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Abstract

A new and environmentally friendly non-caustic route to synthesize ultramicroporous

na

carbon spheres (CS) via a simple one-step non-catalytic and activation-free chemical vapor
deposition (CVD) method is described. The CVD method was applied at different

ur

temperatures, 600-900 °C; 800 °C was identified as the optimum for CS formation using a

Jo

safe solid feedstock. The proposed method is suitable for large-scale adoption since high
pyrolysis temperatures are already used in multi-million-ton industries such as that of
carbon black production. Specific surface area and total pore volume were influenced by
the deposition temperature, leading to an appreciable change in overall capture capacity.
The ultramicropores allow the effective interaction of the sorbent with CO2, resulting in
high carbon capture capacity at both atmospheric and lower pressures. At atmospheric
pressure, the highest CO2 adsorption capacities were ca. 4.0 mmol.g-1 and 2.9 mmol.g-1 at
0 °C and 25 °C, respectively, for the best CS. At lower pressure, 0.15 bar, the CO2
adsorption capacities were 2.0 mmol.g-1 and 1.1 mmol.g-1, again at 0 °C and 25 °C. The
CS showed good sorption/desorption cyclability, ease of regeneration, favorable selectivity
over N2 of 30:1 at 25 °C, and rapid kinetics.
KEYWORD: Carbon spheres, Ultramicripores, CVD, Green, CO2 capture.
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1. Introduction
Carbon spheres (CS) ranging in size from nanometers to micrometers have received
considerable attention over the past decade due to their outstanding role in some
applications such as energy storage and conversion, catalysis, gas adsorption and storage,
drug and enzyme delivery, and water treatment [1-3]. So far, several pathways have been
developed for the synthesis of CS,[4] including nanocasting with silica spheres as hard
templates,[5] hydrothermal carbonization of carbohydrates [6], chemical vapour deposition
(CVD) [7, 8], modified Stöber synthesis [9], soft-templating methods [10-12], plasma [13],
Friedel–Craft reaction-induced polyaromatic precursors [14], spray pyrolysis [15], etc. The

of

reports are mainly based on expensive and impractical methods involving multi-step

ro

processes and difficult purification such as template removal [16]. Furthermore, some of
these methods lead to non-porous spheres with low surface area or nonuniformly shaped

-p

particles limiting their application. Biomass-derived compounds have also been used to

re

prepare CS. However, they requires an initial hydrothermal process followed by activation
under CO2 and carbonization [17]. Regardless of carbon particle morphology, almost all

lP

other porous carbon derived from biomass require additional physical and chemical
activations while not all can deliver ultramicroporosity [18]. However, to the best of our

na

knowledge, there is no report on the synthesis of CS using biomass feedstock via CVD.
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Over the past decade, CVD has been increasingly applied for the large scale
preparation of nanocarbons such as CNTs [19, 20], graphene [21, 22], carbon spheres [7],
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etc. However, at present, all CVD methods for CS production require toxic or flammable
liquid/gas feedstocks. Also, CVD methods rely on the use of costly catalysts for sphere
growth, and corrosive work-up procedures to remove the catalyst from the final product.
Altogether, ultramicroporous carbon spheres are not facile to synthesis via conventional
methods [4].
Public concern about global warming, climate change, and man-made green-house gas
emissions, is ever increasing. Among greenhouse gases, CO2 makes contribution to the
current global climate change [23, 24]. The steady increase in atmospheric CO2
concentration is linked to the burning of fossil fuels to fulfil the world’s energy demands,
however, the need for fossil fuels will continue until they are entirely replaced with clean
and renewable sources. One of the potentially effective measures against climate change is
the use of low-cost, practical technologies to capture and sequester CO2 emissions from
source points.[25] Amongst the established materials for post-combustion CO2 capture,
aqueous amine solutions are the most used and cheap sorbents, but chemisorption remains
2

energy-intensive (since the energy penalty of amine regeneration is high) and corrosive.
Although the energy required to recycle the amine functionality may be lowered by
incorporation of carbon nanomaterials [26, 27], the reactions of amines with acidic
components of combustion gas or amine oxidative degradation, add to environmental
concerns [25]. As a result, physisorption with porous materials such as activated carbon
(AC) [28, 29], zeolites [30], supported amines [31, 32], metal oxides [33], and metalorganic frameworks (MOFs) [34], have become increasingly popular and are being rapidly
developed as suitable alternatives for CO2 capture. Each type of material may come with
drawbacks, e.g., most MOFs or zeolites, despite having high CO2 uptake, suffer from a

of

performance decay in humid flue gases [35]. Among all promising capture materials,

ro

porous carbons have received significant attention as a result of their low cost and wide
availability, hydrophobicity, high stability and surface area, ease of preparation, good
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recyclability, and moderate heat of adsorption [28].

re

In this work, a low-cost and catalyst-free CVD method is described for the production
of uniform oxygen-doped CS using pyromellitic acid as both carbon and oxygen source.

lP

The CO2 capture efficiency of the spheres was studied at different pressures and
temperatures. Due to the presence of ultramicropores, the non-activated CS achieved

na

excitedly good CO2 adsorption capacity and selectivity (over N2) comparable or even

ur

better than activated carbon spheres previously reported in the literature [16, 36-42].
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2. Experimental

2.1. General method

CO2 adsorption set-up (Fig. S1) are explained in detail in the Supplementary Information.
Scanning transmission electron microscopy (STEM) and high-resolution transmission
electron microscopy (HRTEM) images of the spheres were performed using a FEI Talos
F200X Transmission Electron Microscope. The selected area electron diffraction (SAED)
pattern was taken from TEM mode under 200 keV electron beam without sample tilt.
Energy dispersive X-ray spectroscopy (EDS) was conducted on a carbon grid. Scanning
electron microscopy (SEM) images of the spheres were obtained with a JEOL 7800F FEG
SEM (JEOL, Akishima, Tokyo, Japan).
The Raman data of the carbon spheres were recorded at room temperature using a
Renishaw inVia Raman Microscope (Renishaw plc, Miskin, Pontyclun, UK) with
excitation wavelength of 457, 514, and 633 nm. The elemental analyzer (vario EL
cubewas, Germany) was used to determine the amount of carbon, hydrogen and oxygen.
3

The samples were characterized using a Thermo Scientific Nicolet iS10 FT-IR
Spectrometer. Thermogravimetric analysis (TGA) was carried out using 10-mg sample
placed in an alumina pan with a TA Instruments SDT Q600 at a heating rate of 5 ºC.min-1
from room temperature to 900 °C in air. N2 adsorption/desorption isotherms were obtained
using a Quadrosorb SI (Quantachrome Instruments, Boynton Beach, FL, USA). Specific
surface areas were calculated based on the Brunauer–Emmett–Teller (BET) method, and
pore size distribution was determined using the non-localized density functional theory
(NL-DFT) method. X-ray photoelectron spectroscopy (XPS) was performed using a Kratos
Axis Supra (Kratos Analytical, Japan) utilizing a monochromatic Al-Kα X-ray source (Kα

of

1486.58 eV), 15 mA emission current, magnetic hybrid lens, and slot aperture. Region

ro

scans were performed using a pass energy of 40 eV and step size of 0.1 eV. Peak fitting of
the narrow region spectra was performed using a Shirley type background, and the
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synthetic peaks were of a mixed Gaussian-Lorentzian type. Carbon sp2 was used for
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charge reference assumed to have a binding energy of 284 eV. The thermal synthesis
reactions were carried out in a two-zone furnace (SSP-354 Reactor, Nanotech Innovations,

lP

132 Artino St., Oberlin, OH, USA) using a quartz tube (38mm OD, 34mm ID, 762mm L)
and an alumina-ceramic combustion boat (70mm L, 15mm OD, 12mm ID). Powder X-ray

na

diffraction (XRD) patterns were collected in the 1-60° 2θ range with a Bruker D8 Avance

ur

diffractometer using Cu Kα1 radiation (λ = 1.54060 Å). Static contact angles of carbon
sphere coatings were measured using a DSA25 Expert Drop Shape Analyzer equipped
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with an automated camera and ADVANCE software (KRÜSS GmbH).

2.2. Synthesis of CS by CVD
Pyromellitic acid (96%) was purchased from Sigma-Aldrich and used without further
purification. A two-zone tubular furnace was used for the pyrolysis under argon (200
mL.min-1) at atmospheric pressure, with the temperature of each zone controlled
independently, and all materials flowing from the first zone (Zone 1) to the second one
(Zone 2). In a typical procedure, 1 g of acid precursors (e.g. pyromellitic acid) was placed
in a alumina-ceramic boat and inserted into the Zone 1. Under argon (200 mL.min-1), the
temperature of Zone 2 was set then raised to a value between 600 and 900 °C at an average
rate of 60 °C.min-1, as detailed later in the manuscript. When the desired temperature of
Zone 2 was reached, the temperature of Zone 1 was increased from room temperature to
450 °C at an average rate of 60 °C.min-1 and held at that temperature for 30 min. All

4

pyrolyses were performed with Zone 1 at 450 °C for pyromellitic acid and 450-700 °C for
trimesic acid. Finally, the furnace was cooled down to room temperature still under argon,
and the CS (0.17 g) were collected from the inside wall of the quartz tube in Zone 2 and
used without any further processing. It is worth mentioning that the process for production
of 1g of CS-800 (as desired product) requires approximately 52 min. Fig. S2a and S2b
represent the CVD set-up and boat containing precursor, respectively.

3. Results and discussion
Following our studies on the manipulation of CS [43] for CO2 capture [44-46], we turned

of

our attention to green methods focusing on CVD of different benzene carboxylic acids

ro

(BCAs) as feedstock to produce porous carbon spheres. Scheme 1 presents a thermal
treatment method applied to three precursors, terephthalic acid 1, trimesic acid 2, and
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pyromellitic acid 3, in the attempt to produce CS. The precursors, starting points of the

re

CVD, are highlighted in green, yellow and orange. When terephthalic acid 1 was used, it
left no carbon residue in either Zone 1 or Zone 2 of the furnace at any of the tested

lP

temperatures. Instead, a very small residue of carbonaceous material was found left in the
ceramic boat upon heating trimesic acid 2 to 450 °C in Zone 1. However, after raising the

na

temperature of Zone 1 to 700 °C, no pyrolyzed carbon residue of trimesic acid 2 was found

ur

in the boat. It is relevant to note that trimesic acid has a predicted boiling point of ca. 560
°C, which is higher than that of terephthalic acid of ca. 230 °C in a closed tube.
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Terephthalic acid sublimes at ca. 270 °C under atmospheric pressure. Therefore, the
thermal treatment of 1 leads to sublimation since no degradation products have been
observed at temperatures below 445 °C [47], whereas 2 leaves a trace residue upon
pyrolysis at 450 °C, but not at 700 °C.

5

Scheme 1. Precursors and temperatures evaluated to produce CS. Precursors:
terephthalic acid (yellow), trimesic acid (orange), and pyromellitic acid (green). CS
were formed only from pyromellitic acid, no products were collected when
terephthalic acid or trimesic acid was used. All temperatures refer to Zone 2, where
CS formed. The temperature of Zone 1 was fixed to 450 °C for all pyrolyses.

Remarkably, an entirely different behavior was observed in the case of pyromellitic
acid 3. The thermal treatment of 3 left no trace of residual material in the ceramic boat
placed in Zone 1 (450 °C) while a series of carbonized materials were found in Zone 2 set

of

at different temperatures ranging from 600 °C to 900 °C. More specifically, for

ro

temperatures between 600 °C and 680 °C a brown deposit was collected after Zone 2, the
deposit containing some CS. Upon raising the temperature of Zone 2 above 700 °C, all
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pyromellitic acid 3 was converted to an inner wall black deposit entirely made of CS, vide

re

infra. Upon a closer examination of the brown deposits formed at temperatures below 700
°C, it was established that these were mixtures of CS and an additional component that

lP

was determined to be an intermediate of chemical vapor deposition of the CS. After
separation and characterization, it was established that intermediate was pyromellitic

na

dianhydride which is known to be formed upon thermal dehydration of pyromellitic acid

ur

[48, 49]. It is assumed that the thermal decomposition of pyromellitic dianhydride in Zone
2 is the key process upon which carbon sphere nuclei are formed, as discussed in detail

Jo

later. In particular, the carbon sphere product obtained at 800 °C (CS-800) showed the best
CO2 capture performance, also discussed later.

3.1. Materials characterization
Fig. 1a shows the FT-IR spectra of precursor (pyromellitic acid), intermediate (found in
the brown deposit, Scheme 1), and final product (CS-800, carbon spheres in Fig. 2). Two
key differences are observed between the spectra of precursor (red spectrum) and
intermediate (blue spectrum). First, the C=O stretching band for pyromellitic acid at 1700
cm-1, typical of carboxylic acid, is found at 1800 cm-1 in the spectrum of the intermediate,
which is characteristic of anhydride. Second, the broad OH stretching bands at 3000 cm-1
in the spectrum of the precursor are not present in that of the intermediate, additional
evidence of the conversion of the carboxylic group to anhydride. These results confirm the
thermal conversion pyromellitic acid to pyromellitic anhydride[48, 49] which appears to
6

be a key intermediate of carbon spheres formation. The infrared spectrum of CS-800
present characteristic features corresponding to the stretching vibrations of C=O (14501700 cm-1). Fig. 1b shows the Raman spectra of CS-800 recorded at two different
wavelengths 457 nm and 514 nm, both spectra clearly show peaks arising from sp2 and sp3
carbons at ~1350 cm-1 and ~1580 cm-1, respectively. In both cases the intensity of G band
was higher than D band representing more sp2 carbon in the CS structure. ID/IG were also
calculated as 0.6 and 0.8 for 457 and 514 nm, respectively. In addition, we note the
presence of several broad peaks in the region of 2500–2800 cm-1 which is known as
fluorescent background as a result of functional groups [50, 51]. In addition, they can be

of

likely to be both the overtones of the D and G peak and from stochastic connections
between CS. As such, the Raman spectra suggest both an amorphous nature for the as-

ro

synthesized CS with a covalent random network including both sp3 and sp2 hybridization

-p

while the sp2 G-peak is dominant. Raman Spectra for CS-700 and CS-900 can be also seen

Jo

ur
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re

in the Supplementary Information (Fig. S3).

Fig. 1. FT-IR spectra of pyromellitic acid precursor (red), intermediate of CS formation
(blue), and CS (black) (a), and Raman spectra for CS-800 at different wavelength (b).

As can be seen in Fig. 2a, the SEM image for CS-800 shows a large agglomerate of
aggregated material, component spheres are visible in Fig. S4. In addition, TEM and
scanning transmission electron microscopy (STEM) revealed a spherical morphology with
an average diameter of 200 nm. However, the images did not show evidence of porosity in
the carbon spheres due to the beam-sensitivity of carbon-based materials [52]. CS-700 and
CS-900 have similar morphology to CS-800, as evident in the SEM images of Fig. S4,
which also shows the stem-like morphology for the residue of carbonaceous materials in

7

Zone 1 confirming the spheres are only formed by CVD process. The energy dispersive XRay spectroscopy (EDS) mapping analysis of the CS is shown in Fig. 3 with a carbon
content of 96.3 at.% and an oxygen content of 3.6 at.%. These results are in close
agreement with those recorded from the elemental analysis, with C and O contents of 92.6

re
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ro

of

at.% and 5.6 at.%, respectively.

lP

Fig. 2. SEM image (a), TEM image (b), STEM images (c and d) of CS-800 obtained
by CVD method. SEM shows agglomerated spheres while single spheres in the range

Jo

ur

na

of 100-300 nm can e seen from STEM and TEM.

Fig. 3. High-angle annular dark-field (HAADF)-STEM image (a), carbon and
oxygen elemental mappings (b and c, respectively) of CS-800. The STEM image and
elemental mappings were superimposed to give the image (d) showing the even
distribution of carbon and oxygen in the spheres. (A color version of this Fig. can be
viewed online).

The carbon spheres were characterized with SAED (Fig. S5a), showing no clearly
defined diffraction pattern and crystalline structure for CS-800. In addition, the X-ray
diffraction (XRD) spectrum also confirmed the substantially amorphous nature of CS-800
8

(Fig. S5b) with only two very broad peaks because of the a axis of the graphite structure,
at 2θ = 24º and 42º attributed to the reflections of (002) and (101) planes, respectively
[53]. It appears that the carbon spheres are mostly amorphous with both sp2 and sp3
carbons coexisting in domains lacking of grain boundaries [54].
The surface composition of CS-800 was analyzed using XPS. The survey spectrum
(Fig. 4a) confirms the presence of only two elements, carbon and oxygen in atomic
concentrations of 94.7 at.% and 5.3 at.%, respectively. The oxygen content on the surface
is higher than that measured for the bulk, where 3.5 at.% (5.6 wt.%) oxygen was
determined from elemental analysis, as previously mentioned. This corresponds to a

of

greater level of oxygen doping on the external surface of the CS. The C1s narrow region

ro

spectrum was deconvoluted in four peaks (Fig. 4b). A main contribution to the intensity of
the signal is due to sp2 carbon (green peak) at binding energy 284.0 eV, while the sp3

-p

carbon component is found at 285.3 eV (blue peak) [55]. There are also peaks related to

re

oxidized carbon, C-O at 286.6 eV (light blue peak), and C=O at 288.1 eV (yellow peak)

lP

[56]. Graphitic π–π* shake-up satellites where fitted with a broad peak centered at 290.1 eV
[56]. These results highlight the presence of partially oxidized structures, and the O1s

na

narrow region spectrum supports these observations (Fig. 4c). The oxygen signal was
deconvoluted into two peaks, an O=C peak at binding energy 531.7 eV (fuchsia peak) and

Jo

1.8 [56].

ur

a O-C peak at 533.2 eV (red peak). The corresponding O=C/O-C oxygen atomic ratio is

Fig. 4. XPS characterization of CS-800. Survey spectrum showing that carbon and
oxygen are the only elements detected on the surface of the sample (a). C1s narrow
9

region spectrum of sample CS-800; peak fitting is color coded C=C sp2 (green), CC/C-H sp3 (blue), C-O (light blue), C=O (yellow), and π–π* shake-up satellite
(orange) (b). O1s narrow region spectrum of sample CS-800; peak fitting is color
coded O=C (purple), and O-C (red) (c).

CS form at temperatures in the range of 700-900 °C from precursor 3, and their
textural properties such as surface area and pore volume are slightly different. To
investigate the effect of carbonization temperature on the CO2 capture capacity, surface
areas and pores size distributions of CS where determined from N2 and CO2 adsorption

of

measurements (Fig. S6a,b). BET surface areas were estimated using N2 at 77 K, while pore

ro

size distributions were calculated using NL-DFT [57] with data collected using CO2 at 273
K. Fig. S6a demonstrates that all synthesized CS have type-I curves (IUPAC

-p

classification) [58]. A high abundance of micropores in CS is confirmed by a sharp rise in

re

N2 adsorption at a low relative pressure (P/Po < 0.01) [59]. Fig. 5 presents the pore
distributions for all as-synthesized CS in the range below 1 nm (pore diameter = 2 times

lP

the half pore width) confirming the presence of narrow micropores which are mainly
responsible for CO2 capture at low pressures. As can be seen from Table 1, the micropore

na

volume and surface area change by change in carbonization temperature. Based on our

ur

observation, the surface area for CS-900 and CS-700 are similar, while CS-800 shows the
highest surface area. Besides, the micropore volume for each sample measured by CO2 shows a

Jo

significant difference between CS-700 and C-900 while CS-900 and CS-800 are closer. In other

words, CS obtained at 800 °C contains more total pore volume and micropore volume (calculated
by both N2 and CO2) than those obtained at 700 °C and 900 °C which can confirm the key effect of
Zone 2 temperature on the textural properties of these CVD products. Table 1 also lists C, O, H

content of CS measured by elemental analysis as determined by an average of three runs.
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Fig. 5. Pore size distributions of CS samples measured using CO2 at 273 K and
calculated by NL-DFT method. All pore diameters are less than 0.9 nm. Darker areas
are the result of overlapping distributions.

Table 1. Textural parameters obtained from N2 (77 K) and CO2 (273 K) adsorption data
and elemental analysis for synthesized CS.
Vtotal

Vmicro

(m2.g-1)a

(cm3.g-1)b

(cm3.g-1)b

(cm3.g-1)a

(cm3.g-1)a

Vmeso

of

Vmicro

ro

(cm3.g-1)a

Elemental
content (wt.%)
C

635
0.156
0.129
0.275
0.247
0.022
94.8
804
0.192
0.128
0.340
0.294
0.038
92.6
639
0.168
0.082
0.277
0.251
0.028
85.8
a
Obtained from N2 adsorption at 77 K. bObtained from CO2 adsorption at 273 K.

H

O

1.9
1.8
2.4

3.3
5.6
11.8

re

CS-900
CS-800
CS-700

Vtotal

-p

Sample

S BET

lP

Thermogravimetric analysis (TGA) under air flow was used to check the thermal
stability of CS between 23 °C and 900 °C. The TG profile for the synthesized CS shows a

na

similar oxidation behavior to those previously reported in the literature with an initial

ur

weight decrease below 200 °C attributed to loss of water and volatile components
adsorbed on the surface. Subsequently, another mass loss is observed between 200 °C and

Jo

400 °C which likely corresponds to surface functional group decomposition. A dominant
weight drop is eventually seen between 450-580 °C due to the thermal oxidation of the
spheres (Fig. S7). The combustion of CS-800 left a trace of incombustible material (<1
w%), which was associated to resulting ash.
The wettability of a uniform coating of CS-800 sprayed on a glass slide was also
evaluated via water contact angle measurements (Fig. S8 and S9). A contact angle of
161.5° was measured showing the superhydrophobic nature of the CS-800 coating. The
surface roughness of the coating and morphology of the carbon spheres would also
contribute the hydrophobicity. The high hydrophobicity along with the presence of narrow
micropores should make CS-800 an ideal adsorbent for CO2 capture in humid conditions
which is discussed later.

3.2. Comparison of existing methods for synthesis of CS

11

It is important to note that CVD methods to date failed to produce microporous carbon
spheres even when expensive catalysts were used, as we listed in Table 2. It should be also
noted that high temperature plays a critical role in CVD, consequently, the process requires
important safety measures when hazardous flammable feedstocks are employed (e.g.,
acetylene and ethylene). Therefore, using a solid feedstock such as mellitic acid benefits
from easier handling and lower risks.
The porosity of the CS listed in Table 2 is less if not developed at all compared to
the microporosity of our CS, the merits of our pathway is then evident among other CVD
methods to generate porous carbon spheres. Compared to the catalyst-free method listed in

of

Table 2 which gives non-porous CS, we can assume that our non-catalytic strategy leads to

ro

microporous CS due to the presence of COOH groups while it does not exist in the
structure of toluene and styrene. In other words, releasing CO2 during decomposition can

-p

develop microporosity similar to the strategy used for activated carbon production using

re

CO2 as activator [60]. As can be seen, the CVD method mainly feeds on hydrocarbon
gases and liquids such as acetylene and benzene and demands a metal catalyst or silica-

lP

based template, while we used a solid feedstock without catalyst. This is a significant
improvement since both catalyst price and catalyst removal as well as hazards of highly

na

flammable and toxic gas or liquid feedstocks are drawbacks of these approaches.

ur

Furthermore, our catalyst-free strategy makes carbon nanospheres that are smaller than
those of the other methods, ca. 200 nm diameter, also at lower or comparable pyrolysis

Jo

temperature [5, 8, 61-65]. Although the main factor affecting the sphere size in our method
is still unclear, we observed that the temperature slightly affects the size of spheres while it
has significant influence on the sphere uniformity. Accordingly, the more uniform CS was
formed at lower temperatures of 700 °C and 800 °C. The most uniform spheres were
observed from SEM for CSs made at 700 °C, while it has less surface area and micropore
volume (Fig. S4).

Table 2. Comparison of present CVD method with previously reported CVD methods in
the literature for synthesis of CS.
Carbon feedstock

Catalyst

Deposition
Temperature (°C)

12

Porosity type

Sphere size
average (nm)

Ethylene

NiFe-LDHs [61]

900

Non-porous

740

Acetylene

Fe-KIT-6 [8]

800

Meso

750

750-900

Not measured

400 and 2000

800

Meso

260

800

Meso

400

900

Non-porous

1000

Ethylene

Kaolin supported
transition metal [62]
Mesoporous silica

Ethylene

template [63]
Mesoporous silica

Ethylene

template [5]
Mesoporous silica

Polypropylene

template [64]

cyclohexane and

Free [65]

900-1200

Freea

700-900

200

This work.

re

a

Microporous

300-700

-p

ethene
Pyromellitic acid

Non-porous

ro

benzene, hexane,

of

Styrene, toluene,

lP

The exact mechanism of chemical vapor deposition for catalyst-free CS formation is
still not fully understood since the collapse and recombination of the chemical structures

na

during carbonization is difficult to rationalize. It can be assumed that the pathway of
formation of spheres might be similar to that reported for soot spherical particles [66, 67].

ur

However, it is worth to note that during our experiment, we could find out that dehydration
To confirm the formation of

Jo

of pyromellitic acid occurs before its decomposition.

pyromellitic dianhydride from the dehydration of pyromellitic acid in Zone 1, a separate
experiment was conducted with Zone 1 at 450 °C and Zone 2 at room temperature. A
white powder deposit was found on the inner wall of the tube at the non-heated end of the
furnace. Upon comparison of the FT-IR spectra of white powder and commercial
pyromellitic dianhydride, there was no appreciable difference between the two confirming
that the white powder was pyromellitic dianhydride (Fig. S10). This finding directed us
towards using either commercial pyromellitic dianhydride or the one separated as
intermediate during the process in place of pyromellitic acid which resulted in the same
product (Scheme 2).
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Scheme 2. Production of CS by CVD method from pyromellitic dianhydride under argon.
Temperature refers to Zone 2, where CS are deposited. The temperature of Zone 1 was
450 °C.
However, pyromellitic dianhydride is classified as hazardous material according to EC

ro

re

3.3. Carbon dioxide capture

-p

material meets Green Chemistry principles [68].

of

Regulation No 1272/2008. Therefore, using pyromellitic acid as a non-toxic precursor

lP

Using a volumetric gas sorption apparatus, the CO2 capture performance of as prepared CS
was assessed in the pressure range from vacuum to 10 bar at four different temperatures, 0,

na

25, 35, and 45 °C. Fig. 6 presents data collected at 0 and 25 °C. At 25 °C, CS-700
achieved the highest capture capacity at 10 bar, 5.4 mmol.g-1 (Fig. 6a), however at lower

ur

pressure CS-800 performed better than CS-700 and CS-900, with capture capacities of 1.1

Jo

mmol.g-1 and 2.85 mmol.g-1 at 0.15 bar and 1 bar, respectively (Fig. 6b). The porosity of
the CS plays a major role in achieving this performance. In particular, pores with
diameters smaller than 10 Å are suitable for CO2 adsorption at low pressure since the
dynamic molecular diameter of CO2 is 2.09 Å [36]. The key role of micropores for CO2
adsorption at pressure lower than 1 bar has been reported in the literature [69]. CS-800 has
the highest micropore volume amongst all CS prepared in this study (Table 1), it is then
sensible to conclude that such a greater amount of micropores should be responsible for
the enhance CO2 capture performance of CS-800. Nonetheless, an appreciable start of
plateau in the isotherms at pressure higher than 2 bar (Fig. 6a) implies that the CS cannot
adsorb much more CO2 at higher pressure confirming the lack of mesopores and an overall
limited surface area. Because of its better CO2 capture performance at low pressure CS800 was selected for further characterizations under flue-gas-like conditions.
A typical coal-fired power plant emits flue gas made of approximately 15% CO2 and
75% N2, with balance of O2, H2O, sulfur oxides (SOx), and nitrogen oxides (NOx) [70].
14

Therefore, CO2 sorbents for flue gas scrubbing should exhibit high selectivity for CO2 over
N2 to ensure high CO2 capture capacity even in the presence of nitrogen. Fig. 6c shows the
CO2 and N2 uptake of CS-800 at 0 °C and 25 °C. As expected for physisorbents, the
sorption capacity for both gasses are higher at lower temperature. The CO2 capture
selectivity values for CS-800 were determined based on the quantity of CO2 and N2
adsorbed at their relevant partial pressures (0.15 bar and 0.85 bar, respectively) as 23 and
30 at 0 °C and 25 °C, respectively. These selectivity values are comparable to those of
other CS (Table S1), but in this case the CS were made without using any catalyst or
activator. In addition, the variation of the CO2/N2 selectivities with pressures up to 10 bar
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is also presented in Fig. 6d. As can be observed, the selectivity decreases at higher
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pressure up to 7 bar.

Fig. 6. CO2 uptakes at 25 °C for the as prepared CS at pressures up to 10 bar (a) and 1 bar
(b). CO2 and N2 uptakes at 0 °C to 25 °C, up to 1 bar for CS-800 (c). Isotherms for CO2/N2
selectivity of CS-800 at 25 °C and different pressures (d).

Although the surface area of the CS-800 is not very high, the main factors affecting
CO2 capture performance at ambient conditions are micropore volume and pore size,
15

properties for which the synthesized CS were tailored and perform excellently at low
pressure compared to many other materials reported in the literature. It is worth to provide
a few more comparisons of low-pressure performance between CS-800 and other carbon
capture materials. Table 3 lists the capture performance of some benchmarks and some
recently reported adsorbents. Notably, none of the CS prepared by CVD method (Table 2)
are listed in Table 3 since they are non-porous or mesoporous, thus not suitable for CO2
capture in ambient conditions. The CO2 uptake of CS-800 in single component CO2 at 0.15
bar and 25 °C is 1.1 mmol.g-1, which is higher than the value reported for well-known
benchmark materials such as BPL activated carbon and ZIF-8. In addition, typical CO2

of

uptakes for some CS including hollow spheres (Table S1, Entry 6) are reported in Table

ro

S1. At 1 bar and 25 °C, CS-800 exhibits a relatively high CO2 uptake of 2.85 mmol.g-1,
lower than KOH-activated CS but still significant since CS-800 are made without using

-p

any activator.

re

Another important CO2 capture parameter is the isosteric heat of adsorption (Qst), a
measure of the heat released upon adsorption of CO2. This heat impacts directly on the

lP

temperature of the sorption bed during the separation process.[71] The overall gas
separation yield is strongly affected by local adsorption equilibria and kinetics which are

na

function of the temperature of the bed. Here, the isosteric heat of adsorption of CS-800

ur

was calculated using CO2 adsorption isotherms measured at 25 °C, 35 °C, and 45 °C, and
considering the nature of physical adsorption, the CO2 uptake decreased with increasing

Jo

temperature [72].

Table 3. Comparison of CO2 capture capacity of some benchmarks and recently reported
sorbents at 0.15 bar in single component CO2.
Sorbent type

Temperature (°C)

Uptake (mmol/g)

25

0.8 [73]

25

0.1 [73]

25

2.6 [73]

UiO-66 [F4_UiO-66(Ce)]

25

0.4 [74]

Holey graphene frameworks

25

0.5 [71]

KOH activated carbonb

25

0.8 [75]

c

Steam activated carbon

25

0.5 [76]

rht-type MOF

0

2.6 [77]

Organic polyimides

0

1.2 [78]

CS-800

25

1.1d

a

BPL activated carbon
ZIF-8

a

Zeolite-13X

a
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CS-800
a

1.8d

0

Common benchmarks. bDerived from waste wool. cPrepared from melamine-modified
phenol–formaldehyde resin. dThis work.

The resulting Qst values were between 27.5−29.3 kJ mol-1 for CO2 uptakes between 0.7
and 3.4 mmol g-1 (Fig. S11). As expected, the Qst values were in the range of ordinary
physisorption (<40 kJ mol-1). In addition to selectivity and heat of adsorption, more
realistic conditions should be considered for industrial applications. For example,
cyclability and stability over multiple runs are critical factors in carbon capture
applications. The cyclability of CS-800 was tested over 11 adsorption-desorption cycles

of

with no appreciable deterioration of CO2 capture capacity, ca. 1.89 mmol g−1 (8.4 w.%)

ro

working capacity (Fig. 7a). However, adsorption capacity decreases at 40 °C compared to

-p

25 °C which is expected for physisorbents. The carbon spheres showed fast adsorption
kinetics reaching saturation in less than 10 min, while complete regeneration required a

re

longer time, 15 min at 40 °C in argon flow. Materials with ultramicroporosity like CS-800

lP

are characterized by desorption hysteresis due to entrapment of CO2 molecules in pores of
the size of a few CO2 diameters causing desorption delays.

na

Combustion flue gases contain moisture, and CO2 capture in humid streams is known
to be affected by the presence of water. For this reason, the CO2 capture performance of

ur

the carbon spheres was tested using CO2 bubbled through deionized water to produce a

Jo

stream of wet CO2. A sample of CS-800 was exposed to wet CO2 while monitoring its wait
with a TGA [79], the results are shown in Fig. 7b. The wet CO2 experiment consisted of
three steps performed with different gases at a fixed temperature of 40 oC. In the first step,
a sample of CS-800 (previously treaded in dry Ar at 140 oC to remove any adsorbed
species) was exposed to a 100 ml min-1 flow of wet Ar (argon bubbled through deionized
water) leading to an increase of weight of almost 1.5 wt.% as a result of the partial
hydration of CS-800. In the second step, the gas flow was switched to 95 ml min-1 wet
CO2, resulting in a jump of weight of ca. 7 wt.%. This rapid uptake was associated to CO2
adsorption since the sorbent was already fully saturated with water. Although a CO2
uptake of ~6.0 wt.% (1.3 mmol g-1) in humid conditions is slightly lower than that
recorded in dry gas stream 8.3 wt.% (1.8 mmol g-1), sorption kinetics remained fast
highlight the good performance of CS-800. In the third and final step, the sorbent was
exposed again to dry Ar for desorption, both water and CO2 where rapidly released with no
need of heating. As expected from high hydrophobicity and microporosity of the carbon
17

spheres, CS-800 did not host water molecules to a large extent maintaining the ability to
adsorb significant amount of CO2 even in wet conditions. This is an advantage over some

of

zeolites and MOFs that underperform in humid conditions.

ro

Fig. 7. CS-800 adsorption-desorption studies at 40 °C. Cyclability test of adsorption

-p

in single component CO2 (black sections) and desorption in dry Ar (grey sections)
(a). CO2 capture performance in wet gas streams, wet Ar and wet CO2, followed by

lP

re

desorption in dry Ar (b).

Nowadays, the most common process of production of pyromellitic acid is based on

na

the oxidation of durene, a product of oil refinery, but the green and sustainable production
of pyromellitic acid from pinacol and diethyl maleate has been reported in the literature

ur

[80]. Pyromellitic acid is a key precursor in the large-scale production of polyimide, and

Jo

from an industry point of view, the cost of feedstocks is very important. In this regard,
Table S2 lists the market price of pyromellitic acid from different suppliers. Pyromellitic
acid from both retail and wholesale sources are reasonably cheap, making the process of
microporous CS production presented in this manuscript of potential interest for largescale production. As a yield of ~30% can be estimated from details mentioned in
experimental section, for example, the cost of feedstock for 1 ton of CS would be around
$6000 ($1/kg pyromellitic acid; 5.8 kg of pyromellitic acid per 1 kg of CS). This cost does
not include capital and operational costs; however, it is very important to highlight that
there would be no additional cost for solvents or catalysts, neither for separation of
purification processes. There are also some prospects which can likely improve the yield
of final CSs such as applying a high-performance filter in the exhaust part and using a
longer tube in order to provide more surface for CSs deposition in Zone 2. More research
in this regard is under progress.
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4. Conclusions
We report here the successful green one-step CVD preparation method of
ultramicroporous carbon spheres using a safe solid feedstock. This novel CVD method
enabled the self-assembly of spheres from cheap readily available in the market
pyromellitic acid with no need of either a catalyst or an activator. Pyromellitic dianhydride
can also be used in place of pyromellitic acid to make the same CS, however the anhydride
is not environmentally friendly while the acid is. In accordance with green chemistry
principles, pyromellitic acid should be used for this process. The as-prepared CS possesses
a large number of narrow pores smaller than 1 nm making them good CO2 post-

of

combustion capture materials. Ultramicroporous CS can be made at 700 °C, 800 °C, and
900 °C. The CO2 uptake at 1 bar in single component gas stream was determined as

ro

follows: CS-800 (2.85 mmol g−1) > CS-700 (2.65 mmol g−1) > CS-900 (2.45 mmol g−1). In

-p

all cases, the CO2 uptake efficiency is governed by narrow micropores mostly less than 10

re

Å. However, the CO2 capture performance of CS-800 was found high particularly for
uptakes at lower pressures. In addition, the CO2 selectivity over N2 at 25 °C was

lP

determined as 30:1 which was higher or comparable to other reported activated carbon
spheres for post-combustion capture, making this CS suitable for CO2 separation from flue

na

gases. The present method for the synthesis of CS provides several green chemistry

ur

benefits including (i) alkali-free and (ii) catalyst-free pyrolysis, (iii) the use of a cheap and
safe feedstock readily available in the market, and (iv) a rapid and safe procedure with (v)

Jo

no need of solvents for purification. In a wider perspective, the present method is a valid
alternative to other CVD methods that rely on hazardous gas and liquid feedstocks for
large scale carbon sphere production. Due to the growing interest in the use of carbon
spheres in batteries and supercapacitors, our CS might also contribute to the development
of renewable energy storage technologies.
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Highlights
•

A green, rapid, and scalable method to prepare microporous carbon spheres was
developed.

•

A safe and solid feedstock was used for CVD synthesis of carbon sphere.

•

The presented CVD method was template and catalyst-free.

•

Carbon spheres with high abundance of ultramicropores were obtained without any
activating agents.
Self-activated carbon spheres were tested for CO2 capture and showed good capacity
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for low pressure CO2 capture.
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