samples were dispersed in ethanol
and sonicated for 30 min, and the resulting solution was
drop cast onto a lacey carbon TEM grid. Samples were
analyzed using the monochromated environmental FEI
Titan ETEM aberration-corrected TEM with a Schottky field
emission gun. A 300 kV acceleration voltage was used to
collect micrographs, Gatan software was used to process
the data, and Image J was used to format the imaging
further.

Results and Discussion

Table 1. Size diameters of the MAX microspheres at various
different states of the sol-gel synthesis methodology.

Gauge Size Wet Dry Microwave Furnace
mm/ga (mm) (mm)  (mm) (mm)
1.4/17 2.98 1.17 0.92 0.70
1.27/18 2.87 1.18 0.84 0.69
0.91/20 2.38 0.99 0.80 0.58
0.64/23 2.02 0.82 0.62 0.49
0.46/26 1.88 0.61 0.48 0.35
0.31/30 1.60 0.58 0.41 0.34

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. (a) Exemplary X-ray powder diffraction data
including Rietveld refinement of Composite-Cr,GaC
microspheres, (b) Cr.GaC wt% comparison relative to
different gauge sizes and heating methods, (c) exemplary
elemental analysis (EDS) of Composite microspheres (furnace
treatment, 23-gauge needle), (d) microsphere diameter in
dependence of the gauge size as obtained. throughout the

Following our synthesis protocol reported in 32, all
composite spheres were shape processed by using needle
gauge sizes ranging from 0.31 mm — 1.4 mm (17-30-gauge
size). All averaged diameters of the composite spheres are
reported in Table 1. A reliable shrinkage of the
microspheres in all states is depicted in Figure 1, panel (d).
Varying the gauge size, it was assumed that testing the BET
specific surface areas (SSAs) would influence the gas
sorption capabilities. Rietveld analysis of furnace heat
treated/annealed microspheres produced with a 20-gauge
needle (Figure 1 (a)) shows an 89 % vyield of the target
Cr,GaC MAX phase. Due to the use of nitrate salt precursors
(Cr(NOs)3 and Ga(NOs)s) it is plausible for nitrogen-based
side phases to crystallize with roughly 8 wt%. Across all
gauge sizes and heat treatments Cr,GaC wt% yield ranges
from 66-89%. SEM/EDS analyses (Figure 1 (c)) confirm a 2:1
ratio of Cr to Ga in 23 ga microspheres and all other gauge
sizes when pyrolyzed in the furnace, Figures S14-21.
Microwave composite spheres exhibit a non-stochiometric
ratio of Cr:Ga because of Ga tendency to bleed/bead up
from the material. (See Figure S14-S21 in S| for more
information on SEM/EDS of furnace and microwave
samples). Although, since the focus is on the assessing the
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gas sorption capabilities of the composite spheres, we
place more emphasis on that.

In Figure 2, all the nitrogen sorption isotherms of the
furnace-annealed samples show similar behaviors with a
gradual but significant uptake in the low P/P, region,
The
estimated BET specific surface areas (SSAs) range from

indicating appreciable presence of micropores.

396-616 m?/g! on the low and high end, respectively,
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Figure 2. Isotherm Linear Plots of Cr,GaC microspheres
obtained after furnace annealing using (a) 17-Gauge (b) 18-
Gauge (c¢) 20-Gauge (d) 23-Gauge (e) 26-Gauge (f) 30-
Gauge.

(Table 2) and these values are exceptionally high,
compared to what has been reported for MAX phases (2.55
—2.77 m?/g).2>3® As discussed later, the microporosity and
high surface area are due to the co-presence of the
carbonaceous phase in the samples. The observed high
surface areas are consistent with the results from the
previously reported MAX carbon composites. For example,
Zr,SC carbon composite spheres exhibited BET specific
surface area, 626 m?/g.3” These Zr,SC composites were
prepared by loading ZrOCl;, solutions into macroporous
sulphonated polystyrene-divinylbenzene strong cation
exchange resins, which were then heat treated at 1350 °C
under a mixed Hy/Ar atmosphere. This differs from the use
of the Polymer Type Il complex technique that provides
higher levels of atomistic homogeneity of the precursors
and slightly lower temperatures at 1050 °C that are utilized
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for Cr,GaC composite spheres. The calculated micropore
surface areas of the Cr,GaC microspheres are in the range
of 220 — 416 m?/g, while the external surface areas are in
the range of 124 — 226 m?/g. This is without an apparent
trend observed with respect to the synthetic conditions
and to the sizes of the microspheres. (Figure S9 showcases
relatively similar sorption isotherms for the microwave-
annealed microspheres).

All the isotherms can be classified as Type IVa with a
distinctive hysteresis, although the gas uptakes (in the
absorption branches) are only gradual all the way to the
high P/P, region, showing a lack of dominant mesopore
widths. The observed hysteresis loops of Type H2(a) (or,
less specifically, H2) are known to be given by complex pore
structures, with the very broad size distribution of neck
widths, in which network effects and pore blocking are
important.3® For all the samples, furthermore, the
isotherms exhibit a low-pressure hysteresis at P/P, less
than 0.4. This typically indicates the entrapment of
nitrogen molecules within pores of comparable size to the
adsorptive or the swelling of the porous structure during
the measurement.3 Since the material is rigid, it is highly
unlikely that the latter is the case. Because the hysteresis
loops are type H2 and they lack a clear hysteresis loop
closure, the adsorption branch was used for all BJH
analyses for the samples.*® The BJH pore size distributions
in Figures S10 and S11 indicate the presence of small
mesopores. As the pore size decreases, the dV/dlog(D)
pore volume increases gradually but shows a sharp
increase at around 5 nm, close to the micropore region (<
2 nm). The limitation of the BJH analysis does not allow the
detailed analysis of the micropore sizes, but the observed
large pore volume in the micropore region is consistent
with the fact that 55 to 74 % of the total (BET) surface areas
is from the micropore surface areas which were estimated
from the t-plot method (Table 2). The smaller than
expected BET specific surface area can be rationalized for
the 17-gauge spheres due to the lower micropore area and
micropore volume, 302 m?/g and 0.14 cm3/g, than that of
18-gauge spheres, 413 m?/g and 0.19 cm3/g.

Table 2. BET specific surface area, micropore area, external area,
and micropore volume of Cr,GaC microspheres obtained after
furnace annealing with varied gauge sizes.

Gauge BET SSA Micropore Externa Micropore
(mm)/ga (m?/g) Area | Area Volume
(m?/g) (m?/g)  (cm*/g)

This journal is © The Royal Society of Chemistry 20xx



Journal Name

1.4/17 464 302 162 0.140
1.27/18 616 413 203 0.190
0.91/20 468 345 124 0.159
0.64/23 450 281 169 0.129
0.46/26 396 220 176 0.101
0.31/30 460 300 160 0.138

50 uym LU Ga C
Figure 3. Exemplary (a)(b)(c) SEM images and (d) EDS
mappings of Cr,GaC microsphere surfaces obtained after
furnace annealing (18 ga.)

or
=

A 2 J)‘
p — 23 Ga. [T

Figure 4. Exemplary (a)(b)(c) SEM images and (d) EDS
mapping of Cr.GaC microsphere surfaces obtained after
microwave annealing (23 ga.)

Figures 3 and 4 show exemplary morphology (SEM, a-d)
and elemental composition (EDS, d) of the furnace-
annealed and microwave-annealed microspheres,
respectively. A magnification of the surface for both types
of spheres showcase hexagonal and even some spherical
plates, which are more prominent decreasing the size of
the spheres. (refer to Figure 6-7 for a clearer depiction).

The 30 ga. spheres that were reacted via furnace

This journal is © The Royal Society of Chemistry 20xx
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demonstrated the largest distribution of hexagonal plates
on the sphere surface with uniform size (shown in Figure 6,
panel (f)). 17 ga. spheres show a noticeable amount of
microsphere cracking as spheres of this size cannot handle
the outgassing of constituent materials when subjected to
microwave heating. EDS measurements for furnace heat
treated spheres in Figure 3, panel (d) and Figure S14, panel
(a-f) demonstrate a 2-1 ratio of Cr-Ga dispersed
homogenously across the spheres of all gauge sizes. Figure
S15 shows a deviation of this 2-1 ratio for the microwave
spheres because of a tendency of gallium to bleed from
samples, as seen in Figure 4 (b). SEM and HR-TEM images
of the MAX phase show a very high crystallinity without any
pores (Figure 5 (c)). However, a region of strictly
microporous carbon in its HR-TEM image (Figure 5(d))
appears as amorphous without apparent lattice fringes. In
fact, the observed morphology is quite similar to that of
microporous carbon produced from Chitosan in the
literature. This is consistent with the gas sorption analysis
results of our composite materials.** Although the
micropores of the carbon phase could not be discerned in

20 nm 50nm:

Figure 5. TEM images of Cr,GaC furnace microspheres: (a)
Large particle with crystallite embedded on the surface, (b)
crystallite (left-side) and microporous carbon contrast (right-
side), (c) MAX phase Cr,GaC crystallite, (d) region of
microporous carbon.

the HR-TEM image, as the disordered, irregularly-shaped
micropores are piled upon one another.*? Figure 5(b)

J. Name., 2013, 00, 1-3 | 5



showcases the contrast between the regions

microporous carbon and MAX phase Cr,GaC crystallites.

Figure 6. SEM data of Furnace spheres (a) 17-gauge (b)
18-gauge (c) 20-gauge (d) 23-gauge (e) 26-gauge (f) 30-
gauge

Figure 7. SEM data of Microwave spheres (a) 17-gauge
(b) 18-gauge (c) 20-gauge (d) 23-gauge (e) 26-gauge (f)
30-gauge

6 | J. Name., 2012, 00, 1-3
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Conclusions

Sol-gel-based synthesis of MAX carbon composites opens
unexplored ways to manipulate the material’s morphology
and properties. This is demonstrated here by
systematically varying the diameter and porosity of
carbonaceous Cr,GaC microspheres. X-ray diffraction and
microscopy techniques coupled with element-specific
investigations confirm the structure and identity of the
MAX phase interspersed throughout the composite
spheres and allow for identification of minor side phases.
Furthermore, the BET surface area of the Cr,GaC
composite microspheres are discussed. One example of
the MAX carbon composite spheres exhibits the highest
BET surface area, 616 m?/g. The shape processability,
porosity, and high surface areas were achieved by the
choice of natural biopolymer (Chitosan) acting as a gel-
building agent during the sol gel-based synthesis as well as
the carbon source. This level of tunability of the shape
control and properties of MAX phase composites cannot be
reached by classical solid-state techniques. This manifests
the large potential of sol gel-based methods to synthesize
carbide composites that will exhibit advanced properties
stemming from the presence of the micropores and the
unique MAX phase characteristics, combined in a single
material. This study will therefore serve as a foundation for
further sol-gel processed products and exploration of their
potential application.
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