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Introduction — Biomass wastes
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Total amount of biomass wastes in British Columbia, Canada Chitin from crab shell

Energy Policy 138 (2020) 111285; https://www.paperpulpingmachine.com/applications/wood-pulp-making/; https://sigmafertilizers.com/; https://www.zeninternational.net/.
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https://www.thecarbonic.com/post/better-biochar-is-a-climate-change-antidote; Chemical Engineering Journal, (2020), 125418, 397; Carbon 155 (2019) 706-
726; Adv.Mater.2014, 26, 2219-2251.
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bulk diffusion

(a) bulk (b) micropores (c) mesopores

* Micropores: ion adsorption (optimal size ~0.7-0.8 nm)
« Mesopores: ion diffusion (reduce internal resistance)
« Macropores: ion reservoirs and surface functionalities

Adv. Energy Mater.2018, 8, 1800892.
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« Bottleneck/slit microporous structure — limited mass transport
« Low carbon yield and non-recyclable

« Rarely allow control over pore morphology and size
” DIVISION

Arab Journal of Basic and Applied Sciences 27(1):208-238. . A= HiVIoIUJiM
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Hard templating

« Complicated steps and high cost
* Environmental issues

* Low carbon yields

. b) OH 0 OH
Soft templating 8 e o ,.g g f—*
* Intricate and rigorous design on ngf{{o’f‘ R I PG —

carbon

template synthesis . a
- -

» High cost and non-recoverable

Step 1: Step 2: Step 3: Step 4:
Film cast Solvent anneal Polymenzatlon Carbonization

Adv.Mater.2014, 26, 2219-2251.
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Introduction — Molten salt templating

Salts T,, (‘C)  Eutectic salt mixtures  Molar ratio T, (CC) a) g, ZnCly ZnCl hydrate  ZnCl, e —
solution melt melt Py | Ny

CaCl,.6H,0 30 .Z'nCl'Z/'l(ﬁl' """" 0547046 2301 =\"1%/™

FeCI3.6H,0 37 'ZnCl,/NaCl 0.68 /032 260 ¢

MgCl, 6H,0 117 LZ_“_ClziL_IC_l feeo____0781022 275,

CaCl,2H,0 175 KCI/Licl 0417059 ~ 353

ZnCl, 290 MgCl, [KCl 030/070 423

FeCl, 308 MgCl, /NaCl 043 /057 459

LiCl 605 CaCl,/NaCl 052 /048 504

MgCl, 714 CaCl,/KCl 025/ 0.75 600 =

KCl 770 KCI/NaCl 049 /051 657 i ey LR e

CaCl, 772 -

Nacl 301 temperature

Unique advantages i

» Hierarchical porosity manipulation ZnCLiCisystem  ZnCLNaClsystem ZnCHKET systom

. . 0
* ngh carbon yleld (20-60 wit. /0) a) Sol-gel synthesis of glucose-derived aerogel-like carbon
. under melted ZnCl,
 Good recyCIablllty b) SEM and HRTEM of glucose-ZnCl, mixture derived carbon
. ) c) Varied pore formation mechanisms for carbons templated
« Economic and potential scale-up with different ZnCl,-based eutectic chlorides

Adv.Mater.2014, 26, 2219-2251.
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Experimental approaches

Objectives: E_.._.__B_S

1. Produce biocarbon particles with tunable hierarchical porous structure via molten salt w
templating.

2. Target high specific capacitance and good rate capability at high current density (50 A/g).

Methods:

» Feedstock: Chitin from shrimp shell

« Experimental setup: Conventional tube furnace under N, atmosphere
» Temperature: 800 °C

 Binary molten salt system: ZnCl,-CaCl, (Zn-Ca)

« Parameter: Ratio of salt to chitin (e.g. Zn1Ca1)

» Electrode preparation: Biocarbon particles + Carbon black + PTFE on Ni foam AT YT
» Characterizations: TEM, gas adsorption, XRD, Raman, XPS, Electrochemical .-- NAN“
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« Zn1Ca1: Microporous structure

H;
i)

« Zn2CaZ2: Hierarchical porous
structure with substantial
micropores and mesopores

« Zn4Ca4: Mesoporous structure

Fig. 1. HRTEM images of (a-b) Zn1Ca1, (c-d) Zn2Ca2 and (e-f) Zn4Ca4.
Pu et al. (2023). Manuscript submitted for publication.
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Results and discussion — Physical properties
T o e - UBC

—mca * Pore size distribution can be manipulated| A==
iy | iy

B ] with more mesopores > 5 nm created
§ o under high salt loadings.
inen| B2
o . 'Ralativa. pressm;e (PIPO)‘ ‘ @ Pore width (nm) ) XRD: Larger d SpaCing by more SaItS
: : Zaent  Raman: Higher graphitization degree by
ks M molten Zn-Ca systems
10 20 30 z::o) 50 60 70 1300 R;:.::n it (1:::)1) 1600

\TAPPI

NAlio

” DIVISION

Fig. 2. (a) N, adsorption/desorption isotherm, (b) pore size distribution, (c) XRD
diffractogram and (d) Raman spectra of Zn1Ca1, Zn2Ca2, Zn4Ca4 and Zn4.

Pu et al. (2023). Manuscript submitted for publication.
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Results and discussion — Pore textures

Table 1 Pore parameters of biocarbon derived from different salt ratios and systems. UBC
Biocarbon Seer, m?/g  Viotal, CM3g  Vimicro, €M3/g Vimeso, CM3/g  Vimeso /Vi  dave, NM ==
Zn1Ca1 1338 0.81 0.65 0.16 19.3% 2.5 w
Zn2Ca2 1671 1.32 0.69 0.64 48.2% 3.2
Zn4Ca4 1571 1.63 0.52 1.10 67.9% 4.1
Zn4 1554 0.85 0.75 0.09 1.1% 4.1
Ca2 573 0.46 0.21 0.25 55.0% 3.2
Zn2K2 842 0.89 0.24 0.65 73.0% 3.9
Zn4K4 833 0.99 0.26 0.73 713.7% 4.8
Zn2CaZ2 (leftover) 488 0.52 0.25 0.27 51.9% 43

« Zn2Ca2: Synergistic effect on creating well-balanced micro-mesopores

« Zn2K2: Mesopore dominated structure due to pore fusion ANﬂ

Pu et al. (2023). Manuscript submitted for publication. D“,ISIDN
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		Biocarbon

		SBET, m2/g

		Vtotal, cm3/g

		Vmicro, cm3/g

		Vmeso, cm3/g

		Vmeso /Vt

		dave, nm



		Zn1Ca1

		1338

		0.81

		0.65

		0.16

		19.3%

		2.5



		Zn2Ca2

		1671

		1.32

		0.69

		0.64
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		Zn4Ca4
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		4.1



		Zn4

		1554

		0.85
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		Ca2
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Results and discussion — Schematics on pore formation
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1 Original chitin-salt mixture 2 Molten ZnCl, 3 Molten CaCl, 4 Hierarchical porous structure ]
Micropore creation Mesopore creation with interconnected =\
micropores and mesopores w

T—400 °C T—-800 °C Salt removal

Y N "

Solid ZnCl, - Molten Zn?*/CI- cluster

Solid CaCl,  Molten CaZ*/CI- cluster
amms» Chitin polymer . lon diffusion

\ TAPPI

A L\ : S~
1.7 NANO
W
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lon size: Zn?*: 74 pm Ca?*: 100 pm CI: 167 pm

Pu et al. (2023). Manuscript submitted for publication.
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Results and discussion — Heteroatom doping

(a) (b) (©) 100 U B C
N 1s W N1s — Raw N1s —Raw jﬁ
Zn1Cat A ——Fi Ry
nita ——— Background REsS Background Zn4Cad ——— Background [ ]o - _I_ T | ey
—— Pyridinic N (13.8%) —— Pyridinic N (20.8%) —— Pyridinic N (25.9%) 80+ = m\yilv/my
—— Pyrrolic N (39.1%) —— Pyrrolic N (38.1%) ‘-‘ —— Pyrrolic N (32.2%) i
—_ —— Quaternary N (42.6%) —~ ~— Quaternary N (35.1%) — |, —— Quaternary N (33.8% 9
;; —— N-oxide (4.6%) ; —— N-oxide (5.9%) ; \ N-oxide (8.1%) = 60 ]
[%] -—
£ £ f = £ 40
; / i ! y <]
sasiie AL An A N Y A ) ‘ =
U"WT v % 20
356 SQB 4!')0 462 4!|)4 466 365 3gla 460 4[I|z 464 4(|)s 3;!6 3§a 460 462 M;l4 4I06 0 J ﬂ
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Original chitin  Zna ZniCal  Zn2Caz  ZndCas
(d) (e) )
01s e O1s R 0fs ‘ R Fig. 4. Elemental composition of chitin and its derived biocarbon.
ZniCat —Fit Zn2Ca2 i Zn4Cad i
—— Background —— Background \ —— Background
C=0 (45.6%) —— C=0 (45.7%) —— C=0 (53.5%)
——— C-OIC-OH (44.2%) —— C-OIC-OH (40.2%) C-O/C-OH (17.1%) Y N o\\
3 -~ C-0-C (6.7%) 3 —— C-0-C (7.8%) = — C-0-C (13.4%) N N* Ne—oH+ OH = “t—o0 + HO + ¢
i ——— 0-C=0 (3.4%) i ——— 0-C=0 (6.2%) s 0-G=0 (16.1%) @ +HO+e = @ +OH /
2 \ X
: : | N \ .
H & & \ H i C—OH+OH 2 c=o0+H;0+e¢e
£ E = N N / /
K\ /7 +OH = S\ /7 + HO+¢ \ \H
/ £=0+H0+¢ 5 /C—O' + OH"

526 528 530 532 534 536 538 540 526 528 530 532 534 536 538 540 526 526 530 532 534 536 538 540 Flg . 5 Proposed F ara daiC red ox rea CtionS.
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Fig. 3. High-resolution XPS spectra of (a-c) N 1s and (d-f) O 1s for Zn1Ca1, Zn2Ca2 and Zn4Ca4.

Pu et al. (2023). Manuscript submitted for publicaton. . ™ e
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Results and discussion — Electrochemical tests in 3-electrode system

(@ (b) 5 ©) 60
304 —=—Zn1Ca1l U B C
4 ——2Zn2Ca2 . (P .
2 - — ——2Zn4cad
. T : . = » High specific capacitance —r—
E“" = — L \d \/ ]
g 0d ﬁ/ go 1 71.0%
© 104 ) E 1 g
5:. — E:m 3 ] « Good rate capability
IC //» ——20 mVis ] 62.9%
wd —— 50 mVis 60.9%
- —— 100 mVis s 200
-I‘.Il -II‘.B ~DI.G -0‘.4 -I]‘.Z U:Il -1‘.0 -II‘.B -D'.G -0'.4 -OI.Z 0:“ 0 ZIU 6’0 5'0 ﬂlﬂ 160 120
Potential (V vs. SCE) Potential (V vs. SCE) Scan rate (mVis)
e — S—  Fast response
B g v w0 —— o
URRERRELE * Low internal resistance
—uato Sl —pen Bl o
—2Alg ——Zn4Cad 140 - 62.9%
10 8 S W o 10 SR N N N 120 . , . . .
0 200 400 600 800 1000 1200 1400 1600 o 200 400 600 ) 800 1000 1200 1400 1600 [ 10 20 30 ] 40 50 60
@ Time (s) " Ti (s) o . Current density (A/g)
] Diftvior M Capaciive ::E: e Fig. 6. CV curves of (a) Zn2Ca2 and (b) all samples
Iy ——ZndCa —&— ZndCad
S i 269 = ——2zZn4 —v—2Zn4 .
%”- . I m\ ' o] 77 at 10 mV/s; (c) Capacitance-scan rate plot; GCD
g P e ; /1] curves of (d) Zn2Ca2 and (e) all samples at 0.5 and
‘g; 40 4 E 1 b s; / z"‘"“
g T e e T, ::' f / ff 50 A/g (inset); (f) Capacitance-current density plot;
g 204 Frequency (Hz) ol
T 2 o zw::-m) s o . . . .
J | ' | o S : - - ! (g) Capacitance contribution; (e) Bode plot and (f)
Zn1Cal Zn2Ca2 Zn4Cad Zn4 Frequency (Hz) 2' (ohm)

Pu et al. (2023). Manuscript submitted for publication. Nyquist plot.
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Results and discussion — Electrochemical tests in 2-electrode system

! ; Y UBC
104 1.0 "1 4/ ;g :jg —gn;ga;
wadf| /| [ ——&nzla; 1 b 1 e ———— |
‘ - —=cu *» High specific capacitance |==j==
G o8 Sl & ——zn4 o \vlv/my
2 = I g
o 01 t | g oy
« Good rate capability
£ 5 g
o A —0.
— i 0.2 — ‘11 :;;Ig c% 140 -
o B Tl . : :
——— 100 mVi: —°Adg 9 ° L ‘t I t
R A L I "R e s s ke N T T T R B Oow Internal resistance
Potential (V) Time (s) Current density (A/g)
(d) (e) )
10 ——Zn1Cal 304 —=—Zn1Ca1l 100
—e—Zn2Ca2 1 H
o B e B « Qutstanding power density
5 ——Zn4 —v—2Zn4 g ~
;10‘ 204 § o #5000
E E - § 60 08
% g . Excellent cyclic stabilit
< 3 ISRIE DA xcellent cyclic stability
? 57 i/ S 201 "
o ’ et
10% T T T T 0 T T T T T
4 5 6 7 8 0 1 2 3 4 5 1000 2000 3000 4000 5000 6000
Specific Energy (Wh/kg) Z' (ohm) Cycle #

Fig. 7. (a) CV curves and (b) GCD profiles of Zn2Ca2; (c) Capacitance-current density plot; (d)

Ragone plot; (e) Nyquist plot; (f) cyclic stability after #5000 cycles.
Pu et al. (2023). Manuscript submitted for publication.
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Conclusion
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« The binary ZnCl,-CaCl, molten salt system overcame the typical limitations of traditional
activation/templating strategies, while improving the micropore volume, reducing the pore fusion w
effect and total salt loadings compared with other ZnCl,-based eutectic salt systems.

!
i)

« The molten state of CaCl, was critical to further modify mesopores to achieve
hierarchical porous structure.

« Zn2Ca2 showed a synergistic effect on achieving high specific surface area and
creating well-balanced micro-mesopores with controllable mesopore size distribution.

 Due to the well-modulated pore structure and preserved heteroatoms of Zn2Ca2, the
assembled supercapacitor cell demonstrated superior electrochemical performance.
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