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31	Abstract
32
33
34	The biomass-derived mesoporous core-shell Fe3C@graphene oxide nanospheres
35
36	(mFe3C@GO NSs) was synthesized with high-quality lignins and applied for
37
38	electrochemical energy storage. The synthesis conditions of mFe3C@GO NSs are
39
40	optimized and   its formation   mechanism   is   proposed.   The mFe3C@GO   NSs
41
42	homogeneously dispersed in GO conductive network and maintained the structural
43
44	integrity of the electrode in the electrochemical process. Benefiting from the
45
 (
47
)46	advantages   of   the   core-shell   construction   and   graphene   oxide   network,   the
 (
49
)48	mFe3C@GO NSs exhibits extensible exploration in electrochemical energy storage
50
51	(EES).
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1	1. Introduction
2
3	By integrating Li-ion battery electrode and supercapacitor into one device is
4
 (
6
)5	expected to combine the advantages of the two energy storage mechanisms to
 (
8
)7	obtain  a  “double  high”  Li-ion  battery  (LIB)  and  supercapacitor  (SC)  hybrid
9
10	energy  storage  devices  (LIB-SC  HESDs),  which  are  likely  to  be  the  future
11
12	power   source   for   multi-function   electronic   equipment   and   electric/hybrid
13
14	vehicles [1, 2]. However, the performance of LIB-SC HESDs is limited by the
15
16	mismatched	charge	storage	capacity	and	electrode	kinetics	between
17
18	battery-type	and	capacitive	electrodes	[1].	Therefore,	the	design	of
19
20	high-performance   electrode   materials   and  understanding   on   the  matching
21
 (
23
)22	theory  between  the  positive  and  negative  electrodes  of  LIB-SC  HESDs  face
 (
25
)24	overwhelming challenges [3].
26
27	Graphene (GN)-like two-dimensional (2D) materials have the potential in
28
29	applications due to their unique interfacial structure, attractive properties, facile
30
31	synthesis, and ease of functionalization [4, 5]. Numerous studies indicate that
32
33	the	effective	work	function	of	carbon-based	electrode	was	increased
34
35	significantly  by  inserting  metal  oxide  nanoparticles  [6-8].  The  GN  and  iron
36
37	carbide  (Fe3C)  bifunctional  oxygen  electrocatalysts  demonstrated  synergistic
38
 (
40
)39	effects  [9,  10].  Fe3C  was  applied  in  lithium-ion  batteries  (LIBs)  as  anode
 (
42
)41	material, the question remains, however, the structure collapse originating from
 (
44
)43	volume  change  during  the  continuous  charge/discharge  process  and  the  poor
45
46	conductivity  of  Fe3C  resulted  in  rapid  capacity  fading,  particularly  in  high
47
48	current density [11]. Structure engineering and conductive network doping had
49
50	wide	applicability	to	solve	these	problems	[12-14].	Nevertheless,	the
51
52	fabrication of core-cell carbon coating with different design strategies of large
53
54	specific surface area, excellent conductivity and mechanical flexibility lead to
55
56	restricted performance improvement [15]. In general, the core-shell structure is
57
58	desirable to realize synergism effect, but surprisingly little attention focus on

1	the  utilization  of  lignin.  Lignin  emerges  as  a  by-product  from  papermaking
2
3	industry  by  the  degradation  of  the  nature   wood,   which  is   suitable  for
4
5	thermochemical  reaction  for  its  high  yield  of  pyrolysis  products  and  is
6
7	considered a promising feedstock for carbon materials production [16, 17]. Its
8
9	surfactant   structure   contains   multifarious   functional   groups   of   carboxyl,
10
11	hydroxyl, benzyl alcohol, methoxyl, and trace elements (such as Si and S, etc),
12
13	providing lone pair electrons, nucleation sites and adsorb metal ions [18].
14
 (
16
)15	Here,  the  biomass-derived  mesoporous  core-shell  Fe3C@graphene  oxide
 (
18
)17	nanospheres  (mFe3C@GO  NSs)  were  fabricated  by  a  simple  wet  chemical
 (
20
)19	route with  high-quality  lignins  as the  organic  ligands  of Fe(II)/Fe(III)-MOFs
21
22	precursor and the carbon source, and the synthesis mechanism was proposed.
23
24	The microstructure and chemical composition exhibits synergetic effects of fast
25
26	ion insertion/extraction, high electrolyte permeability, and electric conductivity
27
28	for lithium-ion battery and supercapacitor, respectively. More importantly, the
29
30	HESDs  constructed  with  mFe3C@GO  NSs  and  mesoporous  Li3V2(PO4)3/C
31
32	microspheres   (mLVP/C   MSs)   [19]   exhibit   highly   matched   capacity   and
33
 (
35
)34	significant pseudocapacitive behavior.
36
37	2. Experiments sections
38
39
40	2.1. Synthesis of mFe3C@GO NSs
41
42	The Fe3O4-MOFs precursor was synthesized by a simple, low-cost and green method
43
44	of hydrothermal crystallization and reduction. Typically, 33 mL 1mol L−1 Fe3+
45
46	solution was slowly added into 50 mL lignin solution with magnetic stirring for 6 h at
47
48	room temperature to form a thick liquid. The pH value of the mixed solution was
49
50	reduced from 13 to 7. Subsequently, the mixed solution was shifted to a Teflon-sealed
51
52	autoclave and heat-treated for 48 h at 180°C. After the autoclave cooled down to room
53
54	temperature naturally, the precipitate was washed with deionized water for three times
55
56	and dried at 60 °C to obtain the Fe3O4-MOFs precursor. The mFe3C@GO NSs was
57
58	obtained by carbonizing Fe3O4-MOFs precursor at high temperature for 8 h in a tube

furnace with a heating rate of 5°C min−1 in nitrogen (N2) atmosphere. For comparison,
1
2	the GO blank sample was prepared without additional Fe3+ through similar conditions.
3
 (
5
)4	2.2. Characterizations
 (
7
)6	X-ray diffraction (XRD) was recorded on a LabX XRD-6100 with Cu-Kα radiation
 (
9
)8	(Shimadzu, λ= 1.5406 Å). X-ray photoelectron spectroscopy (XPS, ESCALAB Xi+)
 (
11
)10	was carried out to characterize the elemental components and chemical states of
 (
13
)12	elements. Field emission scanning electron microscopy (FE-SEM) was used to
14
15	observe the morphological structure of sample by a ZEISS scanning electron
16
17	microscope equipped with an X-ray energy dispersive spectrometer (EDS) at 20 kV,
18
19	and the EDS images were captured for analysing the distribution of elements. The
20
21	JEF-2100F is a transmission electron microscopy (TEM) that performed the lattice
22
23	fringe images under the condition of 200 kV. Raman spectra were measured by a
24
25	Renishaw RM2000 Raman microscope with 514 nm excitation argon laser.
26
27	Differential scanning calorimetry (DSC-100H, Nanjingdazhan) was used to measure
28
29	the thermal change of Fe3O4-MOFs precursor. The N2 adsorption–desorption isotherm
30
31	and Barrett–Joyner–Halenda (BJH) pore size distribution were obtained at 77 K using
32
33	an automatic surface area analyzer (Micromeritics, Gemini V2380, USA).
34
 (
36
)35	2.3. Electrochemical measurements
 (
38
)37	2.3.1 Li-ion batteries
 (
40
)39	The electrochemical performances were characterized in a coin-type LIR2032 cell at
 (
42
)41	room temperature. The working electrode was prepared by mixing 80% mFe3C@GO
 (
44
)43	NSs, 10% acetylene black and 10% polyvinylidene fluoride (PVDF) in N-methyl
45
46	pyrrolidone to prepare , and then the slurry was coated on copper foil surface
47
48	uniformly. After that, the electrode was dried at 60 °C in an electric thermostatic
49
50	drying oven and then dried at 110 °C for 10 h in vacuum drying oven. The electrode
51
52	was cut it into wafers with a diameter of 15 mm. The cells were assembled in a
53
54	high-purity argon-filled inert glove box with the synthesized electrode as anode and
55
56	polypropylene (PP) membrane as a separator, 1.0 M LiPF6 EC: DC: EMC (ethylene
57
58	carbonate: dimethyl carbonate: cthylene methyl carbonate = 1:1:1 ) as the electrolyte.
59
60	After	assembling	battery	pack	and	ageing	treatment,	the	electrochemical

 (
61
62
63
64
65
)
characteristics were conducted. The charge-discharge and cyclic voltammetry (CV)
1
2	curves were measured by Channels battery analyzer (CT3008W) between 0.01–3.00 V.
3
 (
5
)4	Electrochemical impedance spectroscopy (EIS) tests were performed in the frequency
 (
7
)6	range from 100 KHz to 10 mHz. The CV and EIS measurements were recorded on a
 (
9
)8	PARSTAT 2263 electrochemical workstation. All the processes were measured at
 (
11
)10	room temperature.
12
13	2.3.2 Hybrid energy storage devices (HESDs)
14
15	Hybrid energy storage devices (HESDs) were constructed using mFe3C@GO NSs as
16
17	the anode and mLVP/C MSs as the cathode. The average mass loading of the mLVP/C
18
19	MSs cathode was about 1.35 mg cm−2. The charge-discharge curves were carried out
20
21	between 0.00–4.00 V. All the tests were performed at room temperature.
22
23	The average mass loading of the active material is shown in equation 1:
24
25	Mass load = m/A	1
26
27	Where m (mg) is the mass of active material, A (cm2) is the area of the electrode
28
29	sheet with a diameter of 15 mm.
30
31
32	3. Results and discussion
33
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52
 (
54
)53	Fig.  1  (a-c)  Schematic  illustration  for  reaction  of  lignin  with  Fe3+.  (d,  e)
55 Secondary building  units  of  Fe(III)-MOFs,  Fe(II)/Fe(III)-MOFs  and  spiral
56  (
57
)Fe3O4-MOFs (gray: C; voilet: FeO6 octahedron; blue: FeO4 tetrahedron). (f)
58	Structure illustrations of mFe3C@GO NSs after carbonization.
59
60

1	Fe3+  is  an  ideal  metal  ion  to  construct  nodes  of  metal-organic  frameworks
2
3	(MOFs) due to its low toxicity, abundance and hard Lewis acid, resulting in
4
5	stronger coordinating bonding with organic ligands, and therefore more stable
6
7	frameworks [20-22]. The in-situ synthesis of mFe3C@GO NSs is shown in Fig.
8
9	1. Benefiting from Fe3+ ions and functional groups in lignin, the nucleation and
10
11	growth  of  the  lyotropic  liquid  crystals  (LLCs)  is  determined  (Fig.  S1a).
12
13	Moreover, the factor affecting the spontancous chelation and depolymerization
14
 (
16
)15	is electrophilic attack of lignins (Fig. 1a). The nucleation and growth of Fe3+
 (
18
)17	ions are correlated with the functional groups and highly hydrophilic groups on
 (
20
)19	lignin surface (Fig. 1b). When Fe3+ ions are deficient, the Fe/lignin chelates
21
22	tend to curl in some directions because of electrostatic attraction (Fig. 1c). The
23
24	hydrothermal crystallization behaviour of Fe(III)-MOFs in connection with the
25
26	self-assembly of Fe/lignin chelates. Surplus functional groups were pulled away
27
28	from the lignin structure and donated electron, causing the oxidation-reduction
29
30	reactions of Fe3+ ions and forming the Fe(II)/Fe(III)-MOFs, and ultimately the
31
32	spiral Fe3O4-MOFs (Fig. 1d  and e). In the synthesis process, Fe3O4 produce
33
 (
35
)34	chemisorption	to	the	π	bond	of	unsaturated	hydrocarbons	in	lignin,
 (
37
)36	consequently weakening the bond energy of lignin and prompting the cleavage
38
39	of  organo-functional  groups  (C-H  and  C-O  bonds).  Meanwhile,  the  lignins
40
41	provide carbon-rich matrix and abundant free carbon atoms. The mFe3C@GO
42
43	NSs was obtained by carbonizing Fe3O4-MOFs at 800 °C for 8 h in an nitrogen
44
45	atmosphere. Fe3C nanospheres that coated by graphene oxide are dispersed in
46
47	the conductive network of GO nanosheet homogeneously (Fig. 1f).
48
49	X-ray  diffraction  (XRD)  patterns  of  the  samples  synthesized  with  the
50
 (
52
)51	different addition amounts of Fe3+ were displayed in Fig. S2, demonstrating the
 (
54
)53	optimal volume ratio 0.66 of 1mol L−1 Fe3+ solution and the liquid containing
 (
56
)55	the lignin. The semi-transparent 3D visualisation image in Fig. 2a shows the
57
58	layered  skeleton  structure  and  open  interlinking  pores  of  Fe3O4-MOFs  with
59
60	oversize connected pores (0.5–1.0 μm) (Fig. S3). The X-ray diffraction (XRD)

1	pattern  demonstrates  the  crystal  structure  of  Fe3O4-MOFs  (Fig.  2b).  The
2
3	diffraction peaks at 5-30° correspond to the simulated MIL-53(Fe), while the
4
5	peaks at 30-80° relate to the Fe3O4 crystalline phase (JCPDS, No. 89-3854) [23,
6
7	24].  The  synthetic  temperature  of  Fe3C  range  from  750  to  850  °C  was
8
9	confirmed	by	differential	scanning	calorimeter	(DSC,	Fig.	S4).	The
10
11	mFe3C@GO NSs synthesized at 800 °C for 8 h is well indexed to orthorhombic
12
13	phase   of   Fe3C   (PDF#65-2413)   and   graphene   oxide,   while   the   samples
14
 (
16
)15	synthesized  at  750  °C  and  900  °C  contain  impurity  phase  (Fig.  2c).  The
 (
18
)17	graphene oxide with a high degree of disorder is evidenced by a wide reflection
 (
20
)19	2θ range from 20 to 30°, with a strong peak characteristic at 2θ=25°. Raman
21
22	spectra (Fig. 2d) indicate the intensity ratio (IG/ID=1.87) of mFe3C@GO NSs is
23
24	higher  than  that  of  GO  (IG/ID=1.06),  demonstrating  the  higher  graphitization
25
26	degree of graphene oxide in mFe3C@GO NSs. Furthermore, the sharper shape
27
28	and  stronger  intensity  of  2D  peak  for  mFe3C@GO  NSs  shifted  to  lower
29
30	frequency obviously, which may be result from the catalytic effect of Fe ions on
31
32	the cross-linking reaction of lignins and the graphitization of graphene in the
33
 (
35
)34	synthesis process.
 (
37
)36	X-ray photoelectron  spectroscopy  (XPS)  was  carried out to  characterize
38
39	the elemental components and chemical states of mFe3C@GO NSs (Fig. S5a).
40
41	High resolution XPS spectrum of Fe 2p present two signals at 711.5 eV (Fe
42
43	2p2/3)  and  726.0  eV (Fe  2p1/2),  declaring  that  Fe  is  in  a  CFe6  octahedron
44
45	environment with +1 valency (Fig. S5b) [13, 14]. The typical C-C peak and
46
47	C=C peak at 284.8 eV and 285.4 eV can be ascribed to the GO layer (Fig. S5c).
48
49	The  high-ordered  GO  nanosheets  was  formed  by  cross-linking  condensation
50
 (
52
)51	polymerization of lignin molecules during the heat treatment process.
 (
54
)53	The blank sample demonstrates the existence of GO and microcomponent
 (
56
)55	of SiC (Fig. 2c), in conjunction with a porous sponge structure (Fig. S6), in
57
58	which  graphene  oxide  nanosheet  interwined  closely  with  amorphous  carbon
59
60	(AC) and graphite carbon nanofibers (GCNFs). The 3D honeycomb structure of
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19 Fig. 2 (a) Local semi-transparent 3D visualisation image and (b) XRD patterns
20  (
21
)of Fe3O4-MOFs precursor and simulated MOF-53(Fe). (c) XRD patterns. (d)
22 Raman spectra. (e) TEM image and (f) the  elemental  mapping image of  Fe
23 element. (g) TEM image and TEM-EDS line scan curves along the diameter
24
25	(the yellow line) of the mFe3C@GO NSs nanoparticle.
26
27
28
29	mFe3C@GO NSs (Fig. S7) composed of overlap nanosheets and nanospheres
30
31	exhibits	similar	morphology	to	Fe3O4-MOFs,	illustrating	the	structure
32
33	stabilization	without	collapse	during	calcination	process	owing	to	its
34
35	thermostability. TEM images (Fig. S8a-c) show different size of Fe3C core-shell
36
37	(10-100 nm) with a shell thickness of approximately 4.0 nm embedded in GO
38
 (
40
)39	nanosheets  uniformly.  The  lattice  spacings  of  0.20  and  0.24  nm  are  in
 (
42
)41	conformity to the (031) and (210) planes of Fe3C, respectively (Fig. S8d and e).
43
44	The  elemental  mapping  image  of   mFe3C@GO  NSs   indicate  the   weight
45
46	percentage  of  Fe  is  approximately  43%  (Fig.  2e  and  f).  The  elemental  line
47
48	scanning (Fig. 2f) reveal that the Fe element reduced gradually from core to
49
50	surface along the diameter of mFe3C@GO NSs nanosphere, further verifying
51
52	the inner core of Fe3C NPs are well coated by GO shells and homogeneously
53
54	dispersed in the conductive network of GO nanosheet (Fig. S9). Furthermore,
55
 (
57
)56	the increased intensity of ordered hierarchical mesopores conduces to improve
 (
59
)58	physical  and  chemical  properties  of  mFe3C@GO  NSs.  Most  notably,  the
60

1	mFe3C@GO  NSs  exhibit  an  ultra-high  BET  surface  area  of  639.1  m2  g−1,
2
3	promoting   the   permeability   of   electrolyte   and   resulting   in   an   excellent
4
5	electrochemical performance (Fig. S10).
6
7	Particularly,  the  mFe3C@GO  NSs  synthesized  at  800  °C  delivers  an
8
9	ultrahigh initial discharge capacity of 1800 mAh g−1 at the current density of 1
10
11	A g−1 and and remains at 800 mAh g−1 even at a high current density of 10 A g−1,
12
13	displaying superior high rate capability than that of other anodes for lithium-ion
14
 (
16
)15	battery (Fig. 3a). Charge/discharge voltage profiles of mFe3C@GO NSs at 1 A
 (
18
)17	g−1 remain the same and stable after 2nd cycle (Fig. S11), in conjunction with
 (
20
)19	the long term cycling performance at 10 A g−1 displayed in Fig. 3b. After 1000
21
22	cycles, the reversible capacity retention of mFe3C@GO NSs decreases to about
23
24	715 mAh g−1 and closes to the coulombic efficiency of 100%, demonstrating
25
26	the	outstanding	cycling	stability.	The	unique	core-shell	structure	of
27
28	mFe3C@GO NSs is conductive to provide abundant sites and  flexible buffer
29
30	space for Li+ storage. The prominent decreased peak intensity at 0.8 V after
31
32	1000th cycle and the disappeared peak at 1.5 V can be related to the irreversible
33
 (
35
)34	side reactions and the solid electrolyte interface (SEI) formation, respectively
 (
37
)36	(Fig. 3c). The charge transfer resistance (Rct) of mFe3C@GO NSs after 1000th
38
39	cycle indicates the improved ions and electrolyte transport properties (Fig. S12),
40
41	in accordance with the electronic conductivity.
42
43	The	hybrid	energy	storage	devices	(HESDs)	were	assembled	by
44
45	mFe3C@GO NSs (anode) and mLVP/C MSs (cathode) to reveal the potential
46
47	application.  The  anode/cathode  prelithiation  is  carried  out  to  overcome  the
48
49	electrolyte-consuming  problem,  tuning  the  electrochemical  performance  and
50
 (
52
)51	achieving remarkable energy and high power density [25, 26]. By contrast, the
 (
54
)53	luminosity  of  LED  bulb  driven  by  HESDs  after  prelithiation  (Fig.  3e)  is
 (
56
)55	significantly higher than that of LED bulb before prelithiation (Fig. 3d). The
57
58	HESDs  after  prelithiation  exhibit  better  rate  capability  (Fig.  3f).  The  initial
59
60	charge and discharge capacities after prelithiation are 544.7 and 528.1 mAh g−1
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15
16
17
18
19
20
21
22
23
24
25 Fig. 3 (a) Rate capability of electrodes synthesized at different temperature. (b)
26 Cycling performance and Columbic efficiency of mFe3C@GO NSs. (c) Cyclic
27  (
28
)voltammogran curves  at  the  scan  rate  of  0.1  mV  s−1.  Electrochemical
29 performance	evaluation	of	HESDs	with	the	optimal	mass	ratio	of
30 mpositive/mnegative=4.15. (d, e) Brightness contrast photos of LED bulb driven by
31  (
32
)HESDs, (f) Rate performance, (g) Long-term cycling performance, (h) Nyquist
33	plots and (i) Ragone plots.
34
35
36
37	at 0.1 A g−1, respectively. The HESDs after prelithiation delivers excellent rate
38
39	performance at the rates from 1 to 5 A g−1, and the discharge capacity of 217.8
40
41	mAh g−1 can be remained at 5 A g−1. The long-term cycling performance of
42
 (
44
)43	HESDs after prelithiation is improved tremendously (Fig. 3g) in contrast to that
 (
46
)45	of HESDs before prelithiation, which can be attributed to lower Rct  (152.7 Ω)
47
48	(Fig.  3h)  and  the  enhanced  contribution  of  pseudocapacitive  behavior  (Fig.
49
50	S13).  Extraordinarily,  the  HESDs  after  prelithiation  still  display  a  discharge
51
52	capacity of 136 mAh g−1 and a retention rate of 91.6% after 1200 cycles at 5 A
53
54	g−1. The HESDs after prelithiation present ultrahigh energy and power densities
55
56	(Fig. 3i), exhibiting exceptionally matched faradaic capacity and kinetics.
57
58
59
60
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 (
21
)20	Fig. 4 (a) CV curves, (b) Plots of log (sweep rate) versus log (peak current) and
22 (c) Capacitive contribution of HESDs after prelithiation at various sweep rates.
23 (e)  Schematic   diagram   of   energy   storage   mechanisms   of   HESDs   after
24
25 prelithiation. Schematic representation of the microstructure of (d) batter-type
26 mLVP/C MSs electrode and (f) mFe3C@GO NSs pseudocapacitive electrode.
27
28
29
30	The synergy effect between cathode and anode was further investigated to
31
32	explore  the  energy  storage  mechanism.  CV  curves  of  the  HESDs  after
33
 (
35
)34	prelithiation in a voltage window of 1.5-3.0 V with changing scanning rate from
 (
37
)36	0.2  to  5  mV  s−1  was  recorded  to  identify  the  battery  and  pseudocapacitive
 (
39
)38	behavior. The reversible redox peaks (2.35/1.89 V at 0.2 mV s−1) corresponds to
40
41	the  phase  transition  during  Li+  intercalation/de-intercalation,  indicating  the
42
43	charge  storage  mechanism  depends  on  the  diffusion-controlled  reaction  (Fig.
44
45	4a).  The  area  of  CV  curves  increases  with  the  increases  of  scanning  rate,
46
47	accompanied by positive voltage shifts of anodic potential and negative voltage
48
49	shifts  of  cathodic  potential,  respectively.  Consequently,  the  well-matching
50
 (
52
)51	concept of  electrodes contributes to the  conspicuous position repeatability of
 (
54
)53	CV peaks and electrochemical reversibility of the electrode reaction [25]. The
 (
56
)55	calculated-b  values  ranging  from  0.5  to  1.0  indicate  the  “transition”  area
57
58	between the surface-controlled process of pseudocapacitive materials and the
59
60	diffusion-controlled   process   of   battery-type   materials,   and   the   capacitive

1	contribution  increases  with  the  increasing  of  b-values  [27,  28].  The  higher
2
3	b-value  of  anode  (0.73)  and  cathode  (0.61)  reflect  a  mixed  contribution  of
4
5	diffusion-controlled  and  the  surface-controlled  process  (Fig.  4b).  The  higher
6
7	capacity   contribution   (approximately   53.4%)   (Fig.	4c)   of   HESDs   after
8
9	prelithiation  at  a  high  scanning  rate  of  5  mV  s−1  can  be  attributed  to  the
10
11	pseudocapacitive  behavior  of  mFe3C@GO  NSs.  Hence,  the  charge  storage
12
13	mechanism	of	mFe3C@GO	NSs	supercapacitor	is	predominantly	the
14
 (
16
)15	surface-controlled   process.   This   is   done   by   adsorbing   and   electrostatic
 (
18
)17	accumulating  charges  in  hierarchical  mesoporous  conductive  network  of  GO
 (
20
)19	nanosheet,  resulting  in  higher  energy  density  without  the  sacrifice of  power
21
22	density of HESDs after prelithiation. During the charging/discharging process,
23
24	Li+  ions  extracted/inserted  from/into  batter-type  mLVP/C  MSs  electrode  and
25
26	inserted/extracted  into/from  the  mFe3C@GO  NSs  pseudocapacitive  electrode
27
28	by the mechanisms of adsorption and electrostatic accumulation (Fig. 4e). The
29
30	LVP NPs promote the fast Li+ solid-state transportation effectively (Fig. 4d) and
31
32	achieve a high diffusion rate and energy density of batter-type mLVP/C MSs
33
 (
35
)34	electrode,  which  may  be  related  to  the  well  contacts  of  the  interconnected
 (
37
)36	mesoporous  NPs  and  the  electrolyte.  The  flexible  GO  shell  maintains  the
38
39	structural integrity and elastic buffer, resulting in high power density, excellent
40
41	rate   capability  and   cycle   performance   (Fig.   4f).   In  addition,  the   active
42
43	biocarbon network possesses good electronic conductivity. Therefore, selecting
44
45	and optimizing the active material and electrode architecture benefit to acquire
46
47	ultrahigh energy and power densities of HESDs after prelithiation, which has
48
49	great potential for significantly improving fast and efficient energy storage in
50
 (
52
)51	the future.
53
54	4. Conclusions
55
56
57	In summary, multifunctional mesoporous core-shell mFe3C@GO NSs was
58
59	prepared  by  hydrothermal  synthesis  and  high-temperature  calcination  with

 (
60
61
62
63
64
65
)
1	high-quality lignins as the organic ligands of Fe(II)/Fe(III)-MOFs precursor and
2
3	the carbon source. The functional groups of lignins and Fe ions catalyze the
4
5	cross-linking of lignins and the formation of GO nanosheet, and the synthesis
6
7	mechanism was proposed. The mFe3C@GO NSs homogeneously dispersed in
8
9	GO conductive network and maintained the structural integrity of the electrode
10
11	in   the   electrochemical   process,   which   exhibited   high   reversible   specific
12
13	capacity,  excellent  rate  capability  and  cycling  stability.  This  elaborate  work
14
 (
16
)15	encourages the investigation of biomass waste conversion and utilization and
 (
18
)17	the   extensible   exploration   of	multifunctional   materials   for   rechargeable
 (
20
)19	batteries.
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15 Abstract

16 The biomass-derived mesoporous core-shell Fe3C@graphene oxide nanospheres
17 (mFe3C@GO NSs) was synthesized with high-quality lignins and applied for
18 electrochemical energy storage. The synthesis conditions of mFe3C@GO NSs are
19 optimized and   its formation   mechanism   is   proposed.   The mFe3C@GO   NSs
20 homogeneously dispersed in GO conductive network and maintained the structural
21 integrity of the electrode during the electrochemical process. Benefiting from the
22 advantages   of   the   core-shell   construction   and   graphene   oxide   network,   the
23 mFe3C@GO NSs exhibits extensible exploration in electrochemical energy storage
24 (EES).
25 Keywords:	mFe3C@GO	NSs;	Biomass-derived	compounds;	Nanostructured
26 electrode; Lithium-ion battery; Electrochemical energy storage
27

28

 (
10
)
1 1. Introduction

2 Energy storage technology is a frontier research orientation, which efficiently
3 eliminates greenhouse gas emissions, reduces petroleum reliance and facilitates
4 the sustainable utilization of energy. In order to enhance the competitiveness of
5 the rechargeable batteries-based electric vehicles (EVs), some barriers of high
6 energy/power density, cost, fast charging capability and compatible sizes need
7 to overcome  to  consummate  power  sources  [1-3].  The  integrated  device
8 combined with  the advantages of two energy storage  mechanisms,  lead  to a
9 “double high”  Li-ion  battery  (LIB)  and  supercapacitor  (SC)  hybrid  energy
10 storage   devices   (HESDs),   further   providing   possible	power  source   for
11 multi-function   electronic   equipment   and	electric/hybrid   vehicles	[4,  5].
12 However, the  mismatches  of  charge  storage  capacity  and  electrode  kinetics
13 between battery-type and capacitive electrodes lead to a relatively restricted
14 performance of LIB-SC HESDs. [4]. Therefore, the design of high-performance
15 electrode materials  and  understanding  on  the  matching  theory  between  the
16 positive  and   negative   electrodes   of   LIB-SC   HESDs   face   overwhelming
17 challenges [6].
18 In	the	pursuit	of	high-performance	energy	storage	devices,
19 biomass-derived carbon  materials  and  its  hybrids  have  been  regarded  as  the
20 potential candidate electrodes owing to the inexpensive feedstock, nontoxicity
21 and diverse  sources  of  renewable  biomass  source  [7,  8].  The  utilization  of
22 biomass contributes to achieve a zero-waste circular bioeconomy and greener
23 energy storage.  Furthermore,  the  chemical/physical  properties  and  structural
24 advantages have  an  effect  on  fabricating  biomass-derived  activated  carbon
25 during the following carbonization and activation, resulting in high specific
26 surface  area,   pore   structure,   and   high   graphitization   [9,   10].   Especially
27 graphene (GN)-like two-dimensional materials, has draws significant attentions
28 owing to the unique interfacial structure, attractive properties, facile synthesis,

1 and ease  of  functionalization  [11-13].  Numerous  studies  indicate  that  the
2 effective work function of carbon-based electrode was increased significantly
3 by inserting metal oxide nanoparticles [14-19]. The graphitic carbon and iron
4 carbide (Fe3C) bifunctional oxygen electrodes demonstrated synergistic effects
5 [20, 21]. For Fe3C anode materials used in LIBs, particularly in high current
6 density, there is an urgent need to restrain the structure collapse originated from
7 volume  change  during  the  continuous  charge/discharge  process  and  the  poor
8 conductivity of Fe3C, which results in rapid capacity fading [22]. Structure
9 engineering and conductive network had wide applicability to solve these
10 problems [23-25]. Nevertheless, the core-cell carbon coating featured with large
11 specific surface area, excellent conductivity and mechanical flexibility can be
12 fabricated  through  different  design  strategies, further  contributes to  restricted
13 performance improvement [26]. In general, the core-shell structure is desirable
14 to realize  synergism  effect,  but  surprisingly  little  attention  focus  on  the
15 utilization of lignin. Lignin emerges as a by-product from papermaking industry
16 by the degradation of the nature wood, which is suitable for thermochemical
17 reaction for its high yield of pyrolysis products and is considered a promising
18 feedstock for  carbon  materials  production  [27,  28].  Its  surfactant  structure
19 contains multifarious  functional  groups  (carboxyl,  hydroxyl,  benzyl  alcohol,
20 methoxyl e.g.) and trace elements (such as Si and S, etc), providing lone pair
21 electrons, nucleation sites and adsorb metal ions [29].
22 Here, the biomass-derived mesoporous core-shell Fe3C@graphene oxide
23 nanospheres (mFe3C@GO  NSs)  were  fabricated  by  a  simple  wet  chemical
24 route with high-quality lignins as the organic ligands and the carbon source, and
25 the synthesis  mechanism  was  proposed.  The  structure  of  mFe3C@GO  NSs
26 exhibits effects on fast ion insertion/extraction, high electrolyte permeability,
27 and	electric	conductivity	for	lithium-ion	battery	and	supercapacitor,
28 respectively. More importantly, the HESDs constructed with mFe3C@GO NSs

1 and mesoporous Li3V2(PO4)3/C microspheres (mLVP/C MSs)  [30] exhibit
2 highly matched capacity and significant pseudocapacitive behavior.

3 2. Experiments sections

4 2.1. Synthesis of mFe3C@GO NSs
5 The Fe-species composite precursor was synthesized by a simple, low-cost and green
6 method of hydrothermal crystallization and reduction. 0.89 g FeCl3·6H2O powder was
7 dissolved in 33 mL deionized water  with continuous stirring  to form a uniform
8 solution. Then, the solution was slowly added into 50 mL lignin solution (pH ≈ 13)
9 with magnetic stirring for 6 h at room temperature to form a thick liquid (pH ≈ 7).
10 Subsequently, the thick liquid was then transformed into a Teflon-sealed autoclave
11 and heated at 180°C for 48 h. After the autoclave cooled down to room temperature
12 naturally, the precipitate was washed with deionized water for three times and dried at
13 60 °C to obtain the Fe-species composite precursor (including Fe3O4 and MIL-53(Fe)).
14 Finally, the Fe-species composite precursor was placed in a tube furnace and then
15 heated at 800 °C for 8  h with a heating rate  of 5°C min−1 under nitrogen (N2)
16 atmosphere. The mFe3C@GO NSs was obtained. For comparison, the GO blank
17 sample was prepared by calcination treatment of dried lignin solution at 800 °C under
18 N2 for 8 h.
19 2.2. Characterizations
20 The crystalline characteristics of materials were identified by X-ray diffraction (XRD,
21 LabX XRD-6100) with Cu-Kα radiation (Shimadzu, λ= 1.5406 nm) at a scanning rate
22 of 5° min−1. The elemental composition and chemical states of elements was carried
23 out by X-ray photoelectron spectroscopy (XPS, ESCALAB Xi+). The binding
24 energies were calibrated to the C 1s peak (284.6 eV). The morphologies and surface
25 microstructures of materials were observed by Field emission gun (FEG) scanning
26 electron microscopy (SEM) (Quanta 200F) using an operating voltage of 20 kV with
27 an X-ray energy dispersive spectrometer (EDS) and a ZEISS scanning electron
28 microscope. The EDS images were captured at the positions emerged in the TEM
29 images, providing the distribution of elements. The crystallographic structure of

1 materials were investigated by transmission electron microscopy (TEM, JEF-2100F)
2 under the condition of 200 kV. The high-revolution TEM images associated with line
3 scanning TEM-EDS profiles indicated the element distribution across the diameter of
4 a single nanoparticle. Raman spectra were measured by a Renishaw RM2000 Raman
5 microscope with 514 nm excitation argon laser. Differential scanning calorimetry
6 (DSC-100H, Nanjingdazhan) was used to measure the thermal change of Fe-species
7 composite precursor. Gravimetric analysis is a quantitative chemical method for
8 accurately determining the element contents of the materials. The N2 adsorption–
9 desorption isotherms and Barrett–Joyner–Halenda (BJH) pore size distribution curves
10 were obtained at 77 K using an automatic surface area analyzer (Micromeritics,
11 Gemini V2380, USA).
12 2.3. Electrochemical measurements
13 2.3.1 Electrode preparation for LIBs and electrochemical measurements
14 The electrochemical performances were characterized in a coin-type LIR2032 cell at
15 room temperature. The working electrode was prepared by mixing 80% mFe3C@GO
16 NSs, 10% acetylene black and 10% polyvinylidene fluoride (PVDF) in N-methyl
17 pyrrolidone, then stirring to prepare the slurry and coating it on copper foil surface
18 uniformly. After that, the electrode was dried at 60 °C in an electric thermostatic
19 drying oven and then dried at 110 °C for 10 h in vacuum drying oven. The electrode
20 was cut it into wafers with a diameter of 15 mm. The average mass loading of the
21 mFe3C@GO NSs electrode was about 1.2 mg cm−2 (Table S1). The cells were
22 assembled in a high-purity argon-filled inert glove box with the synthesized electrode
23 as anode and polypropylene (PP) membrane as a separator, 1.0 M LiPF6 EC: DC:
24 EMC (ethylene carbonate: dimethyl carbonate: cthylene methyl carbonate = 1:1:1 ) as
25 the	electrolyte.	After	assembling	battery	pack	and	ageing	treatment,	the
26 electrochemical characteristics were conducted. The charge-discharge and cyclic
27 voltammetry (CV) curves were measured by Channels battery analyzer (CT3008W)
28 between 0.01–3.00 V. Electrochemical impedance spectroscopy (EIS) tests were
29 performed in the frequency range from 100 KHz  to 10 mHz. The CV and EIS

1 measurements were recorded on a PARSTAT 2263 electrochemical workstation. All
2 the processes were measured at room temperature.
3 2.3.2 Electrochemical measurements of HESDs
4 HESDs were constructed using mFe3C@GO NSs as the anode and mLVP/C MSs as
5 the cathode. The experimental process of prelithialization in form is similar to the
6 structure of the common half-cell. Before the construction of full battery, the electrode
7 materials (anode and cathode) were activated respectively in corresponds half-cell
8 systems through electrochemical prelithialization. Afterwards, the half-cell was
9 disassembled respectively,   and   then   the   anode   and   cathode   electrodes   were
10 reassembled to construct a new full-cell without washing. The average mass loading
11 of the mLVP/C MSs cathode was about 1.35 mg cm−2. The charge-discharge curves
12 were carried out between 0.00–4.00 V. All the tests were performed at room
13 temperature.
14 The average mass loading of the active material is shown in equation 1:
15 Mass load = m/A	1
16 Where m (mg) is the mass of active material, A (cm2) is the area of the electrode
17 sheet with a diameter of 15 mm.
18 3. Results and discussion

19 Lignin	carbon-based	composites	employ	as	electrode	materials	for
20 electrochemical because  of  their  inherited  outstanding  properties  [31,  32].
21 Lignin	exhibits	advantages	for	carbon-based	composites	such	as
22 environmentally friendly, good biocompatibility, and high carbon content [33].
23 Particularly, the functional groups of lignin play key roles in the formation of
24 Fe-species precursor. The in-situ synthesis of mFe3C@GO NSs is shown in Fig.
25 1. Benefiting from Fe3+ ions and functional groups in lignin, the nucleation and
26 growth of the lyotropic liquid crystals is determined (Fig. S1a). Moreover, the
27 factor affecting the spontancous chelation and depolymerization is electrophilic
28 attack of lignins (Fig. 1a). The nucleation and growth of Fe3+ ions are correlated
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2 Fig. 1  (a-c)  Schematic  illustration  for  reaction  of  lignin  with  Fe3+.  (d,  e)
3 Secondary  building   units   of   Fe(III)-precursor,   Fe(II)/Fe(III)-precursor   and
4 Fe-species composite precursor (gray: C; voilet: FeO6 octahedron; blue: FeO4
5 tetrahedron). (f) Structure illustrations of mFe3C@GO NSs after carbonization.
6

7 with the functional groups and highly hydrophilic groups on lignin surface (Fig.
8 1b). When Fe3+ ions are deficient, the Fe/lignin chelates tend to curl in some
9 directions because  of  electrostatic  attraction  (Fig.  1c).  The  hydrothermal
10 crystallization	behaviour	of	Fe(III)-precursor	is	associated	with	the
11 self-assembly of Fe/lignin chelates. Surplus functional groups were pulled away
12 from the lignin structure and donated electron, causing the oxidation-reduction
13 reactions of Fe3+ ions and forming the Fe(II)/Fe(III)-precursor, and ultimately
14 formed the intermediate Fe-species composite precursor (including Fe3O4 and
15 MIL-53(Fe)) (Fig. 1d and e). In the synthesis process, the Fe3O4 produces
16 chemisorption	to	the	π	bond	of	unsaturated	hydrocarbons	in	lignin,
17 consequently weakening the bond energy of lignin and prompting the cleavage
18 of organo-functional  groups  (C-H  and  C-O  bonds).  Meanwhile,  the  lignins
19 provide carbon-rich matrix and abundant free carbon atoms. The mFe3C@GO
20 NSs was obtained by carbonizing Fe-species composite precursor at 800 °C for
21 8 h in N2 atmosphere. Fe3C nanospheres that coated by graphene oxide are
22

















[image: ]1
2 Fig. 2 (a) Local semi-transparent 3D visualisation image and (b) XRD patterns
3 of Fe-species composite precursor (black) and simulated MIL-53(Fe) (red). (c)
4 XRD patterns of calcined samples at different temperatures. (d) Raman spectra
5 of mFe3C@GO  NSs  and  blank  GO  samples.  (e)  TEM  image  and  (f)  the
6 elemental mapping image of Fe element. (g) TEM image and TEM-EDS line
7 scan curves  along  the  diameter  (the  yellow  line)  of  the  mFe3C@GO  NSs
8 nanoparticle.
9

10 dispersed	in	the	conductive	network	of	graphitic	carbon	nanosheet
11 homogeneously (Fig. 1f).
12 X-ray diffraction  (XRD)  patterns  of  the  samples  synthesized  with  the
13 different addition amounts of Fe3+ were displayed in Fig. S2, demonstrating the
14 optimal volume ratio 0.66 of 1mol L−1 Fe3+ solution and the lignin liquid. The
15 semi-transparent 3D visualisation image in Fig. 2a shows the layered skeleton
16 structure and open interlinking pores of Fe-species composite precursor with
17 oversize connected  pores  (0.5–1.0  μm)  (Fig.  S3).  As  shown  in  Fig.  2b,  the
18 phase constitution of the product after hydrothermal treatment was performed
19 by X-ray diffraction (XRD). The diffraction peaks at 5-30° correspond to the
20 simulated MIL-53(Fe), while the peaks at 30-80° relate to the Fe3O4 crystalline
21 phase (JCPDS, No. 89-3854) [34, 35]. The synthetic temperature of Fe3C range
22 from 750 to 850 °C was confirmed by differential scanning calorimeter (DSC,
23 Fig. S4). The mFe3C@GO NSs synthesized at 800 °C for 8 h is well indexed to

1 orthorhombic phase of Fe3C (PDF#65-2413) and graphene oxide, while the
2 samples synthesized at 750 °C and 900 °C contain impurity phase (Fig. 2c).
3 The  graphene  oxide with  a  high  degree  of disorder  is  evidenced by  a  wide
4 reflection  2θ  range  from  20  to  30°,  in  conjunction  with  a  strong  peak
5 characteristic at 2θ=25°. The Raman spectra of the mFe3C@GO NSs and blank
6 GO samples are revealed in Fig. 2d, which offer more insight into the carbon
7 structures and the degree of graphitization. Two prominent characteristic D and
8 G peaks for at 1354/1351 cm−1 and 1578/1599 cm−1 are observed, and the
9 intensity ratio of ID/IG are 0.54 and 0.94 for the mFe3C@GO NSs and blank GO
10 samples, respectively. The relative lower intensity ratio (ID/IG) of mFe3C@GO
11 NSs demonstrates a higher graphitization degree of carbon [36]. Furthermore,
12 the intense 2D band at 2969 cm−1 corresponds to the two phonons lattice
13 vibration, indicating the characteristic of graphene oxide. These results revealed
14 the	successful	carbonization	and	graphitization	of	lignins	during	the
15 carbonization process [37].
16 X-ray photoelectron  spectroscopy  (XPS) was  carried  out to  characterize
17 the elemental components and chemical states of mFe3C@GO NSs (Fig. S5a).
18 High resolution XPS spectrum of Fe 2p present two signals at 711.5 eV (Fe
19 2p2/3) and 726.0 eV (Fe 2p1/2), declaring Fe (+1) is in a CFe6 octahedron
20 environment (Fig. S5b) [24, 25]. The typical C-C peak and C=C peak at 284.8
21 eV and 285.4 eV can be ascribed to the GO layer (Fig. S5c). The high-ordered
22 GO nanosheets  was  formed  by  cross-linking  condensation  polymerization  of
23 lignin molecules during the heat treatment process.
24 The blank sample demonstrates the existence of GO and microcomponent
25 of SiC (Fig. 2c), in conjunction with a porous sponge structure (Fig. S6), in
26 which graphene  oxide  nanosheet  interwined  closely  with  amorphous  carbon
27 and graphite carbon nanofibers. The 3D honeycomb structure of mFe3C@GO
28 NSs (Fig.  S7)  composed  of  overlap  nanosheets  and  nanospheres  exhibits

1 similar morphology to Fe-species composite precursor, illustrating the structure
2 stabilization	without	collapse	during	calcination	process	owing	to	its
3 thermostability. TEM images (Fig. S8a-c) confirm the dispersed distribution of
4 Fe3C nanosphere (10-100 nm), in a typical core-shell configuration that the
5 thickness of graphene oxide shell is approximately 4.0 nm. The lattice fringe
6 (0.33 nm) of the outer layer of mFe3C@GO NSs relates to the (110) plane of
7 graphene oxide, which is in consistent with the results of XRD and Raman
8 spectra (Fig. S8d). Moreover, the lattice spacings of 0.20 and 0.24 nm are in
9 conformity to the (031) and (210) planes of Fe3C, respectively (Fig. S8e and f).
10 The elemental  mapping  images  of  mFe3C@GO  NSs  indicate  the  weight
11 percentage  of  Fe  is  approximately  43%  (Fig.  2e  and  f).  Similar  results  was
12 conducted by the gravimetric method, with Fe and C contents of 43.4 wt.% and
13 52.2  wt.%,  respectively  (Table  S2).  The  elemental  line  scanning  (Fig.  2g)
14 reveals that the Fe element reduced gradually from core to surface along the
15 diameter of mFe3C@GO NSs nanosphere, further verifying the inner core of
16 Fe3C NPs are well coated by GO shells and homogeneously dispersed in the
17 conductive network  of  GO  nanosheet  (Fig.  S9).  Furthermore,  the  increased
18 intensity of ordered hierarchical mesopores conduces to improve physical and
19 chemical properties of mFe3C@GO NSs. Most notably, the mFe3C@GO NSs
20 exhibit an  ultra-high  BET  surface  area  of  639.1  m2  g−1,  promoting  the
21 permeability  of   electrolyte   and   resulting   in   an   excellent   electrochemical
22 performance (Fig. S10).
23 Particularly, the  mFe3C@GO  NSs  synthesized  at  800  °C  delivers  an
24 ultrahigh initial discharge and charge capacities of 1800 mAh g−1 and 698.8
25 mAh g−1 with initial coulombic efficiency of 38.8% at the current density of 1 A
26 g−1 (Fig.  S11).  The  mFe3C@GO  NSs  electrode  delivers  relatively  stable
27 discharge/charge capacities  and  Coulombic  efficiency  of  approximately  93%
28 from 20th to 50th cycles, demonstrating its excellent cycling stability (Table
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2 Fig. 3 (a) Rate capability of electrodes synthesized at different temperature. (b)
3 Cycling performance and Columbic efficiency of mFe3C@GO NSs. (c) Cyclic
4 voltammogran curves  at  the  scan  rate  of  0.1  mV  s−1.  Electrochemical
5 performance	evaluation	of	HESDs	with	the	optimal	mass	ratio	of
6 mpositive/mnegative=4.15. (d, e) Brightness contrast photos of LED bulb driven by
7 HESDs, (f) Rate performance, (g) Long-term cycling performance, (h) Nyquist
8 plots and (i) Ragone plots.
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10 S3). TEM images in Fig. S12 demonstrate the structural integrity and dispersion
11 of mFe3C@GO NSs after 50 cycles. From the structural view, the graphene
12 oxide outer layer contributes to restrain excessive side reactions and cushion the
13 structural changes  during  the  charging/discharging  process,  resulting  in
14 structural integrity. As shown in Fig. 3a, the mFe3C@GO NSs demonstrates
15 superior rate  capability  than  that  of  other  anodes  for  lithium-ion  battery.
16 Furthermore, the mFe3C@GO NSs exhibits high capacity retention rate after
17 1000 cycles (715 mAh g−1) and approximately 100% Coulombic efficiency
18 even at  a  high  current  density  of  10  A g−1  (Fig.  3b),  demonstrating  the
19 outstanding  cycling   stability.   Fortunately,   the   mFe3C@GO   NSs   exhibits
20 comparable electrochemical performance with the recently reported Fe3C-based

1 electrode	materials	(Table	S4)	and	Fe-based	materials	with
2 nanosphere-structure	(Table	S5).	The	electrochemical	performance	of
3 mFe3C@GO NSs can be attributed to the following factors: (1) The ultra-high
4 BET surface area provides abundant active sites and flexible buffer space for
5 Li+ storage,  and  the  core-shell  structure  cushions  the  volume  expension
6 effectively [38]; (2) The conductive channel between Fe3C and graphitic carbon
7 layer improves the electrical conductivity; (3) The graphene oxide outer layer is
8 conducive to the adsorption of lithium ion [39].
9 The prominent decreased peak intensity at 0.8 V after 1000th cycle and the
10 disappeared peak at 1.5 V can be related to the irreversible side reactions and
11 the solid electrolyte interface (SEI) formation, respectively (Fig. 3c). The EIS
12 plots of  mFe3C@GO  NSs  electrode  before  and  after  cycling,  and  the
13 corresponding equivalent  circuit  are  shown  in  Fig.  S13.  The  semicircle  at
14 high-frequency areas is relevant to the charge transfer resistance (Rct) on the
15 electrode/electrolyte interface,  which  is  parallel  to  the  interface  capacitance
16 (CPE). The  oblique  line  at  low-frequency  areas  presents  the  Lithium-ion
17 diffusion	impedance	(Warburg	impedance,	Zw).	Obviously,	the	smaller
18 semicircular diameters  of  mFe3C@GO  NSs  electrode  after  1000th  cycles
19 indicates	the	effectively	improved	electron/ion	transport	properties,	in
20 accordance with the electronic conductivity [40-42].
21 The HESDs were assembled by mFe3C@GO NSs (anode) and mLVP/C
22 MSs	(cathode)	to	reveal	the	potential	application.	The	anode/cathode
23 prelithiation is  carried  out  to  overcome  the  electrolyte-consuming  problem,
24 tuning the electrochemical performance and achieving remarkable energy and
25 high power density [43, 44]. By contrast, the luminosity of LED bulb driven by
26 HESDs after prelithiation (Fig. 3e) is significantly higher than that of LED bulb
27 before prelithiation (Fig. 3d). The HESDs after prelithiation exhibit better rate
28 capability	(Fig.	3f).	The	initial	charge	and	discharge	capacities	after

1 prelithiation are 544.7 and 528.1 mAh g−1 at 0.1 A g−1, respectively. The
2 HESDs after prelithiation deliver excellent rate performance from 1 to 5 A g−1,
3 and the discharge capacity of 217.8 mAh g−1 can be remained at 5 A g−1. The
4 long-term  cycling  performance  of  HESDs  after  prelithiation  is  improved
5 significantly (Fig. 3g) in contrast to that of HESDs before prelithiation, which
6 can be attributed to the lower  Rct  (152.7  Ω) (Fig. 3h) and the enhanced
7 contribution of  pseudocapacitive  behavior  (Fig.  S14).  Extraordinarily,  the
8 HESDs after prelithiation still display a discharge capacity of 136 mAh g−1 and
9 a retention rate of 91.6% after 1200 cycles at 5 A g−1. The HESDs after
10 prelithiation present ultrahigh energy and power densities (Fig. 3i), exhibiting
11 exceptionally matched faradaic capacity and kinetics.
12 The synergy effect between cathode and anode was further investigated to
13 explore the  energy  storage  mechanism.  CV  curves  of  the  HESDs  after
14 prelithiation was  recorded  in  a  voltage  window  of  1.5-3.0  V with  changing
15 scanning rate from 0.2 to 5 mV s−1 to identify the battery and pseudocapacitive
16 behavior. The reversible redox peaks (2.35/1.89 V at 0.2 mV s−1) corresponds to
17 the phase transition during Li+ intercalation/de-intercalation, indicating the
18 charge storage  mechanism  depends  on  the  diffusion-controlled  reaction  (Fig.
19 4a). The  area  of  CV  curves  increases  with  the  increasing  of  scanning  rate,
20 accompanied by positive voltage shifts of anodic potential and negative voltage
21 shifts of  cathodic  potential,  respectively.  Consequently,  the  well-matching
22 concept of electrodes contributes to the conspicuous position repeatability of
23 CV peaks and electrochemical reversibility of the electrode reaction [43]. The
24 calculated-b  values  ranging  from  0.5  to  1.0  indicate  the  “transition”  area
25 between the surface-controlled process of pseudocapacitive materials and the
26 diffusion-controlled  process   of   battery-type   materials,   and   the   capacitive
27 contribution increases with the increasing of b-values [45, 46]. The higher
28 b-value of anode (0.73) and cathode (0.61) reflect a mixed contribution of
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2 Fig. 4 (a) CV curves, (b) Plots of log (sweep rate) versus log (peak current) and
3 (c) Capacitive contribution of HESDs after prelithiation at various sweep rates.
4 (e)  Schematic   diagram   of   energy   storage   mechanisms   of   HESDs   after
5 prelithiation. Schematic representation of the microstructure of (d) batter-type
6 mLVP/C MSs electrode and (f) mFe3C@GO NSs pseudocapacitive electrode.
7

8 diffusion-controlled and  the  surface-controlled  process  (Fig.  4b).  The  higher
9 capacity  contribution   (approximately   53.4%)   (Fig.   4c)   of   HESDs   after
10 prelithiation at a high scanning rate of 5 mV s−1 can be attributed to the
11 pseudocapacitive behavior of mFe3C@GO NSs. Hence, the charge storage
12 mechanism	of	mFe3C@GO	NSs	supercapacitor	is	predominantly	the
13 surface-controlled  process.   This   is   done   by   adsorbing   and   electrostatic
14 accumulating charges  in  hierarchical  mesoporous  conductive  network  of  GO
15 nanosheet, resulting  in  higher  energy  density  without  the  sacrifice  of  power
16 density of HESDs after prelithiation. During the charging/discharging process,
17 Li ions  extracted/inserted  from/into  batter-type  mLVP/C  MSs  electrode  and
18 inserted/extracted into/from the mFe3C@GO NSs pseudocapacitive electrode
19 by the mechanisms of adsorption and electrostatic accumulation (Fig. 4e). The
20 LVP NPs promote the fast Li+ solid-state transportation effectively (Fig. 4d) and
21 achieve a high diffusion rate and energy density of batter-type mLVP/C MSs

1 electrode, which may be related to the well contacts of the interconnected
2 mesoporous NPs  and  the  electrolyte.  The  flexible  GO  shell  maintains  the
3 structural integrity and elastic buffer, resulting in high power density, excellent
4 rate  capability  and   cycle   performance   (Fig.   4f).   In  addition,  the   active
5 biomass-derived carbon layer network possesses good electronic conductivity.
6 Therefore,	selecting	and	optimizing	the	active	material	and	electrode
7 architecture benefit to acquire ultrahigh energy and power densities of HESDs
8 after prelithiation, which has great potential for significantly improving fast and
9 efficient energy storage in the future. The insights gained from studying button
10 cell-type  electrochemical  cells  contribute  to  advancements  in  energy  density,
11 efficiency,  safety,  and  longevity,  which  are  crucial  for  powering  electric
12 vehicles with heavy motors. Improving the performance of these smaller cells
13 can lead  to  advancements  in  larger  battery technologies,  making  them  more
14 reliable, cost-effective, and suitable for high-demand applications like electric
15 vehicles.
16 Consequently, we  explored  the  methods  to  fabricate  biomass-derived
17 electrode materials and its utilization in energy storage devices. The regulation
18 of  experimental   conditions   (such   as   raw   material   dosage,   carbonization
19 temperature) has enabled development of high performance electrode materials
20 from biomass  energy  source.  This  holds  tremendous  potential  for  harvesting
21 green	electrode	materials	with	high	performance,	in	conjunction	with
22 reutilization process  and  cost  inexpensive.  However,  despite  these  unique
23 structural	characteristics	and	high	electrochemical	performance	of
24 biomass-derived  electrode   materials,   significant   questions   and   challenges
25 remain.  The   chemical   composition,   impurities   and   structure   of   biomass
26 feedstock are  affected  by  the  natural  changes,  consequently  resulting  in
27 inconstant	internal	structure.	Assume	that	these	factors	associate	with

1 performance, further explorations associated with technologies and limitations
2 are needed for large-scale applications in energy storage devices.

3 4. Conclusions

4 In summary, multifunctional mesoporous core-shell mFe3C@GO NSs was
5 prepared by  hydrothermal  synthesis  and  high-temperature  calcination  with
6 high-quality lignins as the organic ligands of the intermediate precursor and the
7 carbon source. During the carbonization process, the lignins were successfully
8 graphitized, and the synthesis mechanism of mFe3C@GO NSs was simulated
9 and  proposed.   The   mFe3C@GO   NSs   homogeneously   dispersed   in   GO
10 conductive  network  and  maintained  the  structural  integrity  of  the  electrode
11 during the electrochemical process, resulting in high reversible specific capacity,
12 excellent rate capability and cycling stability. This elaborate work encourages
13 the investigation of biomass waste conversion and utilization and the extensible
14 exploration of multifunctional materials for rechargeable batteries.
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