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Supplementary Part

Cx: biomass-derived activated carbon additive
TiFe@Cg: Composite

Hydrogen Uptake Measurements

Hydrogen uptake capacity of the materials was evaluated using a HPVA II volumetric 
adsorption analyzer with high-purity hydrogen gas (99.999%). Prior to measurement, all 
samples underwent degassing under vacuum to eliminate adsorbed contaminants and moisture. 
Adsorption isotherms were recorded at ambient temperature (298 K) over a pressure range of 
10-100 bar. Additionally, biomass-derived activated carbon materials were examined at 77 K 
using a liquid nitrogen bath to determine its maximum hydrogen storage capacity. The HPVA 
II system provided quantitative adsorption data, including the volume of hydrogen adsorbed 
per gram of sample ( , cm3/g) and the corresponding hydrogen uptake expressed as weight 

𝑉𝐻2

percentage ( ). While   was obtained directly from the instrument, the values 𝑤𝑡% 𝐻2
𝑉𝐻2 𝑤𝑡% 𝐻2

were derived according to Equation 1.

𝑤𝑡% 𝐻2 = (𝑉𝐻2
 ×  𝑀𝐻2

𝑉𝑚 ) ×  100
(1)

where  = volume adsorbed by sample (cm3/g)
𝑉𝐻2

 = molar mass of hydrogen gas = 2.0159 g/mol
𝑀𝐻2

 = molar volume of hydrogen at STP = 22.414 cm3/mol𝑉𝑚



Supplementary Part. Tables

Table S1 | Elemental composition and atomic ratios of Cx (average of four 
measurements)

Sample C (wt%) H (wt%) N (wt%) O (wt%) (O/C)a (H/C)a

Cg 90.2 0.3 0.1 9.1 0.076 0.039
Cc 93.5 0.2 0 6.3 0.050 0.026
Co 91.3 0.2 0.1 8.4 0.069 0.026

aAtomic ratio

Table S2 | XPS survey data of Cx and TiFe and composite
Sample Spectra Peak Position (eV) (at%)

C 1s 284.97 / 284.9 / 284.9 84.59 / 93.35 / 85.25
O 1s 532.7 / 532.66 / 532.38 12.99 / 6.65 / 12.07Cg / Cc / Co
Si 2p 103.8 / - / 103.04 2.42 / 0 / 2.67
Ti 2p 458.18 / 458.04 16.98 / 8.02
Fe 2p 711.2 / 711.05 10.11 / 5.72
O 1s 530.24 / 530.84 39.05 / 18.8

TiFe / 
TiFe@Cg

C 1s 285.07 / 284.95 26.47 / 62.13

Table S3 | High-resolution XPS peak deconvolution of the C 1s, O 1s, Ti 2p, and Fe 2p 
spectra of Cx and TiFe and composite

Sample Spectra Label Peak Position (eV) (at%)
C–C 284.44 / 284.43 / 284.33 59.74 / 58.6 / 61.96
C–O 285.83 / 285.51 / 285.48 14.33 / 8.97 / 10.68
C=O 287.27 / 286.49 / 286.66 6.68 / 7.79 / 7.67

O–C=O 288.86 / 288.38 / 288.3 10.17 / 16.23 / 7.62
C 1s

𝜋-𝜋∗ 291.36 / 291.37 / 290.51 9.09 / 8.41 / 12.07
C=O 531.07 / 531.13 / 531.14 37.74 / 22.02 / 10.58
C–O 532.39/ 532.34 / 532.33 31.19 / 29.45 / 46.97

O–C=O 533.3 / 533.43 / 533.2 25.27 / 36.46 / 36.51

Cg / Cc / Co

O 1s

Adsorbed oxygen 535.28 / 536.47 / 534.85 5.8 / 12.06 / 5.93
458.4 / 458.37 37.78 / 29.24Ti4+

464.12 / 464.12 15.47 / 12.97
456.63 / 456.65 19.42 / 18.38Ti3+

463.18 / 462.55 7.97 / 9.35
454.4 / 454.65 8.31 / 19.12

Ti 2p

Ti0

460.21 / 460.42 11.05 / 10.94
710.78 / 710.59 34.56 / 29.91Fe3+

724.39 / 724.24 18.58 / 17.86
706.96 / 707.19 4.34 / 6.93

Fe 2p
Fe0

720.51 / 720.32 10.54 / 10.9
C–C 284.71 / 284.48 61.85 / 66.61
C–O 285.15 / 285.36 14.92 / 17.2
C=O 286.03 / 286.45 8.35 / 5.64

TiFe / 
TiFe@Cg

C 1s

O–C=O 288.61 / 288.56 14.87 /10.55

Table S4 | Surface area and porosity characteristics of Cx
Sample SBET (m2/g) Smicro (m2/g) Vt (cm3/g) Vmicro (cm3/g) DHK (nm)

Cg 3286 ±146.872 2650±292.489 1.46±0.056 1.31±0.05 0.655±0.009
Cc 1974±64.79 1728±37.457 0.87±0.065 0.78±0.042 0.637±0.016



Co 2362±14.641 2040±32.556 1±0.015 0.92±0.01 0.645±0.055
The specific surface area (SBET) was calculated using the Brunauer-Emmett-Teller (BET) method. 
The microporous surface area (Smicro) was determined by the t-plot method. Vt represents the total 
pore volume. The micropore volume (Vmicro) was determined using the Horvath-Kawazoe (HK) 
method. DHK denotes the most frequent pore diameter obtained by the HK method.



Supplementary Part. Figures

Fig. S1 | Number of publications in which: (a) a specific hydrogen storage material was 
catalyzed by a carbon additive; (b) a specific carbon additive was used to catalyze the 
hydrogen sorption/desorption reaction; (c) a specific amount of carbon additive was used. 
Red arrows indicate the hydrogen storage material and carbon additive used in this study. 
This figure is retrieved from [27].

where a, Cg: C (95.9 wt%), O (3.9 wt%), N (0.1 wt%), Si (0.1 wt%); b, Cc: C (96.2 
wt%), O (3.7 wt%), N (0.1 wt%), Si (0 wt%); c, Co: C (93.4 wt%), O (5.8 wt%), N (0.2 
wt%), Si (0.6 wt%)
Fig. S2 | EDS spectra and elemental mapping of Cx.



Fig. S3 | SEM images of Cx: a Cg (low and high magnification), b Cc (low and high 
magnification), and c Co (low and high magnification).

where a, TiFe: Ti (37.3 wt%), Fe (37.1 wt%), C (16.6 wt%), O (9 wt%); b, TiFe@Cg: Ti 
(26.5 wt%), Fe (25.6 wt%), C (29.8 wt%), O (18.2 wt%)
Fig. S4 | EDS of TiFe and composite.



 
Fig. S5 | XRD patterns of TiFe-based materials after 1 cycle.

Fig. S6 | Full hydrogen absorption curve of the TiFe-based alloy.



Fig. S7 | Hydrogen uptake of Cg at 77K.

Fig. S8 | Kinetics: Hydrogen uptake versus time for TiFe-based materials.



Molecular Dynamics (MD)

A large-scale atomic-molecular massively parallel simulator (LAMMPS)4 as used to study the 
diffusion of hydrogen gas through activated carbon layers on the surface of TiFe alloy to 
understand the mechanism of hydrogen absorption improvement when adding activated carbon 
using molecular dynamics (MD) simulation method.  In order to construct the TiFe alloy 
polycrystalline system and the activated carbon, which is graphite structured material with 
pores (defects in structure), the open-source molecular editor and visualization software - 
Avogadro 1.99.0 was utilized5.

The TiFe alloy was considered as a polycrystal with a tetraauricupride structure 
crystallizing in the cubic space group Pm̅3m. The Ti is bonded to eight equivalent Fe atoms in 
a body-centered cubic (BCC) lattice. The length of all Ti-Fe bonds is 2.54 angstroms (Å)6. The 
polycrystalline structure of TiFe alloy, which has a thickness of 77 Å, was builded with 539 
titanium and 539 iron atoms in BCC lattice represented as a solid slab. The distance between 
the TiFe alloy and the activated carbon was set to 5Å.

Considering the fact that the carbon content is about 90wt% from this experimental 
study, we made the assumption that oxygen atoms will not be present in the structure of 
activated carbon. Activated carbon or simply graphite with pores consists of graphene layers 
in which the carbon atoms are arranged in a hexagonal structure with an interatomic distance 
of 1.42 Å. The atoms interact through atomistic covalent bonds via sp2-hybridized electrons, 
where the angle between them is 120°. The Weak van der Waals forces hold these carbon layers 
in an AB-type sequence along the thickness, where the interlayer distance is approximately 
3.35 Å7.
In order to create pores the carbon atoms were deleted in the structure within a diameter of 6.5 
Å and with a total number of carbon atoms of 3743. The choice of 5 layers is described in the 
study by Jiang et al. (2015)8, where bilayer graphene exhibits maximum hydrogen storage per 
added layer, since attractive van der Waals interactions act only between adjacent layers, while 
repulsive forces quickly weaken at large distances. Four layers have the largest number of 
stabilizing interactions, but adding a fifth layer ensures full convergence, since the contribution 
of more distant layers becomes negligible. Thus, five layers can be considered an optimal 
balance between maximizing storage and avoiding unnecessary structural complexity. 
Visualization of the activated carbon structure is presented using the Visual Molecular 
Dynamic (VMD) program9 see Fig.2 (a-b). 

Fig. S9 | Activated carbon structure (5 graphene layers) with pore size 0.65 nm a, 
Perspective view. b, Projection along the z-axis.

The diffusion process is modeled using 200 hydrogen molecules in a region above activated 
carbon and TiFe alloy. The Pakmol software10 was used to combine all the structures into one 
system for 1 case with the TiFe alloy-Hydrogen system and the 2 case with the TiFe alloy-
Activated carbon- Hydrogen system in boxes with dimensions (49x49x157) Å3 and 
(49x49x190) Å3, respectively.



Fig. S10 | a, Simulation box of the TiFe–H system at 0 ns. b, Simulation box of the TiFe–H 
system at 5 ns. c, Simulation box of the TiFe–activated carbon–H system at 0 ns. d, 
Simulation box of the TiFe–activated carbon–H system at 5 ns. Atoms are colored as follows: 
hydrogen (green), carbon (black), iron (orange), and titanium (gray).

Fig. S11 | Mean square displacement (MSD) of hydrogen atoms calculated for alloy region 
at TiFe and TiFe–activated carbon under the NVT ensemble during production run up to 5 
ns.

In pure TiFe, hydrogen atoms immediately interact with Ti and Fe sites, causing a rapid MSD 
increase as they diffuse through the alloy lattice. In the carbon-modified system, hydrogen must 



first traverse the porous carbon layer, where motion is partially confined through adsorption, 
lateral migration, or temporary trapping. This initial confinement reduces early MSD values, 
but once hydrogen reaches the alloy, its diffusion resembles that in pure TiFe. Thus, the main 
effect of the carbon layer is a delayed penetration, shifting the MSD curve downward without 
altering mobility inside the alloy.
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