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1. Table comparing types of carbon materials

Table S1. Comparison of representative carbon materials for hydrogen storage, including graphene-based,
template-derived and activated carbon, showing their surface area, synthesis method, precursor, and hydrogen

storage capacity.

Carbon type Precursor Preparation Surface Hydrogen Reference
area (m?*g') storage
capacity
(Wt%)
Graphene-based Graphite (via Thermal exfoliation of GO in 248 3.12wt% (Singh &
graphene oxide) H: atmosphere (200-500 °C) (optimal at (77K, De, Mater.
300°C) 30 bar) Chem.
Phys.,
2020)!
Nitrogen- and Acetonitrile CVD using surfactant-modified 1508 5.0 wt% (Singh &
metal-doped alumina (AIS) hard template; (N-doped); (=196 °C, De, Int. J.
mesoporous Ni or Pd impregnation; HF 817 2wt%  25bar, Energy
templated carbon template removal Pd-N 2wt% Res.,
codoped) Pd-N 2019)?
codoped);
39wt%
(N-doped)
Zeolite-templated Furfuryl alcohol Liquid phase impregnation 3590 5.5 wt% (N. P.
carbon (LPI), polymerisation and (77K, 20 Stadie et al.
carbonisation within zeolite bar) Langmuir,
template followed by HF 2012) 3
etching
Carbide-derived SiC, TiC High-temperature chlorination 1200-2200 Upto 6.7 (Naheed
carbon (Cl: etching) of metal carbides; wt % etal.,
optional steam/CO: activation (298K, 1JHE, 2021
>120 MPa,
absolute )
uptake);
~1.2wt%
excess
Carbide-derived Molybdenum High-temperature chlorination 1100-2500 4.3 wt% (Kim et al.,
carbide (Mo:C) of molybdenum carbide (196 K, Microporo
followed by H: annealing 35 bar) us
Mesoporou
s Mater.,
2009)°
Activated carbon Amorphous Activated at 900°C and hold 1499 2.36 wt% (Conte et
cellulose time for 1 hour 77k, 1 al.,
bar) Internation
al Journal
of
hydrogen
energy,
2024)¢
Activated carbon Cellulose KOH chemical activation Around 3 wt% (Sevilla &
3000 Fuertes,
Carbon,
2009y
Activated carbon Lignin Activated at 600 °C for 2 hours 2049 2.42 wt% (Beak et
using KOH chemical activation 77k, 1 al., Journal
bar) of




Environme
ntal
Engineerin
g 2025)®

Activated carbon Corncob Activated at 124 °C suing KOH 3708 3.21 wt% (Liu et al.,
chemical activation 77k ,1 Microporo
bar) us and
mesoporou

s materials,
2014)°

2. Thermogravimetric analysis
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Figure S1. Temperature program for TGA measurements showing segments 1-6, where segment (1): initial heating under
nitrogen, (2) isothermal hold at 100 °C for 30 minutes, (3) ramp 900 °C under nitrogen, (4) cooling to 30 °C under nitrogen,
(5) transition to air and an isothermal hold of 30 minutes, and (6) final heating to 900 °C under air
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Figure S2. Thermogravimetric trace of kale precursors doped with different concentrations of CuCl, (0 — 350 mg/mL)



Table S2. BET surface area of CuCl, activated biomass at 40 mg/mL at multiple temperatures.

Activation temperature (°C) BET surface area (m2g)
500 106
700 263
900 438

Table S3. Mass loss (%) of kale precursors doped with 0—-350 mg mL™ CuCl,-2H,0 in selected temperature regions

under N, and air.

Concentration of CuCl,-2H,0/ mg/mL

Temperature 0 5 20 40 80 100 150 350
range/°C

30-100 7.15 8.00 6.70 10.90 21.67 16.42 15.39 14.84
under N,

200- 500 58.67 56.94 51.86 50.35 40.66 44.46 43.96 36.03
under N,

700-800 3.72 2.40 2.59 3.19 1.75 2.43 3.66 18.48
under N,

300-900 18.64 20.80 22.25 14.78 11.65 14.06 7.39 3.01
under Air

Table S4. Residual content after segment 6 (thermolysis under air)

Concentration of | Residual content,
CuCl,-2H,0/ mg/mL wt%
0 4.39
5 8.14
20 14.00
40 16.68
80 19.79
100 19.96
150 23.06
350 16.85
-~ [——cucl,
80
£ 604
2
[
2
R 40
20 4
0,
260 460 6(‘10 B(I)O
Temp./°C

Figure $3. TGA for CuCl,from 30 °C to 900 °C under nitrogen







2.1 Method for estimation of lignocellulosic-component composition of kale plant biomass

Thermogravimetric analysis (TGA) was used to evaluate the thermal decomposition behaviour of
biomass under inert and oxidative atmosphere. Under nitrogen, the biomass exhibits and overlapping
decomposition behaviour of hemicellulose, cellulose and lignin, after the initial moisture removal step.
In general, hemicellulose decomposes first, cellulose degrades over a narrower temperature interval,
and lignin decomposes over a much broader range that can extend to much higher temperatures. For
the analysis, replicate biomass TGA were analysed under N, to obtain TGA thermograms, while
separate TGA runs in air were used to estimate the ash from the residual mass after oxidising at 900
°C. Because plant biomass is chemically complex, and may also contain components like pectin,
minerals and other extractives in addition to cellulose, lignin and hemicellulose, the TGA-derived
fractions were interpreted as component-associated fractions rather than treated as direct wet-
chemical method values.

Before the analyses, the raw TGA data were normalised using initial and final masses of the TGA run.
Moisture loss was excluded by applying a temperature cut-off at 150 °C and all subsequent
calculations were performed on the post-moisture portion of the curve.

2.2 Window-based fraction method

Nitrogen TGA curves were analysed using a fixed-temperature window approach to obtain
component-associated fractions. After exclusion of moisture loss below 150 °C from the calculations,
the normalised TGA curve was divided into three intervals corresponding to hemicellulose-dominated
(180-260 °C), cellulose-dominated (260-360 °C), and lignin-dominated/high-temperature (360-700
°C) decomposition. These windows were selected based on the established thermal behaviour of
lignocellulosic biomass, in which hemicellulose generally decomposes at lower temperature, cellulose
exhibits a sharper intermediate-temperature event, and lignin degrades over a broad higher-
temperature range with substantial overlap. The assigned fraction for each interval was calculated
from the mass loss across the corresponding window, and the residual unassigned fraction was
retained to account for overlap and non-lignocellulosic decomposition. Because biomass also contains
components such as pectin, proteins, pigments, extractives, and minerals, these results were
interpreted as TGA-derived fractions rather than direct wet-chemical composition value.
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Figure $4. (a) bar graphs showing the estimated component fractions calculated using the window-based TGA method. (b)
DTG curve of Biomass, Xylan, and Lignin, showcasing area if significant signal overlap.



As shown in Figure S4, the window-based TGA method estimated kale stem biomass into 20.69 + 2.73
wt.% hemicellulose-dominated fraction, 29.61 * 4.09 wt.% cellulose-dominated fraction, 17.06 + 2.15
wt.% lignin-dominated/high-temperature fraction, 26.52 + 7.96 wt.% unassigned organic fraction, and
6.12 + 2.50 wt.% ash on a dry basis. Literature values reported for related herbaceous lignocellulosic
biomass can range from 20-50 wt.% for cellulose, 15-40% for hemicellulose, and 5-20 wt.% for lignin,
respectively. 1%1! Relative to these values, the present lignin-dominated/high-temperature fraction
and ash content are broadly plausible, whereas the cellulose-dominated fraction is lower than
expected for many herbaceous materials. The large, unassigned fraction indicates substantial overlap
of components and supports interpreting the window-method outputs as TGA-derived fractions
rather than compositional values.

Because specific compositional data for kale stem are limited, the comparison was made primarily
against general herbaceous lignocellulosic literature, and should therefore be interpreted as
contextual rather than exact values.

3. Particle size determination

Table S5. Calculated Feret size and average size of particles analysed from SEM images of the Cu-activated samples.

Sample Feret/ um Average size/ pm?
Cu5-900-2 0.32 0.135

Cu20-900-2 0.94 1.13

C40-900-2 1.25 1.77

Cu80-900-2 1.89 2.58

Cu100-900-2 2.05 3.12

Cul50-900-2 3.68 13.9

Cu350-900-2 5.69 38.3
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Figure S5. Representative SEM micrographs showing the particle size distribution of Cu-activated samples
carbonised at 900°C, panels (a-g) correspond to samples, Cu5-900-2, Cu20-900-2, C40-900-2, Cu80-900-2,

Cul00-900-2, Cul50-900-2, and Cu350-900-2, respectively. the right column presents the corresponding Feret
diameter distributions obtained from image analysis.



4. Powder X-ray diffraction data
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Figure S6. PXRD patterns of (a) Control-900-2, (b) Cu20-900-2, and (c) Cul50-900-2 activated carbon samples.




5. Elemental analysis and TEM imaging
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Figure S7. (a) SEM and (b) EDX elemental analysis for the control sample
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Figure S8. (a) SEM and (b, c) EDX elemental scan of spectra 1 and 2 for the Cu20-900-2 sample, respectively.
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Figure S9. TEM images of (a) Cu40-900-2, and (b) Cu80-900-2.

6. Raman spectroscopy

Table S6. Raman deconvoluted spectra for activated carbon samples, in wavenumber ranges of 1100
to 1800 cm™™.

, control | 4-poak Gaussian fit s control (2) | 4-peak Gausstan fit control (3) | 4-peak Gaussian fit
R? = n.ogES
0 ‘o 04
Reducad Ch” = 0.0001425 R? = 08007
02 o 35| | Reducea cni = 0 0001374
o7
o~ e i Fl
Jos = 3
N £ Eol 3
8 £ z
E 2 oz i
E 04 El E
[=2] = 2 £
- 03 015
e 02 0
Sz e . .
° s o S CLRat AT . IS e itepam
T ey ) e ) ) o T =z o = Y 0 Fy
o o e me  he  we  ae R weaw .
Raman shift (em™} Ly Raman shift (cm")
Raman shift (om’")
e Cu5-900-2 | 4-peak Gaussian fit Cu5-900-2 (2) | 4-peak Gaussian fit . Cu5.900-2 (3) | 4-peak Gaussian fit
ap| | < oaem = e
-- -- ---p4
e Reuced G = 00002698 ST 28 = Loy
T a7 ZE “o3
0T 06 b as .
T s 3
] Hos
=
2 3
N L Eoe
[=] a2 a2
(=]
(=] o
1 a
Ig o se3F s ~ %
= T pEzRz —= Z =
3 T R I I
aman shift (em - Ly
fem™ Raman shift (om™) Raman shift om’)
" . ©u20-900-2 | 4-peak Gausslan fit i Cu20-900-2 {2) | 4-peak Gaussian fit dé Cu20-900-2 (3) | 4-peak Gaussian fit
2 = 08921 — - |RP= 0027
Reduced Ghi? = 0.0005925 52 Reduced Ch? = 00005448 T
- o7 --
_ -
i El 3 os-
é = L
g z o4
H 2 H
o~ £ z £
N E £ o1
o =
(= o0z
".’
[ i ; :
(] o en we w0 w0 cen e e e e e
» 0
=] Raman shift (em™) ' =m e wo tme iew o e 1
U 1 1150 1200 1300 1400 1600 1500 1700 Tane
Raman shift (cm . I,
tem™) Raman shift (cm ™)
C140-000-2 | 4-pesk Gaussian fit , Cud0-900-2 (2) | 4-poak Gaussian fit o Cud0-000-2 (3) | 4-peak Gaussian it
—y ol i : —
-
p —
- nsu8 ik a9 08— e
th S Resuced Ch = 0.000102% | R =0.0068 2
2| Resuves o - 0.0002281 - 2! Pillenr 0 =l
- A
a5 Zie
a5 " s <l
T 2
ES Ses
=z =
|- %‘ 04
a
o o Zos
[=] i 02
(=] 2
(=] g 04
C 3.
o T o2 g
< 4 T oo e ww o me wwm e ww
Raman shift {em ™"y i 4 04
3 Raman shift (em™) M w0 0 Mo e @ W Mo
Q Raman shift (em™")




. Cusn-900-2 | 4-psak Gaussian fit ‘ €uB0-900-2 (3} | 4-peak Gaussian fit
: @ . ' oate
— — 4
7 - nseca --n o
05 | Ruoed GHY = 0000174 —=o --o
o o3
--a -
o
S
[<2]
)
=S o , — = o me  wn ww em we om
() o e, o) e oo 3 o o i - e . 110 1200 800 a0 1500 1500 1700 800
ift (o’ Raman shift (cm™') .
Raman shift (cm™') ( Raman shift o™y
Cu100-900-2 | 4-pesk Gaussian fit - Cutho.900-2 (2) | d-peak Gaussian fit Cu100-900-2(3) | &-pesk Gaussian it
can ! ' s —
a [ o —n = W
- s = i 9 =
Za Festuces G = 00025580 i o T dscucar Gni = 3 6060-35 SE
o o o
[ - - -
o
)
[+2]
| a2
g| :
2 - ol e e S B
=1 R 2l twaal e Oy =
=] a i 5 i i
o T e e aw wm wm wm wo T T T Tn R e e T mm wR e, mem mm
Raman shift om "} Raman shift (em™') Raman shift (cm”')
| €u150:900-2 | d-peak Gausslan fit s Cul50-900-2 (2) | 4-peak Gaussian fit , Cu150-600-2 (3) | 4-peak Gaussian fit
s — = —
z a — —
= —
05| Rechoad € = 0000103 -- o 2 = 0,005 Sisin mestH
e a5 - Reduced Chi” = 0.0001613 o D3
= -
as-
H
(o] ¥ as
) E
o 02
o ‘ B
a =l e e [RSERA, S a1-
1
o °
az . ;
ﬂ T wo we w0 w0 cee e o - 2 "
= Raman shift (e ™) S T ont S0 =0 mm e tso w0 w0 6w
I's] Raman shift cm ") Raman shift (om™
e CUISN-900-2| 4-peak Gaussian fit ©u350-900-2 (2) | 4-peak Gaussian fit o Cu350-900-2 (3) | 4-peak Gaussian fit
: — e . i . ' —as
o [Fizoms — yo RO = 08977 R - naesn ]
Raucad Chf = 3.0003538 S Recuosd T = 0.0001632 T i T— S
art © u7- o
a8 : 25
a5 E
o ; 2
N o4F =
8 !
S
un
) IR S pap— R = . o Al gy
S 5 . . . i . .
T e mw v w0 wm om0 wsm L F ‘ 5 - = . 0y -
9] R it (em ) o D o s, AN eof  fTod i m uw we w0 e T e
aman shift (cm - E
Raman shift (em™) Raman shift (cm ')

Table S7. Table showing the mean ID1/IG ratios as well as the mean FWHM

Sample

D1 (xcz) *SE
(cm™)

FWHM
(p1)*SE

G1 (+SE)
(em™)

FWHM
61)ESE

Control-900-2

1339.47+1.14

158.83+3.93

1592.87+0.49

75.77+1.81

Cu5-900-2

1346.44+0.33

164.61+4.31

1590.62+1.69

85.67+8.35

Cu20-900-2

1347.30%1.72

152.66+2.81

1600.43+1.08

72.07+0.29

Cu40-900-2

1345.63+0.35

155.83+0.77

1595.65+1.92

70.13+0.49

Cu80-900-2

1345.95+0.68

153.01+1.56

1596.91+1.28

69.13+1.24

Cul00-900-2

1347.37+0.36

162.15+1.50

1596.51+0.90

71.52+0.75

Cu150-900-2

1346.73+0.63

156.68+1.53

1596.51+0.67

69.92+0.93

Cu350-900-2

1349.55+1.91

154.22+3.15

1597.90+1.06

71.07+£1.04




7. BET analysis
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Figure $10. table showing BET surface area plots for activated carbon samples investigated.
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Table $8. Comparison of BET surface area, H, uptake at 77 K and 1 bar, and normalised uptake values for
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literature-reported activated carbons and CuCl,-activated samples from this work a normalised uptake calculated as (H.
uptake / BET area) x 1000 m?g .

Material Activation BET surface area H, uptake | Normalised uptake Ref.
method (m2g?) At 1 bar atlbarand 77 K (

and 77K wt% per 1000 m?2) 2

(wt%)
Activated carbon KOH (one-step) 1269 2.71 2.14 12
(olive stone)
Activated carbon KOH (one-step) 3771 3.90 1.03 13
(Cellulose acetate
derived)
Activated carbon KOH (one-step) 2919 2.71 0.93 14
(Chitosan derived)
Activated carbon KOH (one-step) 922 1.57 1.7 15
(Hemp stem)
Cu20-900-2 CuCl, (one-step) 386 0.98 2.54 This work
Cu40-900-2 CuCl, (one-step) 438 0.91 2.06 This work
Cu80-900-2 CuCl, (one-step) 408 0.83 2.03 This work
Cul100-900-2 CuCl, (one-step) 431 0.82 1.82 This work
2 Normalised uptake calculated by dividing hydrogen uptake (wt%) by BET surface area and scaling to 1000 m?
g—1
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