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Mass Production of Monodisperse Carbon Microspheres
with Size-Dependent Supercapacitor Performance via
Aqueous Self-Catalyzed Polymerization

Qiang Yu,® Doudou Guan,” Zechao Zhuang,” Jiantao Li,”’ Changwei Shi,”» Wen Luo,”
Liang Zhou,*™ Dongyuan Zhao,” and Ligiang Mai*™

A facile, aqueous, self-catalyzed polymerization method has
been developed for the mass production of monodisperse
phenolic resin and carbon microspheres. The synthesis is
mainly based on the self-catalyzed reaction between phenol
derivatives and the hydrolysis products of hexamethylenetetra-
mine (HMTA). The obtained phenolic resin spheres have a tuna-
ble size of 0.8-6.0 um, depending on the type of phenol and
HMTA/phenol ratio. Treating the phenolic resin with steam at
an elevated temperature results in monodisperse carbon mi-
crospheres with abundant micropores, high surface area, and

Introduction

Monodisperse carbon spheres integrate the unique advantages
of both porous carbon materials and spherical colloids into
one entity; this endows them with indispensable applications
in water purification, catalysis, drug delivery, as well as energy
storage and conversion."”' The carbonization of polymer
spheres has been demonstrated to be an effective approach
for the preparation of carbon spheres. However, the most in-
tensively studied polymer spheres, such as polystyrene (PS)
and poly(methyl methacrylate) (PMMA), cannot be converted
into their carbon analogous, owing to their poor thermal sta-
bility.®?

Phenolic resin spheres are excellent precursors for the pro-
duction of carbon spheres. Dong et al. reported the prepara-
tion of polymer and carbon nanospheres through the polymer-
ization of resorcinol and formaldehyde by using L-lysine as the
catalyst"? Zhao and co-workers developed a low-concentra-
tion hydrothermal route for the synthesis of highly uniform, or-
dered, mesoporous carbon spheres by using phenol-formalde-
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rich surface functionality. The resultant carbon spheres exhibit
a size-dependent electrical double-layer capacitor per-
formance; the capacitance increases with decreasing particle
size. The nitrogen and oxygen codoped carbon spheres with
the smallest size (=600 nm) deliver a high specific capacitance
(282 Fg™' at 0.5Ag™"), excellent rate capability (170Fg™' at
20 Ag™"), and outstanding cycling stability (95.3% capacitance
retention after 10000 cycles at 5Ag~'). This study provides
a new avenue for the mass production of monodisperse
carbon microspheres.

hyde resol as the precursor and triblock copolymer as the soft
template."” Inspired by the synthesis of Stéber silica spheres,
Lu and co-workers reported the synthesis of monodisperse
phenolic resin and carbon spheres through the polymerization
of resorcinol and formaldehyde in a mixture of ammonia-etha-
nol-water."? These seminal studies create tremendous oppor-
tunities for the design of monodisperse carbon-based spheres,
such as microporous carbon,” > mesoporous carbon,!'¢
graphitic carbon,”” hollow carbon,>=% and yolk-shell carbon
spheres.®'! However, all of these approaches involve the em-
ployment of ammonia, ethanol, hydrofluoric acid, and/or hy-
drothermal treatment in autoclaves at a high temperature
during the synthesis, which makes scaled-up production chal-
lenging.

Herein, we report a facile aqueous method for the mass pro-
duction of monodisperse phenolic resin and the corresponding
carbon microspheres through the self-catalyzed polymerization
of phenol derivatives and the hydrolysis products of hexame-
thylenetetramine (HMTA). A series of phenols, such as 3-amino-
phenol, 2-aminophenol, 4-aminophenol, and resorcinol, can be
employed as the precursors. The as-obtained phenolic resin
spheres have a tunable size of 0.8-6.0 um, depending on the
synthetic conditions. Treating the phenolic resin spheres with
steam at an elevated temperature generates carbon spheres
with slightly reduced size (0.6-5.0 um), high specific surface
area (836 m?’g™"), and rich surface functionality (N and O co-
doping). When used as the electrode materials for electrical
double-layer capacitors (EDLCs), the carbon spheres exhibit
a size-dependent electrochemical performance; the specific ca-
pacitance increases with decreasing particle size. The nitrogen
and oxygen codoped carbon microspheres derived from 3-ami-
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Figure 1. Schematic illustration for the formation of phenolic resin and carbon microspheres. Step |: the hydrolysis of HMTA; step II: polymerization between

3-aminophenol and formaldehyde; step Ill: carbonization.

nophenol-formaldehyde exhibit a high specific capacitance of
282 Fg™'. Excellent rate capability (170Fg™"' at 20 Ag™") and
outstanding cycling stability (95.3 % capacitance retention after
10000 cycles at 5 Ag™") has also been demonstrated.

Results and Discussion

Figure 1 shows a schematic illustration for the preparation of
phenolic resin and carbon microspheres. A phenol derivative
(such as 3-aminophenol) and HMTA, two cheap and widely
available chemicals, are employed as the only precursors.
HMTA, a which is frequently used curing agent in phenolic
resin production, hydrolyzes under mild conditions, generating
formaldehyde and ammonia (Figure 1, stepl). Ammonia, in
turn, catalyzes the polymerization of phenol derivatives and
formaldehyde, which results in the formation of phenolic resin
spheres (Figure 1, step Il). The amino group on 3-aminophenol
can also catalyze the polymerization reaction. Considering the
fact that polymerization between 3-aminophenol and formal-
dehyde is catalyzed by ammonia generated from HMTA and
the amino group, the synthetic process is termed self-catalyzed
polymerization. Treatment of the phenolic resin spheres with
steam at an elevated temperature converts the polymer
spheres into microporous carbon spheres (Figure 1, step Ill).
Apart from 3-aminophenol, 2-aminophenol, 4-aminophenol,
and resorcinol can also be used as the precursors for the pro-
duction of phenolic resin and carbon microspheres. The yields
of the phenolic resin and carbon spheres reach as high as 29.9
and 15.9 gL', respectively (Figure S1 in the Supporting Infor-
mation).

Figure 2 shows the SEM and TEM images of typical 3-amino-
phenol-formaldehyde resin (PF-1) and the corresponding
carbon (PFC-1) microspheres. (See the Experimental Section for
an explanation of sample labels.) PF-1 has a monodisperse
spherical morphology with a smooth surface; the size of the
resin spheres are determined to be approximately 0.89 um
(Figure 2a,b). The FTIR spectrum (Figure S2 in the Supporting
Information) clearly shows the stretching/deformation vibra-
tions of —OH (#3357 cm™"), -NH (#~3357cm™'), C-N (¥
~1202 and 1239cm™"), C—0 (#1363 cm™"), (=C (T~ 1622
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Figure 2. SEM (a,c) and TEM (b,d) images of PF-1 (a,b) and PFC-1 (c,d).
[HMTA]/[3-aminophenol] = 16.

and 1507 cm™"), and —CH, (#~2927 cm™); this confirms the
proposed structure of the phenolic resin, as shown in Figure 1.
Carbonization of PF-1 in a flow of H,O/N, at 800°C produces
nitrogen and oxygen codoped carbon (PFC-1).

The obtained PFC-1 (Figure 2c¢,d) inherits the uniform spheri-
cal morphology of the parent resin; this demonstrates that the
phenolic resin is an ideal precursor for producing carbon mate-
rials. The size of the microspheres shrinks from approximately
0.89 um for PF-1 to approximately 0.60 um for PFC-1 during
the carbonization process, which corresponds to a 32% shrink-
age in diameter. No graphitic structure can be observed in the
high-magnification TEM image, which suggests the amorphous
nature of PFC-1 (Figure S3 in the Supporting Information).

The amorphous feature of PFC-1 is further confirmed by
wide-angle XRD and Raman spectroscopy. The XRD pattern of
PFC-1 (Figure S4 in the Supporting Information) manifests two
broad diffraction peaks at 260 =24 and 43°, which are charac-
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Figure 3. Raman spectrum (a) and nitrogen adsorption/desorption isotherms (b) of PFC-1. [HMTA]/[3-aminophenol] = 16.

teristic for amorphous carbon. The Raman spectrum of PFC-
1 (Figure 3a) features a broad band at 7~ 1340 cm™' (D band),
together with a relatively narrow band at #~1585cm™' (G
band). The G band is associated with graphitic sp>-bonded
carbon, whereas the D band corresponds to disordered carbon
or defective graphitic structures. The comparable intensities of
the D and G bands (Ip/l;=1.04) indicate that the as-prepared
carbon materials are generally amorphous.

Nitrogen adsorption—-desorption measurements were per-
formed to investigate the pore structure of the carbon micro-
spheres. PFC-1 manifests a typical type | isotherm (Figure 3b),
which reveals the microporous structure. From the nitrogen
adsorption—-desorption isotherm, the microporous surface area,
BET surface area, microporous volume, and total pore volume
of PFC-1 are determined to be 772m’g~', 836m’g’,
040 cm*g~', and 0.46 cm®*g~', respectively. The rich micro-
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porosity and high specific surface area of the PFC materials are
essential for EDLC applications.

For comparison, the specific surface areas and pore volumes
of PF-1 and the sample prepared without steam (PFC-1') are
also provided (Figure S5 and Table S2 in the Supporting Infor-
mation). PF-1 shows a very low surface area of 7 m>’g~', and
sample PFC-1" manifests a moderate surface area of 422 m*g™".
These results suggest that steam functions as an activation
agent during carbonization. The possible reactions between
carbon and steam at elevated temperatures include C+H,0—
CO+H, and C+2H,0—CO,+ 2H,. By etching off a small frac-
tion of carbon atoms, carbon microspheres with a high specific
surface area and rich microporosity could be obtained.

The surface composition of the PFC microspheres were stud-
ied by X-ray photoelectron spectroscopy (XPS). The survey
spectrum (Figure 4a) shows that the surface of PFC-1 is com-
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Figure 4. XPS survey spectrum (a) and high-resolution C 1s (b), N 15 (c), and O 15 (d) spectra of PFC-1.
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posed of carbon (90.83%), nitrogen (4.83%), and oxygen
(4.34%); this suggests the successful incorporation of nitrogen
and oxygen heteroatoms. The high-resolution C 1s core level
XPS spectrum (Figure 4b) can be deconvoluted into three
components: sp>-bonded C at 284.6 eV (75.53%), C in C—O
and C—N bonds at 285.9 eV (17.33%), and C in C=0 bonds at
288.4 eV (7.14%).2" The N 1s core level spectrum (Figure 4c)
suggests the presence of four types of nitrogen: pyridinic N lo-
cated at 398.2 eV (36.34%), pyrrolic N at 400.6 eV (24.64 %),
quaternary N at 401.4 eV (33.16 %), and pyridine N—O moieties
at 405.2 eV (5.86%)."” According to previous reports, pyridinic
and pyrrolic nitrogen are electrochemically active and can con-
tribute to the pseudocapacitance.**¥ Moreover, quaternary ni-
trogen incorporated into the graphitic carbon plane can signif-
icantly enhance the electrical conductivity of the carbon mate-
rials.”® The O 1s spectrum (Figure 4d) shows three types of
oxygen functionalities: isolated carbonyl groups (C=0) at
531.1 eV, carbonyl groups in carboxyl at 532.5 eV, and oxygen
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singly bonded in phenols (C—OH) or ethers (C—O-C) at
534.0 eV.”

To investigate the effects of synthetic parameters on the
structure of the resin and carbon spheres, the molar ratio of
HMTA/3-aminophenol (R) was systematically tuned from 1 to
16. With an R value of 1, the obtained PF-6 shows a uniform
spherical morphology with a mean size of 1.97 um. By adjust-
ing the R value from 1 to 16, the size of the PF spheres de-
creases monotonously from 1.97 to 0.89 um (Figure 5). After
carbonization, all samples kept the original spherical structure
(Figure 6a-e). As in the case of PF spheres, the size of the
carbon spheres decreases with increasing R value; with R in-
creasing from 1 to 16, the particle size decreases from 1.53 to
0.60 um (Figure 6). The phenomenon that the particle size of
resin and carbon spheres decreases with R value can be ex-
plained as follows. With an increase of R value, the concentra-
tion of HMTA also increases, while the concentration of 3-ami-
nophenol remains constant (Table S1 in the Supporting Infor-

2 4.
HMTA/3-aminophenol

8 10 12 14 16 1

Figure 5. SEM images of the PF resin spheres prepared with R values of 1 (a, PF-6), 2 (b, PF-5), 3 (c, PF-4), 4 (d, PF-3), and 6 (e, PF-2). f) Particle size of the PF

spheres as a function of R value.
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Figure 6. SEM images of the PFC spheres prepared with R values of 1 (a, PFC-6), 2 (b, PFC-5), 3 (c, PFC-4), 4 (d, PFC-3), and 6 (e, PFC-2). f) Particle size of the

PFC spheres as a function of R value.
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mation). The hydrolysis of HMTA releases ammonia and formal-
dehyde. Ammonia, in turn, catalyzes the polymerization of 3-
aminophenol and formaldehyde. At high ammonia and formal-
dehyde concentrations, a large number of nuclei are generat-
ed, which consequently lead to a small size.

Apart from 3-aminophenol, other phenol derivatives, such as
2-aminophenol, 4-aminophenol, and resorcinol, can also be
used as the precursors to prepare resin and carbon spheres.
However, 2- and 4-aminophenol only lead to polydisperse PF
spheres (Figure S6 in the Supporting Information), which is in
good agreement with a report in the literature.”” When resorci-
nol is used as the precursor, larger PF spheres (PF-11) with
sizes up to 5.72 um can be obtained (Figure S7a in the Sup-
porting Information). Carbonization of the PF-11 spheres re-
duces the size from 5.72 to 4.60 um (Figure S7b in the Sup-
porting Information). It should be mentioned that the sizes of
PF-11 and PFC-11 are much larger than those obtained in most
previous reports based on a modified Stéber method.”>1%3839
The above results unambiguously demonstrate that the aque-
ous self-catalyzed reaction route developed herein is quite ver-
satile, and it can be applied to the preparation of phenolic
resin and carbon spheres with various diameters and function-
alities.

Interestingly, a significant amount of nitrogen can be ob-
served in the PF spheres, even if the phenol derivative contains
no nitrogen. For example, PF-9, which is prepared from resorci-
nol, contains a high nitrogen content of 11.2% (Figure S8 in
the Supporting Information); this suggests the incorporation
of NH," released from HMTA into the PF polymer. Owing to
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the contribution from NH,*, the nitrogen content generally in-
creases with the HMTA/3-aminophenol ratio. PFC-1, PFC-3, and
PFC-5 have nitrogen contents of 4.83, 4.01, and 3.85 %, respec-
tively (Figure S9 and Table S3 in the Supporting Information).
Considering the high surface area, rich microporosity, and
moderate nitrogen and oxygen contents of the products, the
PFC spheres were studied as electrode materials for EDLCs.
The EDLC performance is monitored with a three-electrode
configuration in 6.0 M aqueous solutions of KOH. To ensure full
penetration of the electrolyte into the microporous network,
the as-prepared electrode slices are soaked in the electrolyte
solution for 12 h. Figure 7a shows the cyclic voltammetry (CV)
profiles of the PFC-1 spheres at scan rates of 5-100 mVs™'.
PFC-1 exhibits quasi-rectangular shaped CV curves, even at
a high sweep rate of 100 mVs™', which indicates the very fast
electrochemical response and ideal EDLC behavior. Typical gal-
vanostatic charge-discharge curves of PFC-1 are presented in
Figure 7b. The charge-discharge profiles are quasi-isosceles tri-
angular in shape, which further confirms the excellent capaci-
tive behavior. The specific capacitances are calculated from the
discharge curves. PFC-1 delivers high specific capacitances of
282 and 170 Fg™' at current densities of 0.5 and 20 Ag™", re-
spectively; this corresponds to a capacitance retention of 60 %.
For comparison, the rate performances of PFC-1, PFC-3, and
PFC-5 are summarized in Figure 7c. The PFC spheres show
size-dependent electrochemical performances. The specific ca-
pacitance increases with decreasing particle size. PFC-1, with
a diameter of 0.60 um, delivers the highest specific capaci-
tance. The superior EDLC performance of PFC-1 can be attrib-

0 200 400 600 800 1000 1200
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0009000 0 00 e 0000,
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Figure 7. EDLC performance of PFC-1 in 6.0 M KOH: a) CV profiles of PFC-1 at various sweep rates; b) galvanostatic charge/discharge curves of PFC-1 recorded
at various current densities; c) rate performance of PFC-1 ([HMTA]/[3-aminophenol] = 16), PFC-3 ((HMTA]/[3-aminophenol] =4), and PFC-5 ((HMTA]/[3-amino-

phenol]=2); d) cycling stability of PFC-1 at a current density of 5 Ag™".
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uted to it having the smallest size and highest specific surface
area (Figure S10 and Table S2 in the Supporting Information).
To further investigate the cycling stability, 10000 consecutive
charge—discharge cycles were recorded for PFC-1 at a current
density of 5Ag™" (Figure 7d). Remarkably, over 953% of the
capacitance can be retained after 10000 cycles, which suggests
the outstanding cycling stability.

The superior EDLC performance of PFC-1 can be ascribed to
the following structural features. 1) PFC-1 possesses rich micro-
porosity and a high specific surface area, which are beneficial
for capacitive charge storage.® 2) It contains a considerable
amount of nitrogen and oxygen functionalities, which improve
the wettability of carbon towards electrolytes.”*"*? With en-
hanced surface wettability, the electrolyte ions are able to pen-
etrate into the micropores of PFC-1 smoothly, which results in
high surface utilization for electrical-double layer formation.
3) The successful incorporation of nitrogen and oxygen func-
tionalities bring extra sites for reversible redox reactions, pro-
viding pseudocapacitance to the overall capacitance of the
material.*** The pseudocapacitance contribution can be evi-
denced from the high specific capacitance per surface area
(33.6 yFcm™?), which is much higher than the experimental
and theoretical upper limit of specific double-layer capacitance
per surface area (15-20 uF cm~2).#? 4) Nitrogen doping also en-
hances the conductivity of the materials, which is beneficial for
the rate capability."*”

The aqueous self-catalyzed polymerization approach devel-
oped herein has the following attractive features. 1) Both pre-
cursors, phenol derivatives and HMTA, are very cheap and
widely available. 2) Unlike modified Stober methods, water is
used as the solvent rather than a mixture of water-ethanol,
which significantly lowers the synthetic costs. 3) Unlike modi-
fied Stéber methods, no ammonia is used in the synthesis. In-
stead, ammonia released from the hydrolysis of HMTA and the
amino group on aminophenol catalyze the polymerization of
phenol derivatives and formaldehyde. 4) The yields of phenolic
resin and carbon microspheres are fairly high, reaching 29.9
(theoretical value=30.5 gL', according to Table S1 in the Sup-
porting Information) and 15.9 gL', respectively. 5) The ob-
tained phenolic resin and carbon microspheres are  highly
monodisperse. The abovementioned features make the aque-
ous self-catalyzed polymerization approach feasible for mass
production.

Conclusion

We have demonstrated a facile, aqueous, self-catalyzed poly-
merization method for the mass production of monodisperse
phenolic resin and carbon microspheres. The yields of resin
and carbon spheres reached 29.9 and 15.9 gL', respectively.
In particular, this methodology allows the production of
carbon microspheres with rich microporosity (microporous
volume=0.40 cm’®g ™', microporous surface area=772 m’g™"),
high surface area (840 m*g~"), well-controlled surface function-
ality (N and O codoping), and tunable size (0.60-4.60 um).
These unique structural features result in excellent electro-
chemical performances in EDLCs. As-obtained nitrogen and
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oxygen codoped PFC-1 delivered a high specific capacitance
(282 Fg™" at 0.5Ag™"), excellent rate capability (170Fg™' at
20 Ag™"), and outstanding cycling stability (95.3% capacitance
retention after 10000 cycles at 5Ag™"). This study provides
a new avenue for the mass production of monodisperse
porous carbon spheres with a broad range of potential appli-
cations.

Experimental Section
Preparation of phenolic resin and carbon microspheres

The phenolic resin spheres were synthesized through the polymeri-
zation of phenol derivatives and the hydrolysis products of HMTA
(CgH1,N,). In a typical synthesis, 3-aminophenol (0.5 g) and HMTA
(0.64 g) were dissolved in deionized water (20 mL) and stirred for
20 min. After dissolution, the solution was heated to 85°C and
kept at that temperature for 24 h under constant stirring. The resin
spheres were collected by centrifugation, washed with water (3 x),
and dried at 70°C. To obtain the carbon spheres, the resin spheres
were heated to 800°C at a heating rate of 2°Cmin~' and kept at
800°C for 5h, during which H,0/N, was continuously passed
through the quartz tube. To study the effects of synthetic condi-
tions, the HMTA/phenol ratio (R) was tuned from 0.5 to 16, and 3-
aminophenol was substituted by 2-aminophenol, 4-aminophenol,
and resorcinol (Table S1 in the Supporting Information). The resul-
tant resin and carbon microspheres were denoted as PF—x and
PFC—x, in which PF is the abbreviation for phenol-formaldehyde,
PFC is the abbreviation for phenol-formaldehyde-derived carbon,
and x is the sample number.

Characterization

Field-emission SEM images were collected on a JEOL-7100F scan-
ning electron microscope at 20 KV. TEM images were collected on
a JEM-2100F microscope at 200 KV. The BET surface areas and pore
size distributions were calculated from the nitrogen sorption re-
sults, which were measured on a Tristar-3020 instrument at 77 K.
Before the measurements, the samples were degassed at 200°C
for 5 h. XPS analysis was conducted on a VG Multilab 2000 instru-
ment. FTIR spectroscopy was performed by using a Nexus, America
Thermo Nicolet, spectrometer.

Electrochemical measurements

Prior to the electrochemical tests, the nickel foam was ultrasonical-
ly cleaned in acetone, ethanol, and deionized water, successively.
Electrochemical measurements were performed on an CHI 760D
electrochemical workstation with a three-electrode configuration.
The working electrodes were prepared by mixing 80 wt% PFC,
10 wt% polytetrafluoroethylene, and 10 wt% carbon black. The
mass loading of the active material was approximately 3-
4mgcm™™ A 6.0m aqueous solution of KOH was used as the elec-
trolyte. Platinum wire and a saturated calomel electrode were used
as the counter and reference electrodes, respectively.
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