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ARTICLE INFO ABSTRACT

Traditionally, porous carbon can be realized through chemical activation as well as templating with different
materials for generation of hierarchical pores. However, the former method often results in the loss of the
carbon’s initial structure, while the latter is known to be complex and requires additional procedures to remove
the templates. This work demonstrates one-step activation-excavation approach towards simultaneous etching of
hierarchical pores with the preservation of its hollow framework for enhanced volatile organic compounds
(VOCs) adsorption and supercapacitance performance. The improvement in activity in both applications stems
from the micropores, mesopores and hollow interior for containment, selectivity of larger adsorbents and en-
hanced transport diffusion respectively for VOCs adsorption. Similarly, the hierarchical pore sizes and hollow
cavity in supercapacitors serve the purpose of increased electroactive sites, provides shorter diffusion pathway
and facilitates ion diffusion for improved capacitive rate. Thus, this facile and effective approach of producing
hollow interior and hierarchical pores carbon nanostructures is promising for bifunctional pollutant removal and
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1. Introduction

Porous carbon materials have attracted considerable attention due
to their many different applications such as water remediation and
energy storage [1,2]. Porous carbon has also been adopted as volatile
organic compounds (VOCs) adsorbents for removal of toxic pollutants
[3,4], catalyst supports [5] as well as electrode materials for electrical
double-layer capacitors [6,7]. Furthermore, two-dimensional carbon
material such as graphene with hierarchically multimodal pore-size
distributions for electrooxidations has also become a hot topic of in-
terest [8-10]. The high demand of porous carbon in the above-men-
tioned applications is attributed to its intrinsic properties such as high
surface area, light-weight, low cost of the material, as well as the ease of
obtaining various pore sizes [11]. Hierarchical pore structures, which
consists of micro (< 2 nm), meso (2 nm — 50 nm) and macro (> 50 nm)
pores, are especially beneficial to VOCs adsorption. Micropores are ef-
fective in the containment of VOCs while mesopores provides se-
lectivity especially to adsorption of larger VOCs molecules and accel-
erates VOCs adsorption [12-15]. A hollow interior (macropores) has a

high surface to volume ratio leading enhanced transport diffusion,
thereby improving the surface adsorption of VOCs. [16,17] In addition,
a regularly shaped pore structure aids in decreasing the diffusion re-
sistance of adsorbate molecules, thereby reducing the amount of time
needed to adsorb the VOCs [12,18]. Similarly, the hierarchical pore
structure is also favorable for enhanced supercapacitor performance as
the micropores introduce abundant electroactive sites which are es-
sential for high energy storage. Mesopores can be easily and rapidly
accessed by electrolyte ions through porous channels, offering shorter
diffusion pathways [19]. Moreover, the hollow interior (macropores)
serves as ion-buffering reservoirs can effectively accommodate large
number of ions, thus increasing the rate capability of the electrode [20].
As a result, synthesizing a hollow, hierarchical pore structures with
regularly shaped pores is mandatory for superior performance of VOCs
adsorption and supercapacitance.

In recent years, common methods of synthesizing porous carbon
include chemical activation through the use of agents such as H3POy,
ZnCl, and KOH [21-23] and different templating methods such as hard
templating with SiO,, metallic templating or soft templating with
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surfactants [24-29]. The former methods result in structure containing
both micropores and mesopores, however, the fundamental spherical
structure of the carbon is often lost in the process of activation, leaving
no room for the development of a hollow structure [6,21]. At the same
time, maintaining regular pores shape might also be difficult due to the
inconsistent etching of the carbon material [6]. The latter methods, on
the contrary, allow the formation of hollow structure. However, such
methods are known to be complicated and often involve the subsequent
removal/etching of the core to obtain the required hollow structures
[24-29]. As such, simultaneous etching of hierarchical pores with the
preservation of its overall hollow frame structure remains particularly
challenging stemming from the difficulty in identifying etchant with
appropriate attrition capabilities.

Herein, this work presents an easy route using one-step chemical
activation to simultaneously generate a hollow cavity and hierarchical
pores structure for enhanced pollutant adsorption and energy storage.
To the best of our knowledge, this is the first synthesis that demon-
strates a convenient way towards readily controllable hierarchical pores
and cavity of a carbonaceous material. Compared to other preparation
methods, not only does this simple activation-excavation approach
creates hierarchical pore sizes and hollow structure, the spherical
structure of carbon spheres is not compromised, allowing it to act as a
befitting scaffold for subsequent growth of heterostructure for en-
hanced VOCs degradation. As a proof of concept, the constructed
carbon structure has exhibited superior VOCs adsorption due to pre-
sences of micro and mesopores, which contain and increase selectivity
of adsorption of larger VOCs molecules respectively, while the hollow
interior (macropores) promotes transport diffusion of VOCs.
Supercapacitance measurements have also revealed superior or com-
parable capacitive performances compared to recent carbonaceous
materials as the hierarchical porous channels act as electroactive sites,
provides shorter diffusion pathway while the hollow structure facil-
itates ion diffusion. In addition, growth of TiO, nanosheets on the as-
synthesized carbon leading to improved photocatalytic degradation has
also been demonstrated. These findings may open a new straightfor-
ward avenue for the design and tailoring of highly porous, well-defined
hierarchical and hollow carbon nanostructured materials promising for
energy and environmental applications.

2. Experimental methods
2.1. Synthesis of resorcinol formaldehyde (RF)-resin spheres

20 ml of deionized (DI) water was added into 8 ml of pure ethanol
(Merck) and stirred at 500 rpm for 10 s. Following which, 0.15 g of
resorcinol (Acros Organics) and 0.1 ml of ammonia (Acros Organics)
was added to the above solution and left to stir until complete dis-
solution. 0.21 ml of formaldehyde (Sigma Aldrich) was then added and
the solution was left to stir for 24 h. The mixture was transferred to the
Teflon-lined autoclave with a capacity of 50 ml and heated at 100 °C for
24 h. The precipitate obtained was washed three times with DI water
followed by one time with ethanol via centrifuging. The resulting pro-
duct was eventually dried at 60 °C and collected for further use.

2.2. Synthesis of activated carbon spheres (ACs)

0.1 g of the as-prepared RF-resin spheres was added to different
mass of potassium hydroxide (KOH, Acros Organics). Carbon nano-
spheres (CNs) were obtained without adding KOH and annealed at
600 °C in a N, gas environment with a ramping rate of 5°C min~".
Porous carbon nanospheres (PCNs) and hollow carbon nanospheres
(HCNs) structures were obtained by adding 0.1 g and 0.15 g of KOH
respectively and annealed at the same temperature conditions as CNs.
After annealing, the powder was washed several times with DI water
until the pH reached ~7. The product was dried at 60 °C and collected
for further use.
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2.3. Synthesis of AC@TiO- sheets

5 mg of the as-prepared CNs, PCNs or HCNs were each added to
20ml of pure ethanol (Merck), followed by 200 pl of diethylene-
triamine (DETA, Alfa Aesar) and 40 pl of titanium tetraisopropoxide
(TTIP, Sigma Aldrich). The mixture was left to sonicate and stir for
5 min. The solution was then transferred to a Teflon-lined autoclave
with a capacity of 50 ml and heated at 200 °C for 20 h. The product was
washed three times with ethanol, then eventually dried at 60 °C and
annealed at 450 °C for 2 h in a N, gas environment with a ramping rate
of 2°Cmin~".

2.4. Materials characterization

The scanning electron microscopy (SEM) characterization was car-
ried out using a JEOL FEG JSM 7001F field-emission operating at
15kV. The EDX characterization was performed with an Oxford
Instruments Energy Dispersive X-ray (EDX) System. The crystalline
structures were analyzed using transmission electron microscopy (TEM,
FEI Tecnai F20X-TWIN) operated at 200 kV and X-ray diffraction (XRD,
D5005 Bruker X-ray diffractometer equipped with graphite-mono-
chromated Cu Ka radiation at A = 1.541 10\). Raman measurements
were measured using a microscope (WITecCRM200) with 532 nm
(2.33eV) excitation wavelength and laser power below 0.3 mW.
Fourier transform infrared (FTIR) spectra of the products were recorded
on a Shimadzu IRPrestige-21  FT-IR  spectrophotometer.
Brunauer-Emmett-Teller (BET) measurements were conducted using
Quantachrome Nova 2200e with N as the adsorbate at liquid nitrogen
temperature. The specific surface area (Sggr) was calculated according
to the multiple-point Brunauer-Emmett-Teller (BET) method at relative
pressure P/P, = 0.01-0.1. Porosity distributions were calculated by the
Quenched Solid Density Functional Theory (QSDFT) and Barrett—
Joyner-Halenda (BJH) method. The total pore volume was obtained
from the volume of N, adsorbed at a relative pressure of P/P, = 0.99.
The concentration of VOCs was measured by gas chromatography mass
spectrometry (Shimadzu GCMS-QP2010 Ultra). Time-resolved photo-
luminescence measurement was performed upon excitation of 350 nm
fs pulses with average power of 5 mW. The measurement was employed
with a mode-locked Ti:sapphire laser (Chameleon Ultra II, Coherent)
working at repetition rate of 80 MHz and pulse duration of 140 fs. The
second harmonic generation of 700 nm output from the laser was em-
ployed to excite the samples. The photoluminescence of the samples
was filtered by a 500 nm long pass filter and collected and the PL
spectra were detected by a CCD (Princeton Instrument, PIXIS100). The
time-resolved PL was performed by using a photon-counting photo-
multiplier (PMA, Picoquant). The emission centered at 550 nm was
purified by a monochrometer (SpectroPro 2300i, Princeton
Instrument). The PL decay dynamics were achieved by a time-corre-
lated single photon counting module (TCSPC Picoharp 300, Picoquant).

2.5. Electrochemical measurements

The electrochemical properties of the HCNs were investigated in a three-
electrode configuration at 25 °C using saturated calomel electrode (SCE) as
the reference electrode and Pt foil as the counter electrode in aqueous 6 M
KOH electrolyte. The working electrode was prepared by mixing 80 wt%
HCNs, 10 wt% carbon black (XC-72) and 10 wt% polyvinylidene fluoride
(PVDF) using ethanol to produce a homogeneous paste. The paste was then
coated onto nickel foam and dried overnight at 60 °C. All electrochemical
measurements (cyclic voltammetry (CV) and galvanostatic charge discharge
(GCD)) were conducted on a CHI 660F electrochemical workstation. The
CVs curves were obtained between —0.2 V to —0.8 V potential window at
scan rates of 10, 20, 30, 40, 50, 75 and 100 mV s~ *. The GCD was acquired
between —0.2 V to —0.8 V at current densities of 1, 2, 4, 8 and 10 A g_l.
The cycling stability test was performed by galvanostatically charging and

discharging for 10000 consecutive cycles at 4 A g™ 1.
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2.6. Photocatalytic degradation of VOCs

The volatile organic compounds (VOCs) degradation measurements
were carried out with 1 mg of photocatalysts coated on a glass slide,
using the drop-casting method. Quartz vials used for the VOCs ad-
sorption and degradation were purged with concentration of approxi-
mately 2100 ppm for 1 min and 5 min respectively. The quartz vial
reactors with the glass slides containing the photocatalysts were then
illuminated by a light emitting diode (LED) with an intensity of
150 mW/cm? and a wavelength of 365nm. The VOCs tested were
ethanol, isopropyl alcohol (IPA) and methanol. 100 pl of the reaction
mixture was extracted with a gas-tight syringe and injected into the gas
chromatographer mass spectrometer (Shimadzu GCMS-QP2010 Ultra)
at regular time intervals to determine the concentration of VOC re-
maining in the reactor.

3. Results and discussion

Uniform RF-resin spheres with an average size of 650 nm were
synthesized via a hydrothermal process by the polymerization of re-
sorcinol/formaldehyde in an ammonia/alcoholic environment. An un-
derstanding of activated carbon formation is established by in-
vestigating the morphology evolution with different amounts of KOH,
as illustrated in Fig. 1la. Different amounts of KOH were introduced
during the activation process with RF-resin:KOH mass ratios of 1:0, 1:1
and 1:1.5, and the resultant activated carbon obtained were labelled as
carbon nanosphere (CN), porous carbon nanosphere (PCN) and hollow
carbon nanosphere (HCN) respectively.

As seen in Fig. 1b, CNs exhibit a smooth surface and with the in-
crease in KOH ratio, the surface of PCNs (Fig. 1c) was observed to be
rougher, suggesting the formation of a porous framework due to the
carbonization and activation process. Interestingly, when the KOH
amount was increased further, the carbon retained its porous and
spherical structure, but the simultaneous occurrence of exfoliation and
excavation leaves the interior of the carbon hollow (Fig. 1d). The
porous and hollow structures of HCNs are favorable for enhanced VOCs
adsorptions and supercapacitance performances. The hierarchical
porous structures aids in the adsorption and diffusivity of VOCs, en-
abling faster VOCs adsorption rate [12]. Also, due to the unique hollow
structure, diffusion properties are suggested to be enhanced as a result
of lower transport resistance [16]. Likewise for supercapacitance, the
porous channels allows faster mass diffusion and transport, providing a
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&
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&
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shorter diffusion pathway for high supercapacitance performance
[19,30] while the hollow interior provides more accessible reactive
sites in capacitive process to facilitate ion diffusion [20,31]. In addition,
the surface and interior morphologies were further characterized by the
FTIR, TEM and BET as structural properties such as surface chemistry,
pore size, surface area, and architecture of activated carbons also play
critical roles in enhancing VOCs adsorption capabilities and super-
capacitance performances.

XRD pattern of various types of carbons obtained in Fig. 2a indicate
the presence of graphitized carbon in the spherical structure. All sam-
ples had the same peaks that correspond to the (002) and (100) planes
of graphitic carbon where 26 is approximately 25° and 43° respectively
[21]. Raman spectroscopy was also conducted as shown in Fig. 2b. All
three samples clearly show the presence of the broad D and G bands at
around 1350 and 1590 cm ~ ! respectively [21,32]. The D peak corre-
sponds to the disorder-induced defects of graphitic carbon, while the G
band is associated with the presence of sp*-hybridized carbon in carbon
materials [21,32]. The intensity ratio of Iy to Ig (Ip/Ig)of CNs and PCNs
are 0.99 and 0.922 respectively, suggesting that lesser defects are
formed with increased amounts of KOH. The Ip/Ig of HCNs is 1.93
(Fig. 2b), which is much higher than that of CNs and PCNs. However, it
is noted that when the Ip/Ig ratio is above the value of 1.1, the increase
in Ip/Ig is attributed to the increase in the number of graphite crys-
tallites with lesser defects [33]. Therefore, the Raman spectra suggest
that the number of defects and disorderness is reduced with increasing
KOH concentrations.

As the oxygen surface functional groups are able to enhance polar
molecules adsorptions [15] as well as increasing the rate capability of
carbon material [34], different carbon spheres were analyzed using
FTIR spectroscopy as shown in Fig. 2c. All spectrums reveal absorption
bands at about 3400 cm ™ *, 1630 cm ™! and 1100 cm ™! to 1250 cm ™!
which correspond to the OH hydroxyl functional groups, the skeletal
vibration of aromatic C=C and C—O stretching vibrations respectively
[6,22]. A slight decrease in the adsorption intensity can be observed for
the OH groups with increasing KOH ratio. This could be due to the
removal of H,O during the activation process. Furthermore, the in-
tensities of C=C and C—O bands also weaken slightly with KOH ad-
dition.

The hierarchical pore structure also plays an important role in both
VOCs adsorption and supercapacitance, TEM image in Fig. 2d shows
smooth spheres with little or no porosity as seen in the corresponding
HRTEM image (Fig. 2g). After KOH activation, the surface of PCNs was

Fig. 1. (a) Schematic diagram illustrating synthesis
process of CN, PCN and HCN by varying amounts of
KOH. SEM images of (b) CNs, (c) PCNs, and (d)
HCNs.
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observed to be rougher, and the surface seemed to be exfoliated into
thin sheets (Fig. 2e). The pores on the thinly exfoliated sheets on the
surface of the PCNs appeared to be microporous as shown in the higher
magnification TEM (Fig. 2h). In addition to the microporosity, an in-
creased amount of exfoliated sheets and a hollow interior were ob-
served in HCNs (Fig. 2f). Uniform mesopores can also be seen in the
HCNs as shown in Fig. 2i, which are likely formed due to the pore
widening effect [11] with the increased amounts of KOH used.

To understand the formation of micropores and mesopores caused
by the increased amounts of KOH, Brunauer-Emmett-Teller (BET)
analysis was conducted. The specific surface areas (Sggr), pore volumes
and average pore sizes are summarized in Table 1. Fig. 3a reveals that
both CNs and PCNs exhibits type-I isotherm, indicating the presence of
only micropores in the nanostructures. The difference in surface area
observed for both samples is most likely due to the increase in the
number of micropores in PCNs, as a result of the etching of KOH. PCNs
have a Sggp of 1159 m? g_l while CNs only exhibit a Spgr of
477 m? g~ 1. Furthermore, Table 1 reveals an increase in the total pore
volume of PCNs (V.= 0.479 cm® g_l) as compared to CNs
(Ve = 0.213cm® g™ '), where the increase in total pore volume is
mostly attributed to the increase in micropores volume (Viicro) from
0.19 cm® g7 ! t0 0.45 cm® g 1. HCNs exhibited type-IV isotherms with a
hysteresis loop, suggesting the presence of mesopores. Fig. 3b shows an
increase in microporous pore size distribution as well as a broad peak in
larger pore diameter region, indicating the existence of mesopores in
HCNs and suggesting a hierarchical pore structure. HCNs has the
highest Sggr of 1227 m?>g~' as compared to PCNs and CNs. The

Table 1
Specific surface areas, pore volumes, and average pore sizes of CNs, PCNs and HCNs.
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micopores and mesopores  volume = (Vpicro = 0.81 cm?® gfl
Vieso = 0.095 cm® g™1) also increased with more KOH activation.
Based on the above results, the formation of micropores and mesopores
become more obvious with increasing KOH addition. A 3D hierarchical
porous carbon (HCNs) with micro and mesopores can thus be synthe-
sized with a simple one-step KOH activation process. The VOCs ad-
sorption of these activated carbons were investigated. It was observed
that HCNs exhibited the best performance in ethanol adsorption
(Fig. 3c), with only 74% of ethanol remaining in the environment,
while CNs and PCNs demonstrated poorer adsorption with 83% and
80% remaining respectively. The adsorption tests were also carried out
with other VOCs such as IPA and methanol. The results at 50 min in-
terval for all VOCs were summarized as shown in Fig. 3d. The in-
dividual adsorption kinetics plot with time evolution for IPA and me-
thanol can be found in the Supplementary Information (Fig. S1). For
IPA, CNs still performs the worst with 88% of IPA remaining, while
PCNs and HCNs had 75% and 72% respectively. Lastly, methanol ad-
sorption for CNs had 95% remaining, followed by 96% and 89% for
PCNs and HCNs respectively. It is apparent that CNs has more oxygen
surface functional groups (Fig. 2c) as compared to PCNs and HCNs
which should suggests higher VOCs adsorption amounts. However, the
adsorptions of polar VOCs molecules follow an inverse trend to the
intensity of the functional groups. This suggests that the enhanced
adsorption of the three VOCs in HCNs are more likely to be attributed to
the increase in micropores for VOCs containment as well as the meso-
porous pore structures which allow easy accessibility for larger VOCs
molecules [12,35]. The fast adsorption of ethanol within 20 min

Sample Sper’[m? g~ 1] Vimiero”[em® g ™11 Vineso [em® g™ 1] Vilem® g™ Ratiomicro [%] Average pore size [nm]
CN 477 0.19 0.023 0.213 89.2 0.89
PCN 1159 0.45 0.029 0.479 93.9 0.85
HCN 1227 0.81 0.095 0.905 89.5 1.44

@ Surface area was calculated using the BET method at P/PO = 0.01-0.1.
b Evaluated by Quenched Solid Density Functional Theory (QSDFT) method.
¢ Total pore volume at P/PO = 0.99.
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Fig. 3. (a) N, adsorption—desorption isotherm and
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(Fig. 3c) is likely due to the regularly shaped mesopores structure
(Fig. 2i). Having a regularly shaped structure provides an advantage in
decreasing the diffusion resistance of adsorbate molecules [12,18],
taking a shorter time to reach equilibrium (Fig. 3c). Moreover, the
hollow interior leads to a high surface to volume ratio, creating more
active sites for VOCs adsorption. The above results reveal that the fast
and enhanced VOCs adsorptions are highly dependent on the hollow
and hierarchical pore structures of the carbon spheres.

Besides that, carbonaceous materials possessing large accessible
surface areas have been recognized as promising supercapacitor elec-
trode materials due to remarkable electrical double-layer capacitive
performances. 3D porous carbons are known to be ideal materials for
supercapacitor applications due to the existence of micropores for high
energy storage [7], mesopores for the acceleration of ion diffusion in
the electrodes [36] and macropores due to the hollow interior serving
as ion-buffering reservoirs [36].

Since HCNs exhibited characteristics of a hierarchical porous carbon
and possesses the highest Sgpr out of the three carbon materials, the
capacitive properties of the as-prepared HCNs were studied by cyclic
voltammetry (CV) and galvanostatic charge-discharge (GCD) measure-
ments using a conventional three-electrode system with saturated ca-
lomel electrode (SCE) as the reference electrode and Pt foil as the
counter electrode in aqueous 6 M KOH electrolyte solution. Fig. 4a
shows the CV curves of the HCNs electrode at various scan rates from
10 to 100 mV s~ ! in the potential window from —0.2 to —0.8 V. The
quasi-rectangular and symmetric shape of the CV curves without any
redox peaks indicate that capacitive properties of HCNs are governed
by the pure electrical double-layer capacitance (EDLC) characteristics.
Moreover, the shape of the curves remained almost unchanged even at
high scan rates (75mVs~! and 100 mV s~ 1), indicating good rate
capability of the HCNs against rapid charging-discharging. To further
examine the electrochemical properties, GCD measurements were per-
formed at various current densities from 1 to 10 A g~ " (Fig. 4b). The
symmetric triangular shapes of the GCD curves confirm the sole capa-
citive contribution from the EDLC characteristics of the HCNs. Based on

Ethanol
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the GCD curves, the specific capacitance values were calculated using
the following equation:

C = I X Aty
AVy

where I is the discharge current density (A g~ '), Aty is the discharge
time (s) and AVy is the voltage drop (V) upon discharging. As shown in
Fig. 4c, the HCNs exhibited a specific capacitance of 353Fg~! at
1Ag™'. When the current density was increased to 2, 4, 8, and
10 A g1, high specific capacitances of 342, 336, 326 and 320 Fg !
were still achieved, respectively. About 90% of the specific capacitance
was retained when the current density increased from 1Ag™! to
10 A g~ ', demonstrating excellent rate capability of the HCNs. Notably,
the specific capacitance of HCNs is comparable or even superior than
the recently reported carbonaceous materials, such as fibrous-struc-
tured hollow mesoporous carbon spheres (359.2 F g’1 at1l A g’l) [371,
KOH activated ordered mesoporous carbons (200Fg~! at 0.5A¢g™ 1)
[38], nitrogen-enriched nanocarbons (325Fg~' at 0.1 Ag~ ") [39],
hierarchical porous carbon hollow-spheres with micropore shells and
meso/macropore cores (270 Fg~! at 0.5 A g~ ') [40], polymerization-
activated hierarchical porous carbon membrane (297 Fg~' at
0.5 A g~ 1) [41], hollow porous carbon spheres with micro/mesoporous
combination shell and macroporous core (303.9F g ' at 1 Ag™ ') [42]
and hierarchically porous carbon spheres prepared by emulsification-
crosslinking method (328 Fg~! at 0.5 A g~ 1) [43]. Apart from the ca-
pacitive properties of the electrode materials, another critical evalua-
tion parameter of the supercapacitor electrodes is the cycle life after
multiple consecutive charge-discharge cycling process. The cycling
stability test was performed by continuous charge-discharge cycling of
the HCNs electrode between —0.2 V to —0.8 V at a current density of
4 A g~ for 10,000 cycles. Fig. 4d shows the capacitance retention as a
function of cycle number. The HCNs electrode exhibits an impressive
electrochemical stability with only 3.2% capacitance loss after 10,000
cycles, which can be clearly confirmed by the last 10 cycles (inset of
Fig. 4d). The excellent performance of the HCNs electrode is closely
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related to the rational engineering of the carbon nanospheres towards
conductive porous nanostructures with hollow interior. The electro-
chemical impedance spectroscopy (EIS) measurement was carried out
for CNs, PCNs and HCNs. The semicircle of the HCNs is the smallest and
has a nearly vertical line which clearly demonstrates the superior
conductivity of the carbon material, supporting the high electro-
chemical performance of the HCNs (Fig. S2). This structure introduces
abundant electroactive sites, which can be easily and rapidly accessed
by electrolyte ions through porous channels that offer shorter diffusion
pathways [19]. Moreover, the hollow interior can effectively accom-
modate large number of ions during progressive ion diffusion with high
rate, thus increasing rate capability of the electrode [20].

In addition to the VOC adsorption and supercapacitor capabilities,
TiO, sheets were hydrothermally grown on the HCNs and tested for its
degradation performance. The uniformity of HCNs allows the easy
growth of TiO, sheets on the HCNs. Fig. 5a shows the SEM image of
TiO, conformably coated on the HCNs, while the inset shows a high
magnification image of an exposed HCN core with TiO, sheets on the
outer surface. The TEM image in Fig. 5b also shows the presence of thin
layered sheets on the outer surface of the HCNs. However, due to the
size of HCN@TiO, which is approximately 800 nm in diameter, the
TEM is unable to clearly portray the hollow carbon core inside the TiO,
sheets. As such, the presence of the HCN core will be ascertained by
other characterization tools. The elemental mapping in Fig. 5c further
confirms the presence of the HCNs and TiO, sheets. It is evident that the
core of the HCN@TiO,, is made up of C, while the outer shell consists of
Ti and O elements. The sample is further characterized with XRD and
the diffraction pattern (Fig. 5d) reveals the high anatase crystallinity of
TiO, after annealing at 450 °C for 2 h. The TiO, anatase diffraction
peaks are in good agreement with the literature reports (JCPDS no.
21-1272). The graph in Fig. 5d also shows that the graphitic carbon
peak at 25° was present despite the hydrothermal treatment as well as
the post annealing process for TiO,, indicating that the HCN core re-
mained. Furthermore, the HRTEM image in Fig. 5e shows the adjacent
lattice spacing of 0.35nm attributed to the (101) plane, and lattice
spacing of 0.236 nm attributed to the (004) plane of TiO,. Both lattice
spacings observed also correspond to the XRD spectra in Fig. 5d. An
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SEM EDX spectrum (Fig. 5f) was also obtained to indicate the presence
of Ti, O and C elements in the HCN@TiO, sample. The Si peak observed
is due to the Si substrate that was used while imaging the sample.

CN@TiO, and HCN@TiO, were tested for their VOC photo-
degradation performance. Fig. 6a shows that HCN@TiO, degrades
ethanol faster than CN@TiO, as indicated by the drop in ethanol con-
centration to 22% and 71% respectively. The degradation of other
VOCs such as IPA and methanol were also investigated. The con-
centration at 60 min mark for all VOCs were summarized in Fig. 6b. The
individual degradation kinetics with time evolution plots for IPA and
methanol can be found in the Supplementary Information (Fig. S3). At
60 min, CN@TiO, shows a degradation of up to 59% while HCN@TiO,
has almost completely degraded IPA showing a concentration of 1%
remaining. Methanol degradation follows the same trend where
HCN@TiO, performed better than CN@TiO,. Stability of the
HCN@TiO, has also been demonstrated as shown in Fig. S4. It was
noted that the performances for three different VOCs (ethanol, IPA and
methanol) were consistent over 4 cycles, indicating a stable photo-
degradation activity for HCN@TiO5.

The excellent performance can be ascribed to two reasons: (i) The
high surface area of HCNs which leads to an increase in the number of
abundant active sites, assisting in adsorbing and containing the VOCs.
These contained VOCs are then degraded by the TiO, grown on HCNs.
(ii) The graphitization and lesser defects in HCNs may allow better
charge transfer of the electrons from TiO, to HCN, leaving more holes
behind to react with adsorb H,O to form hydroxyl radical [44], which
then react with the VOCs and thus, enhancing the VOCs degradation
rate. To further understand the charge transfer mechanism, photo-
luminescence (PL) measurement was employed to analyze the effi-
ciency of the transfer and migration of electrons of the HCN@TiO,
photocatalyst.

Photoluminescence (PL) emission arises from the recombination of
free carriers [45,46] and the intensity of PL emission reflects the effi-
ciency of the charge transfer process. The excitation wavelength used is
350 nm and it is observed that both samples exhibited a peak at around
540 nm to 550 nm (Fig. 6¢). This peak may be attributed to the tran-
sition from oxygen vacancies with one trapped electron to the valence
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Fig. 5. (a) SEM image and high magnification SEM
image (inset) of HCN@TiO, (b) TEM image of
HCN@TiO, (c) TEM image and element mapping of
Ti, O and C. (d) XRD Spectra of HCN @TiO-, (e) High
magnification TEM and HRTEM image of HCN@TiO,
and (f) EDX Spectra of HCN@TiO,,
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band of TiO, [47]. A suppressed peak was observed in HCN@TiO, as
compared to CN@TiO,. The drop in PL intensity indicates the reduced
recombination of photoinduced electron-hole pairs [48] in the less
defective HCN@TiO, (Fig. 2b), suggesting a higher charge transfer ef-
ficiency which leads to an enhancement in the VOCs photodegradation
performance. The suppression of PL also imply a faster charge transfer
process with a shorter decay lifetime for the photoinduced electrons
[49-51]. As such, this phenomenon is further investigated using the
time-resolved transient PL. The emission decay curves of both samples
(Fig. 6d) are fitted by exponential kinetics function where three lifetime
values were derived. The equations used for the fitting and calculations
of the average lifetime t, are shown below.

I(t) = Alexp(—t/'cl) + Azexp(-t/'rz) + A3exp(—t/173) (1)
Alrlz + A2T22 + A3T32
AL+ An + AT @

The values obtained for emission lifetime t;, 7, and 73 and its re-
spective amplitudes (A;, A, and Aj3) are reflected in Table 2. The
average emission lifetime which reflects the overall emission decay
behaviour of sample were calculated and show that HCN@TiO, has a
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Table 2
Dynamics analysis of emission decay for CN and HCN.

Sample  A; [%] 11 [ns] A [%] 12 [ns] A3 [%] T3 [ns]  ta [ns]
CN 33.6 1.113 28.2 1.114 38.2 23.2 21.6
HCN 56.9 0.752 10.7 0.752 32.4 3.15 2.35

shorter lifetime (2.35ns) as compared to CN@TiO, (21.6 ns). The
shorter average lifetime of HCN@TiO, corresponds to the quenched PL
results as shown in Fig. 6¢ suggesting lesser electron-hole pair re-
combination [49-51], thus, indicating an efficient electron transfer
from TiO, to HCNs. This affirms the function of HCN in suppressing the
photo-generated recombinations, leading to an enhanced photo-
catalytic degradation. The proposed mechanism for the enhanced per-
formance of HCN@TiO, is illustrated in Fig. 6e and f. HCNs are re-
sponsible for the adsorption and containment of VOCs due to its hollow
interior and hierarchical pore sizes while TiO, degrades the VOCs that
are contained in HCNs as well as from the environment. When light is
illuminated on HCN@TiO,, electron-hole pairs are formed within TiO,.
The photogenerated electrons are then transferred from TiO, to HCN,

Fig. 6. VOC degradation with time evolution (a)
ethanol and (b) various VOCs at 60 min (c)
Photoluminescence spectra and (d) time-resolved
transient photoluminescence (PL) decay (excitation
at 350nm) of CN@TiO, and HCN@TiO,. (e)
Schematic diagram of VOC adsorption and degrada-
tion (f) Mechanism of charge transfer of HCN@TiO,,

Degradation

uv

Products
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leaving behind more holes in TiO, for reaction with VOCs (Fig. 6f). This
prevents recombination of electron-hole pair [52], which leads to a
suppressed PL peak of HCN@TiO, as compared to CN@TiO,. This
mechanism provides the capability for enhanced VOCs degradation due
to efficient charge transfer.

4. Conclusion

Hollow and hierarchical porous carbon has been synthesized by a
simple one-step KOH chemical activation process for enhanced pollu-
tant adsorption and energy storage. The pore size distribution of the
carbon can be easily tuned by variation in KOH amounts to simulta-
neously obtain micopores, mesopores and a hollow structure (macro-
pores). In addition, HCNs has exhibited a high surface area of
1227 m2 g~ ! through the KOH activation. The synthesized HCNs re-
vealed superior VOCs adsorption as compared to CNs and PCNs due to
presences of micro and mesopores, which contain and increase se-
lectivity of adsorption of larger VOCs molecules respectively, while the
hollow interior (macropores) promotes transport diffusion of VOCs.
Furthermore, supercapacitance measurements has also shown high ca-
pacitive performance of 353 F g~ ! and excellent stability of only 3.2%
capacitance loss after 10000 cycles. The high performance is attributed
to the rational engineering of the carbon nanospheres towards hier-
archical porous structures with hollow cavity. TiO, nanosheets has also
been grown on the above mentioned carbon leading to improved
photocatalytic degradation. Such designed KOH activated carbon with
hollow and hierarchical pores structure can be effortlessly obtained
under variation in KOH amounts, which enhances the removal of VOCs
and supercapacitive performances, providing a cleaner indoor en-
vironment and highly favourable supercapacitance system.
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