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Atomic Fe Dispersed on N-Doped Carbon Hollow
Nanospheres for High-Efficiency Electrocatalytic

Oxygen Reduction

Yifan Chen, Zhijuan Li, Yanbo Zhu, Dongmei Sun, Xien Liu, Lin Xu,* and Yawen Tang*

Exploration of high-efficiency, economical, and ultrastable electrocatalysts

for the oxygen reduction reaction (ORR) to substitute precious Pt is of great
significance in electrochemical energy conversion devices. Single-atom

catalysts (SACs) have sparked tremendous interest for their maximum atom-
utilization efficiency and fascinating properties. Therefore, the development of
effective synthetic methodology toward SACs becomes highly imperative yet

still remains greatly challenging. Herein, a reliable SiO,-templated strategy is
elaborately designed to synthesize atomically dispersed Fe atoms anchored on
N-doped carbon nanospheres (denoted as Fe-N-C HNSs) using the cheap and
sustainable biomaterial of histidine (His) as the N and C precursor. By virtue of
the numerous atomically dispersed Fe-N, moieties and unique spherical hollow
architecture, the as-fabricated Fe-N-C HNSs exhibit excellent ORR performance
in alkaline medium with outstanding activity, high long-term stability, and
superior tolerance to methanol crossover, exceeding the commercial Pt/C
catalyst and most previously reported non-precious-metal catalysts. This present
synthetic strategy will provide new inspiration to the fabrication of various high-

e

prohibitive cost, poor stability, and vulner-
ability to methanol crossover of Pt severely
hamper the large-scale commercialization
of these sustainable energy devices.? In
this regard, it is extremely imperative to
explore cost-effective ORR electrocatalysts
with competitive or even superior perfor-
mance to substitute precious Pt.

During the past several years, consid-
erable efforts have been continuously
devoted to exploring non-precious-metal-
based ORR electrocatalysts, such as
perovskites,?l transition metal (TM)-based
oxides,  chalcogenides,®!  carbides, !l
nitrides,”! and heteroatom-doped carbon
materials.®l Among them, nitrogen-
coordinated TMs anchored on carbon
(TM-N-C)  nanomaterials,  especially
Fe-N-C, have been emerging as a class

efficiency single-atom catalysts for diverse applications.

The ever-increasing energy issues and environmental deterio-
ration have triggered enormous research interests to develop
renewable next-generation energy conversion and storage
devices, such as fuel cells and metal-air batteries.)l One of
the key factors determining the overall energy-conversion effi-
ciency of these devices greatly lies on the sluggish kinetics
of the cathodic oxygen reduction reaction (ORR). Currently,
although Pt-based metals have demonstrated prominent
electrocatalytic activity toward the ORR, the scarce abundance,
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of appealing alternatives due to their
earth abundance, tunable surface chem-
istry, modified electronic structure, and
optimal O, adsorption.’! Generally, to
achieve an enhanced ORR performance of Fe-N—C electrocata-
lysts, at least two crucial aspects should be taken into consid-
eration. One powerful knob is downsizing the metal particles
to substantially increase the number of accessible active sites.
Due to the maximum atom unitization efficiency, homoge-
neity of the catalytically active sites, and unsaturated metal
coordination, single-atom catalysts provide an ideal platform to
afford an outstanding catalytic activity and thus represent a rap-
idly developing research frontier.!%? On the other hand, nano-
structure engineering of the carbon support with optimized
geometric features could not only firmly stabilize the highly
energetic single atoms through a metal-support interaction to
mitigate aggregation, but also effectively facilitate the transport
of ORR-relevant species during the electrocatalytic process.
Among a variety of carbon nanostructures, hollow carbon nano-
spheres with thin wall generally possess rigid framework and
high surface-to-volume ratios, thus offering shortened pathway
for mass diffusion and more exposure of the active sites. Fur-
thermore, the 3D spherical structure could significantly prevent
aggregation of active sites, exhibiting sufficient electrochemical
stability.!] Taken together, it is reasonable to postulate that
atomically dispersed Fe single atoms anchored on N-doped C
hollow nanospheres could be a promising candidate as a robust
ORR catalyst. However, fabrication of such architecture through
a feasible approach still remains a grand challenge.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Schematic illustration of the synthetic process of Fe-N-C HNS.

Herein, we elaborately designed an efficient SiO,-templated
strategy to fabricate atomically dispersed Fe atoms anchored
on N-doped carbon nanospheres (denoted as Fe-N-C HNSs
hereafter) using a biomaterial of histidine (His) as the N and
C precursor. The judicious selection of His molecules was
mainly on account of their natural abundance, environmental
benignity and high content of heteroatoms. Profiting from
the numerous atomically dispersed Fe—N, moieties and unique
spherical hollow architecture with high conductivity and large
surface area, the as-fabricated Fe-N-C HNSs exhibited excel-
lent ORR performance in alkaline medium with outstanding
activity, high long-term stability, and superior tolerance to
methanol crossover, surpassing commercial Pt/C catalyst and
most of reported non-precious-metal catalysts. This present syn-
thetic strategy could inspire the future design of high-efficiency
single-atom catalysts in terms of feasibility and versatility.

As schematically illustrated in Figure 1, the overall syn-
thesis of Fe-N-C HNSs essentially involves the following
steps: (1) uniform coating SiO, template with Fe’" and His,
(2) pyrolysis of the resultant Fe3*-His coated SiO, (SiO,@ Fe-His)
nanospheres at high temperature, (3) chemical etching inactive
and unstable species by hydrofluoric acid (HF). Specifically,
uniform SiO, nanospheres with an average diameter of 150 nm
(Figure S1, Supporting Information) were presynthesized to
serve as the hard template. After surface modification with
negative charges, Fe’" ions could be readily adsorbed on the
surface of the modified SiO, nanospheres through electrostatic
attractions. Subsequently, the His molecules, which contain
an amine functional group, a carboxylic acid group and an
imidazole group, could strongly bind with the Fe’" ions via
coordination interactions, forming SiO,@Fe-His nanospheres
(Figure S2, Supporting Information). After pyrolysis at 800 °C
under an inert atmosphere, the coated Fe**-His layers on the
resultant SiO,@Fe-His nanospheres carbonized into N-doped
carbon and the coordinated Fe** ions were transformed into
metallic, carbide, or oxide species simultaneously. Eventually,
the annealed product was leached in HF solution to remove the
SiO, template and undesirable and electrochemically inactive
species, resulting in the formation of isolated single Fe atoms
immobilized on N-doped carbon hollow nanospheres.

Scanning electron microscopy (SEM) images (Figure 2a,b)
demonstrate that the formed Fe-N-C HNSs exhibit the
spherical structure, which perfectly retains the original mor-
phology and size of the SiO, templates. Moreover, these hollow
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nanospheres are highly interconnected, forming rich cavities
and robust 3D framework structures. Such unique 3D hollow
innerconnected archetecture is believed to facilitate the effec-
tive mass diffusion during the electrocatalytic process.''412
Notably, the spherical structure of Fe-N-C HNSs can be well
preserved after the etching of the SiO, template, manifesting
their excellent structural robustness. Typical transmission
electron microscopy (TEM) images (Figure 2c,d) reveal the wall
thickness of the hollow nanospheres as thin as around 2.6 nm.
Note that no visible nanoparticles or clusters can be observed
from the TEM images, implying that Fe atoms might exist in
an atomically dispersed form. The ring-like selected area electron
diffraction (SAED, Figure S3, Supporting Information) pattern
discloses the poor crystallinity of the fabricated Fe-N-C HNSs.
To corroborate the formation of Fe single atoms, aberration-
corrected high-angle annular dark-field scanning transmission
electron microscope (HAADF-STEM) with subangstrom reso-
lution measurements (Figure 2e) were performed. A number
of well-dispersed bright dots marked with red cycles are corre-
sponding to heavier Fe atoms. The small size (=0.2 nm) of these
bright dots further verifies the presence of isolated Fe atoms,
instead of Fe clusters or other nanoparticles (Figure S4, Sup-
porting Information). Moreover, the element mapping images
(Figure 2f) reveal the uniform distribution of Fe and N over the
entire carbon architecture. Inductively coupled plasma atomic
emission spectroscopy (ICP-AES) analysis indicates that the
weight fraction of Fe in the formed Fe-N-C HNSs is 1.4 wt%.
In order to decipher the local and electronic structure of
Fe-N-C HNSs, extended Xray absorption fine structure
(EXAFS) investigations were conducted. Bulk Fe foil and Fe,0;
sample were also measured as reference samples. As shown
in Figure 3a, the absorption edge of the Fe-N-C HNSs in the
X-ray absorption near-edge structure (XANES) spectra shifts
to the higher energy region in comparison with the reference
Fe foil but lower energy region in comparison with the refer-
ence Fe,0;, manifesting that the valence state of Fe atom in the
Fe-N-C HNS sample is situated between metallic Fe(0) and
Fe3*. Notably, an inconspicuous pre-edge peak around 7115 eV
in the Fe-N-C HNSs sample (marked by an asterisk), which
originates from the 1s — 4p, transition along with simulta-
neous charge transfer of ligand-to-metal, suggesting that Fe
single atoms are confined in square-planar Fe—N, moieties with
a porphyrin-like structure.l'l More quantitative structural infor-
mation of Fe has been documented by Fourier-transformed

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Morphological characterization of the synthesized Fe—~N-C HNSs: a,b) SEM images, ¢,d) TEM images, e) aberration-corrected HAADF-STEM

image, and f) corresponding element mappings.

EXAFS. As presented in Figure 3b, the predominant peak
located at 1.59 A is assigned to the backscattering of Fe-N
coordination in the first shell, which ascertains the presence
of Fe-N, coordination in the Fe-N-C HNSs.¥l Additionally,
no appreciable Fe-Fe coordination peak (around at 2.2 A) can
be detected, further indicating that no Fe-Fe bond is formed
and the Fe sites exist as an atomically dispersed form.!'%! This
observation is in good accordance with the aforementioned
HAADF-STEM result. The EXAFS results are further fitted to

Adv. Mater. 2019, 37, 1806312
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explore the coordination configuration around the Fe center.
The fitted curve (Figure S5, Supporting Information) keeps
almost identical with the experimental data. According to the
fitting parameters (Table S1, Supporting Information), the iso-
lated Fe atom is coordinated by four N atoms with an average
bond length of 2.09 A. The proposed model of the Fe-N, planar
architecture is schematically shown in the inset of Figure 3b.
To investigate the surface composition and electronic struc-
ture of the Fe-N-C HNSs, X-ray photoelectron spectroscopic

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Compositional analyses of the prepared Fe—-N—-C HNSs. a) Normalized XANES spectra at Fe K-edge, b) Fourier-transformed EXAFS spectra,
c—e) high-resolution Fe 2p, N 1s, and C 1s XPS spectra, respectively, and f) XRD pattern.

(XPS) measurements were performed. The typical XPS survey
spectrum (Figure S6, Supporting Information) indicates the
coexistence of Fe (0.5 at%), N (8 at%), and C (91.5 at%) in the
Fe-N-C HNSs. The high-resolution Fe 2p spectrum (Figure 3c)
shows two pairs of peaks for Fe?* (709.8 and 722.8 eV) and Fe**
(713.3 and 725.6 eV). Additionally, the peak around 710.3 eV can
be assigned to Fe-N, species, again proving the formation of
Fe-N, configuration.'*'%] The high-resolution N 1s spectrum
(Figure 3d) could be well deconvoluted into four peaks located
at 405.2, 400.9, 399.6, and 398.2 eV, which are assigned to oxi-
dized N, graphitic N, pyrrolic N, and pyridinic N (or Fe-N),
respectively. It has been well-established that the pyridinic
N plays a vital role in the formation of Fe-N-C active sites with
modified local electronic structure and the graphitic-N species
facilitate the occurrence of 4-electron transfer pathway during
the ORR.I!8I Therefore, the high content of both pyridinic N and
graphitic N in the Fe-N-C HNSs not only provides plentiful
sites to anchor single Fe atoms, but also conduces to boost the
ORR activity. The high-resolution C 1s spectrum (Figure 3e)
exhibits four peaks at 289.1, 287.4, 285.7, and 284.6 eV, which
can be assigned to C=0, C—0, C—N, and C—C group, respec-
tively. Carbon-oxygen species are regarded as defects which
facilitate ORR in alkaline media.'’! Profiting from the high
electrical conductivity, the sp? C is also believed to be favorable
for ORR.[11¢]

The X-ray diffraction (XRD) pattern (Figure 3f) of the
Fe-N-C HNSs exhibits two broad peaks at 25.7° and 44°,
which may be assigned to the (002) and (100) planes of gra-
phitic carbon respectively. Notably, no diffraction peak ascribed
to metallic Fe or other Fe-based species can be detected, being
indicative of the atomically dispersed Fe single atoms in the
Fe-N-C HNSs. The N, adsorption—desorption isotherms

Adv. Mater. 2019, 37, 1806312
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(Figure S7a, Supporting Information) of the Fe-N-C HNSs
exhibit a type-IV curve with a distinct hysteretic loop, indicating
the existence of mesopores. The pore size distribution curve
(Figure S7b, Supporting Information) reveals the presence of
bimodal mesopores (3.7 and 44 nm) in the Fe-N-C HNSs,
which greatly enlarge the electrolyte/catalyst contact area and
promotes the O, diffusion during the ORR. The Brunauer—
Emmett-Teller (BET) surface area of the Fe-N-C HNSs is
measured to be 388.3 m2 gL,

The atomically dispersed Fe sites and robust 3D hollow
spherical architecture of the fabricated Fe-N-C HNSs render
them promising for electrocatalytic ORR. The ORR activity of
the Fe-N-C HNSs was investigated in a three-electrode system
by linear sweep voltammetry (LSV) on a rotating disk electrode
(RDE) in O,-saturated 0.1 m KOH electrolyte. As well known,
the annealing temperature exerts a sensitive influence on the
ORR performance for carbon-based electrocatalysts, and the
ORR activities of the Fe-N-C HNSs samples synthesized
under different temperatures (700, 800, 900, and 1000 °C)
were investigated. As shown in Figure S8 (Supporting Infor-
mation), the Fe-N-C HNSs prepared at 800 °C possess the
highest ORR activity with the most positive onset potential
(Eonset) and half-wave potential (E;j;) among all catalysts. This
phenomenon maybe caused by the fact that lower annealing
temperature (700 °C) is not sufficient to produce highly gra-
phitic carbons, while higher pyrolysis temperature (900 and
1000 °C) may induce the destruction of the graphic structure,
as revealed by the Raman spectra in Figure S9 in the Sup-
porting Information.'® Accordingly, 800 °C is considered
as an optimal pyrolysis temperature to achieve the highest
ORR activity and the Fe-N-C HNSs discussed below are
synthesized at 800 °C. Aside from commercial Pt/C catalyst,

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Evaluation of ORR performance of different catalysts. a) LSV curves of Fe-N-C HNSs, N-C HNSs, porous Fe-N-C, and Pt/C recorded in
Og-saturated 0.1 M KOH solution with a rotation rate of 1600 rpm, b) Eqnse and £y, of Fe=N—C HNSs and Pt/C, ) Tafel plots of Fe-N-C HNSs and
Pt/C, d) RRDE test of the Fe-N-C HNSs; the inset shows the HO,™ yield and n, €) ORR polarization curves of the Fe~N—-C HNSs before and after
10 000 cycles, f) relative current-density—time curves of Fe-N—-C HNSs and Pt/C at 0.7 V.

N-doped carbon hollow nanospheres without Fe (N-C HNSs,
Figure S10, Supporting Information) and Fe-N-C sample syn-
thesized without the involvement of SiO, template (porous
Fe-N-C, Figure S11, Supporting Information) were also pre-
pared as reference samples in order to demonstrate the impor-
tance of metal center and the structural advantage of hollow
spherical structure.

Figure 4a displays the typical LSV curves of the four cata-
lysts recorded in O,-saturated 0.1 M KOH solution with a scan
rate of 5 mV s7! and a rotating rate of 1600 rpm. Impressively,
the Fe-N-C HNSs sample affords the highest activity with the
most positive Egyet and Eyj, among all catalysts. In contrast, as
evidenced by the more negative LSV curves and greatly reduced
diffusion-limited current densities, the N-C HNSs and porous
Fe-N-C exhibit rather inferior ORR activities, signifying that
metal centers and hollow spherical structure make decisive
contributions to the boosted ORR activity. As illustrated in
Figure 4b, the Egneer and Eyj, of Fe-N-C HNSs are measured
to be 1.046 and 0.87 V, respectively, which surpass the values of
Pt/C (Eqpser = 1.03 V and E; ; = 0.84 V). To the best of our knowl-
edge, the ORR performance of the obtained Fe-N-C HNSs in
alkaline electrolyte exceeds most of the previously reported
Fe-based ORR electrocatalysts (Table S2 Supporting Informa-
tion). The exceptional ORR activity of the Fe-N-C HNSs can
be further verified by the similar Tafel slope (Figure 4c) of
67 mV dec™! compared with that of Pt/C (56 mV dec™?). Rotating
ring-disk electrode (RRDE) measurement was performed to
identify the ORR pathway of the Fe-N-C HNSs. As illustrated
in Figure 4d, the ring current ascribed to the H,O, oxidation
is significatly lower than the disk current assigned to oxygen
reduction, manifesting the predominant product of OH™. The
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H,0, yield detected on Fe-N-C HNSs is quite low (<2%) and
the electron transfer number (n) is calculated to be around 4
(inset in Figure 4d), suggesting an efficient four-electron
transfer process. In addition, the fabricated Fe-N-C HNSs
also exhibit outstanding long-term durability after the acceler-
ated durability test (ADT). As displayed in Figure 4e, a negli-
gible decay in Ej, of Fe-N-C HNSs is observed even after
10 000 continuous cycles. Besides, TEM image (Figure S12,
Supporting Information) reveals that the hollow spherical struc-
ture of the Fe-N-C HNSs can be well preserved after the ADT
test, underlining the superior structural robustness. Whereas,
the Ey; of commercial Pt/C displays an obviously negative shift
of =11 mV under the same condition (Figure S13, Supporting
Information). Chronoamperometric (CA) tests performed in
O,-saturated 0.1 v KOH solution at 0.7 V further verify the
excellent stability of the Fe-N-C HNSs (Figure 4f). After run-
ning for 20 000 s, the Fe—-N-C HNSs exhibit a 91% retention
of the initial current density, while only 78% retention can be
found on the commercial Pt/C.

To further testify the role of Fe active sites in the ORR, thio-
cyanide (SCN") ions are employed to poison the Fe-N-C HNSs
since SCN™ ion has a strong affinity to Fe and thus severely
poison Fe-N, active sites.'®®1%] As shown in Figure 5a, the
ORR activity of Fe-N-C HNSs is significantly deteriorated in
the presence of potassium thiocyanate (KSCN), as documented
by the much more negative E;;; and largely decreased diffu-
sion-limiting current density. Notably, after being rinsed sev-
eral times with water to get rid of SCN™ ions and remeasured
in fresh O,-saturated 0.1 m KOH electrolyte, the ORR activity
of the Fe—-N—-C HNSs could recover well and almost reach to
the original activity. These observations strongly elucidate

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) LSV curves of Fe~-N—C HNSs in O,-saturated 0.1 m KOH with and without KSCN, respectively. b,c) LSV curves of Fe-N-C HNSs and Pt/C
in O,-saturated 0.1 m KOH with and without methanol, respectively. d) current-density—time curves of Fe-N—-C HNSs and Pt/C at 0.7 V in 0.1 m KOH

with an addition of methanol.

that the atomically dispersed Fe sites represent the origin of
the excellent ORR activity of Fe-N-C HNSs. The resistance
to methanol crossover of a catalyst is also essential for prac-
tical applications. From Figure S14a (Supporting Information)
and Figure 5b, one can clearly see that there is no appreci-
able variation in both CV and LSV curve of the Fe-N-C HNSs
after the addition of methanol into the electrolyte. Whereas,
for the Pt/C, upon the introduction of methanol, the typical
inverse peak ascribed to methanol oxidation appears in CV
(Figure S14b, Supporting Information) and the LSV plot nega-
tively shifts dramatically (Figure 5c¢). CA measurements fur-
ther confirm the above results. As shown in Figure 5d, the
Fe-N-C HNSs could maintain a quite stable current density
after the methanol injection, while a sharp jump of current
density caused by the methanol oxidation occurs on the com-
mercial Pt/C catalyst. All these results firmly indicate that the
prpared Fe-N-C HNSs exhibit outstanding tolerance to meth-
anol and high selectivty toward the ORR.

The superb ORR performance of the fabricated
Fe-N-C HNSs could be rationally ascribed to the unique
architectural and favorable compositional advantages. Spe-
cifically: (1) the hollow carbon nanospheres with thin wall
and open framework could effectively expose the active sites
and thus fully utilize the active components. Furthermore,
the interconnected spherical architecture could also afford a
facilitated pathway for mass transportation during the ORR
process.''®¢l In addition, the bimodal mesopores within the
carbon nanospheres could remarkably enlarge the electrolyte/
catalyst contact area and promote the O, diffusion. (2) The
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high degree of graphitization of the Fe-N-C HNSs can be
expected to enhance the electrical conductivity, and then
facilitate electron transfer.?! (3) The strong affinity between
atomic Fe sites and carbon support induced by the high-
temperature pyrolysis not only guarantees the homoge-
neous distribution of active sites, but also contributes to the
excellent stability. (4) The high fraction of pyridinic-N and
graphitic-N in carbon matrix not only facilitates the adsorp-
tion of O, due to the N doping-induced alternation of C elec-
tronic structure, but also promotes the electrical conductivity
and hydrophilicity.'*2!] All above profitable features render
the Fe-N-C HNSs a promising ORR electrocatalyst with
reinforced activity and durability.

In conclusion, we have demonstrated a feasible SiO,-
templated approach to prepare Fe single atoms dispersed
on N-doped carbon hollow nanospheres for high-efficiency
ORR in alkaline medium. Aberration-corrected TEM and
EXAFS measurements strongly manifest the existence of Fe
single atoms with Fe-N, configuration. Benefiting from the
architectural merits and homogeneity of atomic active sites,
the resultant Fe-N-C HNSs catalyst exhibits excellent ORR
performance with impressive Eyye; and Eyjp, high long-term
stability, and superior tolerance to methanol crossover, outper-
forming commercial Pt/C catalyst, and most of state-of-the-art
non-precious-metal catalysts. The present study not only
develops a cost-effective and high-performance ORR electro-
catalyst to substitute Pt, but also offers a reliable and versa-
tile strategy to fabricate other single-atom catalysts for diverse
applications.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Keywords: Nowadays, carbon materials derived from natural biomaterials have been drawn considerable attention because
Cotton the biomaterials are vastly available, accessible and renewable. Hereinto, it is fascinating that employing cotton
Carbon-based composites as carbonaceous precursors to fabricate novel sustainable lightweight microwave absorber due to its unique

Impedance matching
Electromagnetic wave absorption
Lightweight

hierarchical macro-/microporous architecture. In current study, we adopt a sustainable route from biomass
cotton to construct cotton/zeolitic imidazolate framework (ZIF-67) and subsequent sintering to fabricate carbon-
cotton/Co@nanoporous carbon (NPC) products. The as-prepared composites showed definitely superior mi-
crowave absorption performance than the pristine carbon-cotton and Co@NPC. It is confirmed that a better
impedance matching is the key factor to realize excellent absorption. When the sample filling ratio is as low as
25 wt% in paraffin matrix, the maximum reflection loss can achieve —60.0 dB at 8.48 GHz. Furthermore, via
adjusting the thickness to only 1.65 mm, the optimal reflection loss can obtain —51.2dB at 13.92 GHz with a
broad bandwidth of 4.4 GHz. In addition, the annealing temperature for the composites was also investigated,
which had significant influence on tuning absorption properties. Prospectively, our present work may provide a
new guideline to design carbon composites from earth-abundant recyclable biomass materials as sustainable,
lightweight and high-performance absorber.

1. Introduction pollutions resulted from the extensive usage of electronic equipment
and wireless communications, a great deal of researches have been
In order to solve the increasingly severe electromagnetic (EM) wave dedicated to the high-performance EM wave absorber [1-3]. As
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exploration in the past decades, carbon-based materials acted as a sort
of compelling absorbing material have drawn representative attention
due to their lower density and great electrical conductivity. For ex-
ample, Wang et al. synthesized Fe;O,/graphene and Ni/graphene
composites by atomic layer deposition method, and showed enhanced
microwave absorbing properties because of remarkable conduction loss
from graphene [4]. Also, Wang’s group illustrated that the composites
of Fe304 nanocrystals with multiwall carbon nanotube are availably
forming conductive network and promoting dielectric loss ability [5].
Furthermore, Shen and his coworkers plated metal Co into nitrogen-
doped ordered mesoporous carbon to achieve favorable impedance
matching in Ku-band [6]. Additionally, our group has already done
some related works about carbonaceous composites [7-9]. From these
researches, we can conclude that carbon composition played a vital role
in these composites, unfortunately, the carbon resources are too ex-
pensive for us to realize industrialization. Delightedly, in virtue of the
renewable and ubiquitous biomass materials to construct carbon-based
composites is an attractive strategy to make up the issue.

Recently, various of natural biomaterials such as bagasse [10],
wood [11], cotton [12,13], egg [14], walnut shells [15], seaweed [16],
broad beans shells [17] and okara [18] have been served as templates
or carbon precursors to prepare advanced biomorphic functional ma-
terials for different fields [13,19]. Typically, using cotton as template or
carbon source can not only inherit hierarchical porous structure of raw
materials, but also hold the unique fiber-shape. For instance, Yan’s
group designed mesoporous and tubular Co30,4 with high specific sur-
face area employing cotton as sacrificial template [20]. Chung et al.
managed to fabricate the flexible carbon-cotton cathode to improve the
dynamic and static stabilities of lithium-sulfur batteries by using the
natural hierarchical macro-/microporous architecture of cotton [12].
For microwave absorption, SiC microtubules prepared by the cotton as
carbon source and template gained a reflection loss below —10dB
(90% absorption) at different frequencies [21]. Those reports give us
much inspiration that selecting cotton acted as precursor to obtain
sustainable and lightweight carbon-based composites. On one hand, it
is environmentally friendly, renewable, affordable and mass-produced.
On the other hand, the carbon-cotton possesses loose and porous
structure as well as fiber-shape, which would be beneficial for the
scattering intensity of EM wave. However, according to impedance
matching theory, the impedance matching value (Z) should be as pos-
sible as close to 1, that is, the complex permittivity (e,) needs to ap-
proach complex permeability (i). Thus, single carbon materials usually
cannot meet the demand of broad bandwidth. Generally, directly
compounding traditional magnetic metal or alloys, or ferrites with
carbon materials would be detrimental to its intrinsic lightweight ad-
vantage. Therefore, it is imperative to seek a way to resolve the con-
tradiction [22-24].

More recently, the absorber derived from the directly thermal pyr-
olysis of metal organic frameworks (MOFs) has been considered as a
potential candidate for high-performance EM wave absorption, because
these materials possess inherent complementary dielectric and mag-
netic loss abilities. For example, Qiang et al. prepared Fe/C nanocubes
by situ pyrolysis of prussian blue, and achieved the maximum absorp-
tion peak value of -20.3 dB at thickness of 2 mm under the filler content
of 40 wt% [25]. Lii’s group reported the synthetic of porous Co/C na-
nocomposites via calcining zeolitic imidazolate framework-67 (ZIF-67)
and demonstrated superior EM wave absorption properties with RL of
—35.3dB at the thickness of 2 mm when the samples was dispersed in
the paraffin with mass percentage of 60 wt% [26]. Although these kinds
of absorber have exhibited good EM wave absorption achievement, the
filler content was usually higher than 30 wt% [27]. For further im-
proving the comprehensive properties of the absorber made from the
single MOF materials, various strategies were adopted. Especially, in-
corporating other functional categories (such as Fe3O4, TiO,, RGO,
CNTs, Ferrite, CuO et al.) with MOF has been considered as an effective
approach [28-33]. For example, Yin et al. employed the pretreated
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multiwalled carbon nanotubes (MWCNTSs) as templates for growth of
ZIF-67. The Co-C/MWCNTSs composite, obtained by subsequent heat
treatment process, showed superior EM wave absorption properties,
which was attributed to the formation of conductive network [31].
Wang’s group prepared ferrite/Co/porous carbon composite by the
calcination of BaggsSmg 15C0.Fe ¢02,@ZIF-67 precursor. The en-
hanced EM wave absorption performance were achieved due to the
synergistic effect of dielectric loss and magnetic loss [32]. Although a
great progress has been made, these composites usually need compli-
cated functional process and expensive ingredients, which restrain their
commercial application. In addition, when we explore the ideal ab-
sorber, energy consumption, yield of sample as well as poisonous sub-
stances should be taken into consideration in the synthesis route. Based
on the above analysis, we used cotton as substrate to deposit ZIF-67
particles for developing carbon-cotton/Co@NPC absorber. As we know,
ZIF-67 is one of the most important members among metal organic
frameworks (MOFs) with lots of merits such as large specific surface,
microporous structure and distinct morphologies. The Co@NPC derived
from ZIF-67 not only inherits its aformentioned advantages, but also
produces magnetic metal Co. Thus, anchoring Co@NPC on carbon-
cotton could maintain light feature as well as effective magnetic loss
[33]. Furthermore, the prepare process is sustainable and high-produce.

In detail, we fabricated the carbon-cotton/Co@NPC composites by
designing cotton/ZIF-67 precursor and subsequent calcination. The
composites showed enhanced absorbing properties compared with pure
carbon-cotton and Co@NPC, which could achieve the optimal value of
—51.2dB with the broad bandwidth of 4.4 GHz at thickness of only
1.65mm. As a result, the carbon-cotton/Co@NPC composites have
great potential to be ideal microwave absorber towards “broad, strong,
light, thin and high-yield”.

2. Experimental
2.1. Pretreatment of cottons

First, pristine cottons were activated based on the report [34]. Ty-
pically, 0.18 g of cotton fabrics were impregnated in a mixture solution
(60 mL) containing H,0, (2mol/L), sodium silicate (Na,SiOs, 4 g/L)
and sodium hydroxide (NaOH, 10 g/L). The immersion was treated at
90 °C for 1h. Then, the activated cottons were rinsed with hot water
and cold water several times to rule out possible impurities and finally
dried in a vacuum at 60 °C for one night.

2.2. Preparation of ZIF-67/cotton composites

Firstly, the activated cottons were dipped in the mixture solution
including cobalt chloride (CoCly'6H50, 2 mmol), polyvinylpyrrolidone
(PVP, 600 mg) and methanol (CH30H, 40 mL), and sonicated for 1 h.
Then, the methanolic solution (40 mL) of 2-methylimidazole (CsHgN»,
2.63 g) was introduced dropwise into the above solution under mag-
netic stirring for 4 h. Finally, the resultant solution was aged at ambient
temperature for 24 h. The purplish red cottons were collected by va-
cuum filtration, and washed several times with ethanol, and dried
under vacuum conditions at 60 °C for 12 h.

2.3. Preparation of carbon-cotton/Co@NPC composites

The as-prepared cotton/ZIF-67 composites were directly annealed
in N, atmosphere at 600 °C, 700 °C and 800 °C for 2h with a heating
rate of 1 °Cmin~"'. The obtained products were denoted as S600, S700,
and S800. For comparison, the pure carbon-cotton was prepared by
calcining raw cotton at 700 °C, named as C700. And Co@NPC was also
obtained by annealing ZIF-67 at 700 °C.
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2.4. Characterizations

The crystal structure was measured by X-ray diffraction (XRD) on a
Bruker D8 ADVANCE diffractometer using Cu Ka radiation
(A = 0.154718 nm with 40kV scanning voltage, 40 mA scanning cur-
rent.). The morphologies of the samples were observed by scanning
electron microscope (SEM, Hitachi S4800 type). Chemical composition
of samples was revealed by X-ray photoelectron spectroscopy (XPS)
using a PHI 5000 Versa Probe. The Brunauer—-Emmet-Teller (BET)
specific surface areas and the pore size distribution of the samples were
determined by a high speed automated area and pore size analyzer
(ASAP 2010). The content of Co was calculated by Thermogravimetry
(TG) curve measured by an NETZSCH STA 449F3 thermal gravimetric
analyzer under air from 23 to 800 °C. Magnetic properties of the com-
posites were measured by a vibrating sample magnetometer (Lakeshore
7404) at room temperature. The electromagnetic parameters of the
samples in the frequency range of 2-18 GHz were tested by Agilent PNA
N5244A vector network analyzer according to the coaxial-line method.
The measured samples were prepared by homogeneously mixing par-
affin wax (75wt%) with products (25wt%) and then pressing into
toroidal-shaped samples (@, 7.0 mm, @;,: 3.04 mm).

3. Results and discussion

Due to the strong binding ability with Co®>* of carboxyl groups than
hydroxyl groups, the raw cotton needs to be activated by H,O, solution
[35]. And the formation process of carbon-cotton/Co@NPC composites
is displayed in Fig. 1. First, the activated cotton was infused in a so-
lution and sonicated for 1h so as to the Co>* could be adsorbed ade-
quately on the surface of cotton through ion exchange and complexa-
tion. Then, B solution was slowly dropped into the above solution with
magnetic stirring for 4 h. After ageing 24 h in ambient temperature, ZIF-
67 would uniformly load on the surface of cotton. At the last, the
cotton/ZIF-67 precursors were annealed at high temperature under N,
atmosphere to obtain carbon-cotton/Co@NPC.

Fig. 2a shows the XRD patterns of pristine carbon-cotton, CO@NPC
derived from ZIF-67 and carbon-cotton/Co@NPC composites with dif-
ferent annealing temperature. The C700 sample exhibits two broad
diffraction peaks ((002), (100)) at 26.5° and 44°, which can be as-
cribed to amorphous nature of pure carbon-cotton [36]. For the Co@
NPC sample, aside from the carbon peak at 20=26.5°, other peaks
corresponding to (111), (200) and (22 0) crystal planes could be in-
dexed to the metal Co (JCPDS No.: 01-1259) [37]. The carbon-cotton/
Co@NPC composites consisted of amorphous carbon and metal cobalt

B solution

| Ultrasound ”
for 1h

A solution A solution

Aged for
24 h

A solution: CoCl,+PVP+CH;0H

B solution: 2-methylimidazole (Melm)
+CH,OH

Carbon-cotton/Co@NPC
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phase. In addition, it is clearly seen from the XRD patterns of compo-
sites that the increasing heat treatment temperature leads to an en-
hancement of graphited peaks at 26.5°. Meanwhile, the crystalline de-
gree of Co strengthens with increasing temperature according to
gradually enhanced peaks. In order to clarify the state of carbon atom,
Raman spectrum was carried out. As observed in Fig. 2b, all samples
display two strong peaks at 1341 cm ™' and 1581 cm ™ *, attributing to
the typical D- and G- band of carbon materials, respectively. It is well
known that D-band means disorder or amorphous carbon and G-band
represents graphitization carbon. The intensity ratio of D- and G-band
(Ip/Ig) usually stands for the graphitization degree of sample. The ratio
of C700, S600, S700, and S800 are 0.81, 0.79, 0.84, and 0.96, respec-
tively. One can find that the values of carbon-cotton/Co@NPC samples
obtained at different temperature rise with increasing temperature,
demonstrating the removal of defects in carbon component at elevated
temperature. In addition, Although the C700 and S700 samples was
obtained at the same calcining temperature, the Ip/Ig ratio S700 is
higher than that of C700, which are accounted for the catalysis effect of
transition metal (Co). The improvement of graphitization degree facil-
itates the raise of complex permittivity for the composites because of
better conductivity of carbon. The phenomenon is resulted of higher
carbonization temperature and in agreement with XRD results. In ad-
dition, the close ratio of C700 and S700 illustrated similar graphitiza-
tion degree.

The morphologies of C700 and S700 were characterized by field-
emission SEM. It can be clearly seen in Fig. 3a that the pure carbon-
cotton exhibits a relatively smooth surface and thick diameter with ca.
6.5 um. When the cotton-carbon was coated by Co@NPC, there are a
mass of nanoparticles arose on the cotton-carbon surface in Fig. 3b.
From improved resolution of Fig. 3¢, we can confirm the nanoparticles
present regular dodecahedron shape inherited from ZIF-67. The ele-
mental mapping from Fig. 3c and d demonstrates the presence of C, Co,
and distribute uniformly in S700. Moreover, the EDS data of S700 in
Fig. 3f further affirms the point.

The composition and element state of S700 were revealed by XPS.
As shown in Fig. 4a, it is assured that C and Co are in the composites,
consisting with EDS results. The appearance of O could be ascribed to
the oxidation of Co on the composite surface without carbon shell
protective. The concrete chemical valence about Co element was shown
in the Fig. 4b. The signals located at 778.3eV and 793.5eV can be
assigned to 2ps,, and 2p;,, of metal Co. [38] Whereas the peaks at
780.7 eV and 796.5 eV are corresponded to 2ps,, and 2p;,» of Co>*.
Other small peaks are satellite peaks [39].

To better quantify Co in S700, TG measurement was done under air.

Fig. 1. Schematic illustration of the synthesis process of
carbon-cotton/Co@NPC composites.

¢ Co**
+ Melm
® ZIF-67

Infiltration

Cotton/ZIF-67
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(d)

Fig. 3. SEM images of (a) C700 and (b) S700, (c) amplified image of S700, (d, e) elemental mapping of selected area in (b), (f) EDS data in selected area of (b) for S700.
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The actual mass fraction of Co in S700 is ca. 15%, and the carbon
content is ca. 85%.

Brunauer-Emmett-Teller (BET) test was utilized to identify the pore
structure of the composites. As shown in Fig. 6a, S700 demonstrates a
representative type IV isotherm with a distinct hysteresis loop at the P/
P, range of 0.4-1.0, manifesting the presence of mesoporous [41].
Moreover, the result of Barrett-Joyner-Halenda (BJH) indicates that the
average pore diameter of S-700 mainly focuses at 5nm (Fig. 6b). The
porous structure not only makes composites possess large specific sur-
face area (Sppr = 380.33cm?/g) and total pore volume
(Vpore = 0.34 cm3/g), but also extends the transmission path of elec-
tromagnetic wave and facilitates the EM wave absorption.
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Fig. 5. TG and DSC curves of S700.

As shown in Fig. 5, the TG curve of S700 can be divided into three steps
within the measured temperature. In step (1), a slight weight loss of
1.01% at 165°C attributes to the adsorbed water evaporation. The
weight increase of 2.1% from 165 to 270 °C (step (2)) can be associated
with the oxidation of Co along with a small exothermic peak in the DSC
curve [40]. In step (3), the TG curve shows a drastic decrease tendency
until placid at 570 °C as a result of carbon-cotton burning. After that, no
obvious weight loss was observed, indicating the carbon species has
been completely burned out and only left Co304 residue. On the basis of
following equation:

The magnetic hysteresis loop of the composites with different
heating temperature is displayed in Fig. 6¢ and d. It can be observed
that the coercivity force (H.) for S600, S700 and S800 are almost the
same. While the magnetization shows a gradually increasing trend of
10.39, 14.00 and 23.5 emu/g, respectively. This can be interpreted by
the strength of crystallinity and growth of grain for metal Co [29]. As a
result, the metal Co with soft magnetic property could induce certain
magnetic loss in gigahertz frequency region.

It is well known that EM absorption property is the most significant
standard to evaluate the microwave absorber. Commonly, the excellent
microwave absorption materials are required to have a RL value lower
than —10 dB within a wide frequency bandwidth under low thickness.
According to the transmission line theory, the RL value can be calcu-
lated through measured relative complex permittivity and permeability
based on the following formulas [31]:

Zin = Zo |1, /e tanh [j2rnf [©)] Jp, & @
Co (Wi%) = Residue (Wt%) % 3M.
o) — — Co
Mcoso, RL(dB) = 20log|(Zin—Zo)/(Z + in + Zo) @
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Fig. 6. (a) N, adsorption—desorption isotherm and (b) pore size distribution of S700, (c) and (d) Hysteresis loop of S600, S700 and S800 measured at room temperature.
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where Z;, represents the input characteristic impedance, Z, is the im-
pedance of air, and ¢ means the velocity of EM wave in free space. The
microwave absorption performance of S700 is shown in Fig. 7a and b. It
can be observed that S700 exhibits superior absorption properties,
which can achieve —51.2 dB at only thickness of 1.65 mm with a broad
bandwidth of 4.4 GHz. Furthermore, when the thickness is 2.55 mm,
S700 can reach as high as —60.0 dB. Strikingly, the effective frequency
bandwidth exceeding —20dB can even reach 10.5 GHz (7.5-18 GHz)
by adjusting thickness of 1.0-3.0 mm. For purpose of comparison, the
RL values and effective frequency bandwidths (f.) of S700, C700 and
Co@NPC with thickness less than 1.65 mm are also performed in Fig. 7¢
and d. Although C700 and Co@NPC present some absorption perfor-
mance, those RL intensity and effective bandwidth under the same
thickness are still undesirable. While compositing carbon-cotton with
Co@NPC, the compounds present clearly enhanced microwave ab-
sorbing properties than singleness, so which are promising to be used as
a microwave absorber. From Fig. Sla and b, it is clearly seen that the
microwave absorption performance of S600 and S800 is fairly poor
when compared with the S700. Consequently, the most suitable an-
nealed temperature is 700 °C in this experiment. Meanwhile, the effect
of filler content on EM wave absorption was also investigated. Figs. S2
and S3 demonstrate the EM parameters vs frequency for S700 with
different mass percentage of 15 wt%, 20 wt%, 30 wt% and 35 wt%, and
corresponding RL peaks, respectively. It can be observed that the
maximum RL values of these S700-wax composites are both lower than
— 20 dB, which indicates the moderate filler content of S700 is 25 wt%.
Table S1 summaries the EM wave absorption achievements of various
MOF-derived materials and similar absorber. By virtue of lower filler
content (25 wt%), thin thickness (1.65 mm), and strong reflection at-
tenuation (—60.0 dB) as well as broad effective frequency bandwidth

(4.4 GHz), the carbon-cotton/Co@NPC can be taken as a satisfying
candidate for the fabrication of lightweight and high performance mi-
crowave absorbing media.

To understand readily the improved absorbing performance for
S700, dependence of the complex permittivity (e, = ¢/ — je”) and per-
meability (¢, = ¢’ — ju”) on frequency were explored, which were
measured from loading 25 wt% samples with paraffin matrix in the
range of 2-18 GHz. In general, the values of ¢ and y’ stand for the
storage capability of the electric and magnetic energy, and the ima-
ginary parts (¢” and p”) symbolize the loss capability of the electric and
magnetic energy [42]. Fig. 8 shows dependence of complex perme-
ability and permittivity on the frequency for all samples. As shown in
Fig. 8a and b, it is found that S600 has the lowest ¢’ and ¢” values and
there is no obvious fluctuation for the two curves, which are about 3.2
and 0.6, respectively. Such low complex permittivity indicates great
wave-transparent capability but poor dissipated behavior, thus, almost
no microwave can be wiped out for S600. This can be ascribed to very
weak graphitization degree under calcination of 600 °C. It is considered
that, at this condition, the carbon decomposed from cotton cannot form
valid graphitization and the most are amorphous carbon. Also, the Co@
NPC presents poor electric storage capacity and dissipated ability in
terms of the low ¢ and ¢” values, this cannot still attenuate microwave
efficiently. Interestingly, the ¢’ and ¢” values of S800 are the highest and
in the range of 27.6-17.4 and 13.6-6.5, respectively. Although it has
the strongest dielectric loss property according to high &” values, the
excessive attenuated ability would lead to a mass of microwave re-
flected from the absorber surface due to impedance mismatching. There
are less microwave entering into material also gives rise to inferior
microwave absorbing properties. It can be presumed that, under an-
nealing at high temperature of 800 °C, the carbon constituent from
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correspondence between (e) ¢ and /, (f) ¢” and p” for S800.

carbon-cotton and Co@NPC could get graphitization adequately,
thereby, which would form conductive current with assistance of metal
Co along the composites network at the alternated magnetic field. For
S700, its ¢’ and ¢” values are both moderate and between 15.0 and 10.5
and 4.3-3.6, respectively, indicating not only well impedance matching
behavior but also excellent dielectric attenuated capability. As com-
pared to C-700, S700 shows slight increase for ¢ values but little de-
crease for ¢” values, which may be put down to the introduction of
metal Co. The multiple interfaces of Co/Carbon could contribute to the
storage ability of electric energy that leads to the increase of ¢’. Ac-
cording to the Debye and free electrons theory that ¢” can be associated
with the equations [43,44]:

EI/ = 5
2meof 3)
n __ 27Z'f‘[' (Es_goo)
1+ j@af)e? )

From &” curve of S700, there is no obvious polarization presence. As
a result, conductive loss is the main loss manner. On the prior Raman
results, the poor graphitization could be responsible for the lower ¢”
values. With regard to the complex permeability for all composites
(Fig. 8c and d), they are relatively small because of weak magnetism
and low filling loading ratio. For the complex permeability of the
composites, all samples present much fluctuation on the curves. By
carefully observing electromagnetic parameters of S800, it is discovered
that there are exact connections between ' and &’ curves because of
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precise correspondence for peak in y’ to valley in ¢” at the same position
as well as p” to ¢” (Fig. 8e and f). We have reason believe that the
complex permeability would be responded to the dielectric transfor-
mation, which may be resulted from electromagnetic coupling effect.
The result is similar with the previous reports [45,46]. For u”, other
peaks without impacting by dielectric parts could be related with
multiple resonance behavior of metal Co [40]. Comparing with C700,
S700 reveals obvious magnetic loss benefiting microwave dissipated.

In order to find out the dissipated mode, the dielectric loss tangent
(6.) and magnetic loss tangent (8,) of all samples are given in Fig. 9.
Clearly, S600 and Co@NPC have minor dielectric loss factors ranged
from 0.06 to 0.2 and 0.09-0.25 but relatively high magnetic loss fac-
tors. S800 (0.53-0.34) and C700 (0.3-0.77) display decent dielectric
loss, which is higher than that of S700 (0.25-0.41). It is noteworthy
that the high dielectric loss factors usually greater than 0.5 would be
harmful to the impedance matching characteristic of the absorber.
Comparing with the magnetic loss values, clearly, the dielectric loss is
the main microwave attenuation for the composites. Besides, S700
presents superior magnetic loss than C700.

Furthermore, the attenuation competences of materials, relating to
the RL value closely, can be evaluated by the attenuation constant (a),
which can be written as: [28]

_ Janf
nn_ w12 ' N2
cx\/(/xa—,us)+\/(,ua—,u£) + (We" + u'e)

a

(5)

As seen in the Fig. 10, the Co@NPC and S600 have a low a value,
which was result from the poor dielectric properties and weak magnetic

439

loss. It is clearly observed that the C700, S700 and S800 exhibit the
strong attenuation EM wave capacities and the maximum a value could
reach 276, 252 and 334, respectively.

Apart from the attenuation constant, the impedance match is an-
other key factor to impact the intensity and f. of RL peak. It is widely
accepted the impedance matching behavior is the necessary pre-
requisite to determine whether an absorber is outstanding or not, so we
should make the complex ¢, closer to the complex permeability u, as
much as possible. Thus, most of microwave could be allowed into ab-
sorber and realize subsequent dissipation. On the ground of impedance
matching equations [6,7]:

Z = ZinlZo (6)

Zy = (u,/e)"?2Zy @)

The Z values of all samples are simulated as displayed in Fig. 11a—e.
It is found that S700 possess more regions that ranged from 0.9 to 1.1
than other four samples. Therefore, the excellent microwave absorbing
properties of S700 could be attributed to the favorable impedance
matching. To help understand the point, taken impedance matching of
1.65mm as illustration (Fig. 11f), we can found that S700 has more
values near 1 than other samples, meanwhile, it performs the best mi-
crowave absorption properties with the maximum RL value of
—51.2dB and effective bandwidth of 4.4 GHz. By comparison, the Z
values at same thickness for other samples are further away from 1
leading to inferior microwave absorption properties. As a consequence,
it can draw a conclusion that more values close to 1 could bring about
the better microwave absorbing properties.

4. Conclusions

To sum up, we have elaborately designed the carbon-cotton/Co@
NPC as outstanding microwave absorber and further researched the
influence of annealing temperature. The results state that composites
decomposed at proper temperature shows better microwave absorbing
properties than pure carbon-cotton. Simultaneously, the enhanced im-
pedance matching characteristic plays a significant role for better mi-
crowave absorption properties of S700. It can obtain the maximum RL
value of —51.2 dB with effective bandwidth of 4.4 GHz at 1.65 mm. We
hope this work may shed light on designing outstanding microwave
absorber by recyclable cotton.
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ABSTRACT

Global increase in demand for food supply has resulted in surplus generation of wastes. What was once
considered wastes, has now become a resource. Studies were carried out on the conversion of biowastes
into wealth using methods such as extraction, incineration and microbial intervention. Agro-industry
biowastes are promising sources of carbon for microbial fermentation to be transformed into value-
added products. In the era of circular economy, the goal is to establish an economic system which
aims to eliminate waste and ensure continual use of resources in a close-loop cycle. Biowaste collection is
technically and economically practicable, hence it serves as a renewable carbon feedstock. Biowastes are
commonly biotransformed into value-added materials such as bioethanol, bioplastics, biofuels, bio-
hydrogen, biobutanol and biogas. This review reveals the recent developments on microbial trans-
formation of biowastes into biotechnologically important products. This approach addresses measures
taken globally to valorize waste to achieve low carbon economy. The sustainable use of these renewable
resources is a positive approach towards waste management and promoting circular economy.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Food is vital for the survival of humanity and its consumption
increases in tandem with population. Over the past decades, WHO
& FAO (2003) reported the global per capita food consumption
increased steadily from 1960s (2358 kcal/capita/day) to 1990s
(2803 kcal/capita/day) with an increment of 100—200 kcal/capita/
day each decade. Moreover, to feed the ever-growing population,
agro-industries need to work harder to ensure the food supply is
sufficient. According to FAOSTAT (2017) and FAOSTAT (2020) the
global food supply increased steadily from 1961 to 2017 at 2196
kcal/capita/day to 2917 kcal/capita/day, respectively. However, the

* This paper has been recommended for acceptance by Dr. Jérg Rinklebe.
* Corresponding author. Faculty of Science and Marine Environment, Universiti
Malaysia Terengganu, 21030, Kuala Nerus, Terengganu, Malaysia.
E-mail address: kesaven@umt.edu.my (K. Bhubalan).
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0269-7491/© 2020 Elsevier Ltd. All rights reserved.

population in 1961 and present has increased by 141.77% (FAOSTAT,
2019). The approach in generation of food then and now is different
due to the massive increase in human population in the past six
decades. To make ends meet Crist et al. (2017) reported that the
method of approach was intensification but this method of
approach clearly neglects the effects it has on the environment
such as increase in agricultural waste production. The Food and
Agriculture Organization (2013) reported that in a food supply
chain the upstream wastage volume amounted 54% of total food
wastage volumes and contributed approximately 34% of total car-
bon footprint. Waste produced at an alarming rate need to be
emphasized urgently for a sustainable production and consump-
tion to maintain the balance of Earth systems (Mihai and Ingrao,
2016). Food wastage and waste has become a global issue and is
highlighted in SDG 12 (Responsible consumption and production)
under target 12.3 (By, 2030, halve per capita global food waste at the
retail and consumer levels and reduce food losses along production
and supply chains, including post-harvest losses) and target 12.5 (By,
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2030, substantially reduce waste generation through prevention,
reduction, recycling and reuse). To realize both targets, there is a
need for circulating the waste lost and re-utilizing it through
recycling and reusing.

Agro-industrial wastes are wastes such as agricultural field and
process residues and industrial residues (Sadh et al., 2018). These
are known as biowaste and they are fed by industrial and agricul-
tural sectors with no sustainable ways of putting them to good use
(Mihai and Ingrao, 2016). Biowaste contributes to a huge fraction of
municipal solid waste stream especially in developing countries
(Mihai and Ingrao, 2016). These biowastes can be used for the
production of carbon based products in the place of fossil sources
with the impressive reduction of carbon dioxide releases into the
atmosphere (Fava et al., 2015). However, biowaste were usually sent
to landfills as a disposal method (Fava et al., 2015) as it is a cheaper
option. Traditional methods for biowaste recovery such as com-
posting and animal feed were used (Mihai and Ingrao, 2016) but
despite the traditional approach only 25% (i.e. 30 million tons per
year) of the total biowastes (118—138 million tons per year) were
recycled (Razza et al., 2018). The remaining ended up landfilled
producing greenhouse gases at an unthinkable rate (Siebert, 2015).
Fig. 1 shows the waste disposal and treatment methods practiced
globally.

The current socioeconomic system rides on the linear economy
which prompts industries to make and consumer to use and
dispose (Michelini et al., 2017). However, we are quickly reaching a
point where the linear model is no longer suitable due to increasing
global population and the availability of potentially useful indus-
trial wastes (Lacy and Rutqvist, 2015). The world is pushing the
land, forests and water past their regenerative capabilities (Lacy
and Rutqvist, 2015) and damage have to be minimized before it is
too late. For a developing or developed country economic devel-
opment and environmental sustainability are both essential to
ensure a sustainable place for the future generations. China being
one of the world’s largest manufacturer and exporter has taken the
first step into implementing the circular economy model to
harmonize economic development and environmental conserva-
tion (Ellen MacArthur Foundation, 2018). The circular economy is a
systemic approach that promotes regenerative and restorative by

Waste Disposal

Waste
Disposal

2007 million
tonnes
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intention and aims to decouple growth from the consumption of
non-renewable resources (Lacy and Rutqvist, 2015; Ellen
MacArthur Foundation, 2017, 2018).

Microbial-derived organic compounds such as surfactant, en-
zymes and polymers are valuable resources. However, bio-
synthesizing these products are quite costly compared to the fossil-
derived counterpart. For example, the production of poly-
hydroxyalkanoate (PHA) is expensive due to costs of raw materials
and downstream process (Tripathi et al., 2019). The carbon sources
are needed in continuous supply if the biotechnological products
were to be mass produced. Studies done by Riedel et al. (2015),
Yustinah et al. (2019) and Yatim et al. (2017) had proved that wastes
from food and agricultural industries can be used as carbon feed-
stock for PHA production and Tripathi et al. (2019) concluded that
agricultural waste gave better yields compared to other expensive
carbon sources.

Previously published reviews on circular economy models fo-
cuses on the laws and legislations enacted (Nelles et al., 2019),
embracing the 3R (reduce, reuse, recycle) principles (Liu et al.,
2017), putting the circular economy concept to practice (Pesce
et al., 2020) and approaches on utilization of the wastes for sec-
ond generation production (Girotto et al., 2015). Our review high-
lights recent efforts on valorization of biowastes by microbial
biotransformation into biotechnologically important organic com-
pounds such as surfactant, enzymes and biopolymer among the
others as a promising platform in closing the loop in a circular
economy model especially concerning agriculture and food in-
dustries. Besides, the circular economy concept and implementa-
tion as well as and the policies on recycling or reusing biowastes in
countries will be reviewed as this is one of the important efforts
towards achieving low carbon economy. The outlook includes
recommendation for future research on filling the existing knowl-
edge gaps in microbial utilization of biowastes for sustainable use
of these resources as an approach towards waste management and
promoting circular economy.

2. Biowaste

Agricultural residues are generated from the growing and
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Fig. 1. Percentage of waste disposal and treatment methods practiced globally [Illustration adapted and modified from Kaza et al. (2018)].
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processing of raw products such as vegetables, poultry, meat, fruits,
crops and dairy products (Obi et al., 2016). According to Sadh and
coworkers (2018) the food processing industries produces large
amount of organic waste and related effluents annually. There are
two types of food wastage: food loss and food waste. There is no
common definition of food waste and food loss as it reflects on the
perspective of the stakeholders on food waste and food loss (FAO,
2019). However, FAO (2019) conceptually defined food loss as the
loss of food in the entire supply chain excluding the point where
there is interaction with the retail, food service providers and
consumers. Food waste was conceptually defined as the loss of food
due to the purchasing decisions by consumers, or decisions by re-
tailers and food service providers that affects the consumers’
behavior (FAO, 2019).

According to Ostergren et al. (2014), food waste was defined as
“any food, and inedible parts of food, removed from the food supply
chain to be recovered or disposed (including composted, crops
ploughed in/not harvested, anaerobic digestion, bio-energy produc-
tion, co-generation, incineration, disposal to sewer, landfill or dis-
carded to sea)”. The discharge of food material occurs from the start
to the end of the food supply chain (Girotto et al., 2015). The agri-
cultural sector produces waste from farming and husbandry while
the food processing and manufacturing sector produces food loss
and food waste due to damage during transport, inappropriate
storage and contamination (Girotto et al., 2015). Annually one-third
of the food produced is wasted through the supply chain stirring up
social, environmental and economic problems (Girotto et al., 2015;
Xu et al., 2018). These wastes are normally landfilled (Ayodele et al.,
2020). However, landfilling leads to release of landfill gas (LFG)
such as carbon dioxide and methane when microorganisms
degrade biowaste (Powell et al., 2015; Zuberi and Ali, 2015; Faubert
etal,, 2019). According to Sun et al. (2016), the recovery of methane
is possible using a landfill bioreactor. The carbon dioxide emission
was subjected to international carbon market mechanisms imple-
mented under the 1997 Kyoto Protocol (Schneider and Theuer,
2018). Countries like Canada, Britain, United States and Australia
has put a price on carbon per ton which were $15, $25, $5-$15 and
$10, respectively (Ayodele et al., 2020).

2.1. Oil palm and its waste

Elaeis guineensis, the oil palm tree that originated from Africa is
one of the agricultural crops that thrive in tropical hot climates
(Awalludin et al.,, 2015; Loh, 2017). Malaysia is one of the world
largest producer of palm oil (Hazman et al., 2018). In 2019, there are
a total of 5.9 million hectares of oil palm planted in Malaysia and
produced a total of 19.86 and 1.09 million tons of palm oil and palm
kernel oil, respectively (MPOB, 2020). The oils were exported to
India, China, European Union, Pakistan, Turkey and Philippines
(MPOB, 2020). In 2015, Malaysia contributed 20 million tons of
edible palm oil equivalent to one-fourth of global total production
of the commodity (Owolabi et al., 2017). The magnificent produc-
tion of palm oil ultimately leads to large amount of oil palm-derived
waste. The wastes consist of palm oil mill effluent (POME) (Chan
and Chong, 2019), empty fruit bunches (EFB) (Rubinsin et al.,
2019; Yustinah et al., 2019), mesocarp fibre (MF) (Awalludin et al.,
2015), palm kernel shell (PKS) (Loh, 2017), oil palm fronds (OPF)
(Tan et al., 2016), and oil palm trunks (OPT) (Kunasundari et al.,
2017).

POME is one of the major industrial wastewater generated in the
palm oil processing mill (Chan and Chong, 2019). Raw POME is a
thick, brownish liquid effluent (Zainal et al., 2017) discharged at a
temperature of 80—90 °C (Alhaji et al., 2016). The POME produced is
triple the amount of crude palm oil (CPO) produced (Chan and
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Chong, 2019). Raw untreated POME has high biological (BOD) and
chemical oxygen demand (COD) which causes rapid deoxygenation
to the water body when released (Kamyab et al., 2018; (Lee et al.,
2019). Other than wastewater, the palm oil production line also
produces massive amounts of lignocellulosic waste. OPF is the
largest Malaysian biomass source at a staggering amount of 48
million tons per year (Zain et al., 2018). EFB is obtained after the
fresh fruit bunches are harvested for their fruits. EFB compose the
largest fraction from palm oil mills waste (Krishnan et al., 2017)
second to OPF. Malaysia generates approximately 15 million tons of
EFB yearly (Koguleshun et al., 2015). MF is one of the many ligno-
cellulosic wastes produced in an oil palm plantation (Yahayu et al.,
2018). It is obtained after palm oil was extracted through pressing
(Yahayu et al.,, 2018). Besides that, PKS is another lignocellulosic
wastes produced in an oil palm plantation (Lin et al., 2016). It is a
layer of endocarp that surrounds the kernels and seeds, produced
when the nuts are crushed to extract the kernels (Nizamuddin
et al., 2016). On average, the oil palm tree (OPT) will be felled
every 20—25 years as the oil productivity decreases (Noparat et al.,
2017; Gomes et al., 2018; Poh et al., 2020). Approximately 74.48
tons of OPT will be produced in 1 ha of oil palm planted area (Loh,
2017).

2.2. Paddy and its wastes

Rice (Oryza sativa) residing at the bottom of the food pyramid is
the chief staple of the human diet. It provides the necessary
nutrient and energy for humans to carry out daily routines. It
contributes approximately 21% of global human per capita food
energy and 15% per capita protein (Kumar et al., 2016). According to
statistics, in 2018/2019 China is currently at the top producing 148.5
million metric tons (MMT) followed by India and Indonesia (116.42
MMT and 36.7 MMT, respectively) (Shahbandeh, 2020a). The waste
that is produced after harvesting rice husk and rice straw. One ki-
logram of harvested paddy produces rice husk comprising 20—30%
of the paddy weight (Pode, 2016). Rice straw accounts for between
0.41 and 3.96 kg (Pode, 2016; Azat et al., 2019).

2.3. Corn and its wastes

Corn (Zea mays) or better known as maize is widely cultivated in
the United States producing 345.89 MMT in 2019/2020 followed by
China and Brazil at 260.77 MMT and 101 MMT, respectively
(Shahbandeh, 2020b). Corn is one of the major cereal crops used to
manufacture human food, animal feed and products such as corn
starch, adhesives, cereals and sweetener (Ruan et al., 2019). Since
the 1970s, United States has reign over the exports of corn at
approximately 40% of the global market share (Hutchins, 2018). The
massive cultivation and exports led to the generation of corn waste.
During the harvesting and processing, corn stover, corn cob, corn
germ, condensed distillers solubles, corn distillers dried grains with
solubles and wastewater are generated in huge amounts (Ruan
et al,, 2019). Corn stover and corn cob are the most abundant
lignocellulosic biomass in the corn plantation.

3. Bioconversion of biowastes into biomaterial by
microorganisms

Biowastes has been piling up in landfills or being discarded into
the water bodies at astounding amounts every year. However, with
the advances of technologies complementing the waste-to-energy
strategy, energy recovery from solid wastes has become a
tempting option for an effective waste management solution
globally (Manna et al., 2018). There are several energy recovery
approaches such as mass incineration (Yap and Nixon, 2015),
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pyrolysis (Lam et al., 2016; Mahari et al., 2018), gasification process
(Akhtar et al., 2018), greenhouse gas (GHG) recovery (Zuberi and
Ali, 2015) and composting (Smith and Aber, 2018) can convert
waste to electricity, heat or fuels from biowastes.

There are numerous studies done using the waste-to-energy
(WTE) strategy. This concept enables the world to look at wastes
as a source of renewable energy. With the resources pricing fluc-
tuating, wastes can be utilized to reimagine the production line. By
embracing the WTE strategy, microorganisms can be used as a
waste management tool. The end product produced by the micro-
organisms can be tailored to suit the demand. Studies had been
done on the utilization of biowaste by microorganisms to produce
biotechnologically important products. This approach not only
gives the biowaste a second chance in life but also solves one of the
toughest challenges in bacterial fermentation which is the need of
continuous supply of inexpensive carbon feedstock. Therefore, this
section reviews on four different biotechnological important
products that can be produced by utilizing biowaste as feedstock.

3.1. Biopolymer

One of the most common types of bacterial biopolymer ac-
cording to Mohamed et al, (2017) is PHA. PHA is a family of natu-
rally occurring biopolymers synthesized by microorganisms (Tan
et al., 2014). PHA biosynthesis is kickstarted by limiting factors
(nitrogen, phosphorus, sulfate and oxygen) and excess carbon and
stored in the cytoplasm of the bacteria in the form of intracellular
granule (Urtuvia et al., 2014). PHAs are natural polyesters of 3-, 4-,
5-, and 6-hydroxyalkanoic acids (Raza et al., 2018). More than 150
monomers of hydroxyacids have been reported to be produced.
According to a review done by Meng et al. (2014), PHA has been
classified into groups namely homopolymers (consists of one
monomer), random copolymers (consists of two or more mono-
mers) and block copolymers (at least two homopolymers). Among
the PHA-producing microbes, Cupravidus necator, Bacilllus sp. and
Pseudomonas sp. has been widely studied (Sagong et al., 2018). PHA
biosysthesis involves utilization of carbon sources converting into
precursor molecules and polymerized by PHA synthase (Bhubalan
et al,, 2011). Sagong et al. (2018) reported acetyl-CoA is an impor-
tant key precursor for the synthesis of short-chain-length (SCL-)
and medium-chain-length (MCL-) PHAs. The most common types
of PHAs studied are poly(3-hydroxybutyrate) [P(3HB], poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) [P(3HB-co-3HV)], poly(3-
hydroxybutyrate-co-4-hydroxyvalerate) [P(3HB-co-4HV)] poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate) [P(3HB-co-3HHx)] and
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poly(3-hydroxybutyrate-co-4-hydroxybutyrate) [(P(3HB-co-4HB)]

PHAs are known to possess properties such as insoluble in water
(Amelia et al., 2019), non-toxic (Alves et al., 2017), biodegradable
(Isola et al., 2017), biocompatible (Yeo et al., 2018) and thermo-
plastic (Raza et al., 2018) which makes PHA versatile second to
synthetic plastics. PHA has very wide application which includes
agricultural (Amelia et al., 2019), medical implantation (Vigneswari
and Amirul, 2017), drug delivery and tissue engineering (Elmowafy
et al,, 2019) and food packaging (Bakar and Othman, 2019). How-
ever, one of the major challenges of PHA is the large-scale pro-
duction cost which is dependent on three crucial factors, which
include the cost of carbon feedstocks (up to 50% of process costs),
cost of downstream processing cost and process development
(Riedel et al., 2015). Utilization of inexpensive carbon feedstock like
agro-industrial wastes, facilitates cost reduction and benefits large-
scale PHA production (Riedel et al., 2015). As reported by Tripathi
et al. (2019) the cost can be reduced by opting agro-based waste
as carbon source. The varying carbon sources used for PHA pro-
duction can be found in Table 1.

It is a common practice to use pure substrates for PHA pro-
duction as high yields can be achieved at a constant rate. These
cultivation systems employ pure bacterial cultures or single strain
cultivation. Among the main challenges of using wastes as carbon
substrates is the availability, composition and production yield.
These shortcomings are the focal points on which researchers are
working at improving by developing more robust strains or culti-
vation system which involves lesser aseptic techniques. Through
genetic engineering, strain which are contamination resistant could
be developed to withstand the impurities found in biowastes. On
the other hand, a study reported that bacteria from seawater have
been used to produce PHA using seawater as growth media in the
presences of different carbon substrates (Yatim et al., 2017). Halo-
philes are promising PHA producers as they can thrive in seawater-
based medium which eliminates the contamination by non-
halophiles which in return eliminates the sterilization step.

3.2. Surfactant

Surfactants (SURface ACTive AgeNTS) are amphiphilic molecules
with hydrophobic and hydrophilic moieties which allows reduction
of the surface tension of an aqueous medium (Chong and Li, 2017;
Tripathi et al., 2019; Jahan et al., 2020). This allows two immiscible
media to form an emulsion layer. It is widely used in households,
healthcare industry and agriculture (Varjani and Upasani, 2017).
The demand for surfactant is ever growing (Gudina et al., 2016). It is

Table 1
Production of PHA by various bacteria using different types of biowastes.
Bacteria Carbon source PHA type Reference
Bacillus megaterium UMTKB-1 Glycerol 3HB) Yatim et al. (2017)
Sweetwater 3HB)
Sugarcane molasses 3HB)
Haloferax mediterranei DSM1411 Whey 3HB-co-4HV) Koller (2015)
Bacillus cereus suaeda B-001 Glucose 3HB) Yustinah et al. (2019)

Oil palm empty fruit bunch
Cheese whey
Sludge palm oil

Haloferax mediterranei ATCC 33500
Cupravidus necator Re2058/pCB113

C. necator Re2058/pCB113 Animal fat
Cupravidus necator H16 Animal fat
Tallow

Bacillus subtilis RS1

H. mediterranei DSM 1411
Halomonas halophila CCM 3662
Pseudomonas aeruginosa STN-10
Bacillus spp. BM 37

Pichia kudriavzevii VIT-NN02

Pre-treated sugarcane molasses
Olive mill wastewater

Spent coffee grounds

Frying oil

Corn cob hydrolysate

Banana peel

3HB-co-3HV)
3HB-co-3HHx)

Pais et al. (2015)
Thinagaran and Sudesh (2017)
Riedel et al. (2015)

Rathika et al. (2018)

Alsafadi and Al-Mashagbeh (2017)
Kovalcik et al. (2018)

Tufail et al. (2017)

(Stoica et al. (2018))

Ojha and Das (2020)
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estimated that the total worldwide annual production of surfactant
is over 15 million tons and it is expected to hit approximately 24
million tons annually by 2020 (Gudina et al., 2016). Currently, most
surfactant are man-made deriving from petroleum due to low cost
production (Chong and Li, 2017). However, synthetic surfactants
may pose a threat to the environment due to its non-
biodegradability (Chong and Li, 2017). With the advances in
biotechnology, surfactant from microorganisms are gaining atten-
tion from researchers world over (Roy, 2018).

3.2.1. Biosurfactant

Biosurfactants are amphiphilic (both hydrophobic and hydro-
philic) compounds biosynthesized by a wide range of microbes
including bacteria, yeast and fungi (Roy, 2018). Biosurfactants
possess several advantages over synthetic surfactants which
include low toxicity, biodegradability, stable in extreme pH, tem-
perature and salinity (Akbari et al., 2018). Synthetic surfactants
elicit pollutants by-products that are harmful to the environment.
Therefore, it has become imperative to look for an environmentally
friendly alternative without compromising on the performance.
Biosurfactants have garnered much attention in the recent times, as
an alternative eco-friendly, biodegradable, biocompatible, low-
toxicity and stable material, with potential application in many
industries such as food and beverages, pharmaceuticals and cos-
metics (Vijayakumar and Saravanan, 2015). Moreover, biosurfactant
has been used for microbial enhanced oil recovery for enhanced oil
recovery projects due to its functional properties. Biosurfactant are
classified into five types which are glycolipids, lipopeptides,
phospholipids, fatty acids and polymeric biosurfactants (Geetha
et al,, 2018). Studies have proved that the best-known microor-
ganisms for biosurfactant production are Bacillus sp., Pseudomonas
sp., Rhodococcus sp., Candida sp. and Acinetobacter sp. (Geetha et al.,
2018). The most widely studied bacterium is Pseudomonas aerugi-
nosa which is a consistent producer of rhamnolipids (Martinez-
Toledo et al., 2018). However, the production of biosurfactant is
comparatively low in the global market. One of the main cost
escalating factors of biosurfactant production is the feedstock for
the microorganisms as the downstream process. The feedstock cost
is estimated to be 50% of the total production cost. Researchers had
turned to low-cost or cost-free feedstocks such as agricultural by-
products for biosurfactant production (Silva et al., 2017). The
cheapest and most widely available biosurfactant in the market,
sophorolipid is priced at $34/kg active matter compared to
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synthetic surfactants sold up to $4/kg (Dolman et al., 2019). Table 2
shows recent studies on the production of biosurfactant using
biowaste as feedstock.

The overall production cost of biosurfactants can be reduced by
regulating both upstream and downstream processes when wastes
are being used as carbon feedstocks. Since biosurfactants are pro-
duced extracellularly, the important part of the bacterial culture is
the supernatant. Instead of inoculating microbes into the medium,
they can be introduced using the ‘tea bag’ concept where it elimi-
nates the need for separation step. The microbes can be immobi-
lized on activated carbon or beads and placed in ‘tea bag’ for
continuous production of biosurfactant. Biosurfactant producers
can be isolated directly from the waste or waste treatment plant.
These microbes are believed to have acclimatized to the conditions
of its surrounding. Conversely, the wastes can be used as the
growth medium and the feedstock simultaneously which elimi-
nates the need of a separate growth medium. However, a proper
separation process of wastes from the biosurfactant-enriched me-
dium is required to ensure the purity of biosurfactant is not
affected. For example, isolation of the biosurfactant rich superna-
tant can be done by placing the microbes and waste in the same
entity with pores just enough for water molecules to pass through.
During the extraction, the microbes and waste free media can be
filtered to remove excess particles (suspended solids).

3.3. Enzymes

Enzymes are found in every living system. Enzymes act as
catalyst that increases the rate of chemical reactions in the living
system. Enzymes are able to increase rates of chemical reactions
without getting consumed and altering the chemical equilibrium
between reactants and the products (Cooper, 2019). Without en-
zymes, the chemical reactions in the living systems would take a
very long time to complete since the enzymes hastens the reactions
by a millionfold. Therefore, enzymes are highly valued especially in
the industrial sectors. Enzymes produced by microorganisms are
more stable and active compared to plants and animals which
make them 