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Abstract 

Interactions between metals and heteroatom-coordinated sites on the carbon matrix are crucial for enhancing the kinetics and thermody- 
namics of Mg/MgH2 . Herein, we reported a sustainable K2 FeO4 activation strategy that converts high-sulfur petroleum coke into a sulfur 
self-doped porous carbon hosting FeNi–S coordinated active sites. Tailoring the alloyed electronic structure and exposing more catalytically 
active sites substantially enhanced the hydrogenation and dehydrogenation kinetics of Mg/MgH2 with (FeNi)S@PPC. Its peak dehydrogena- 
tion temperature was 95.39 °C lower than that of ball-milled MgH2 . In addition, it enabled MgH2 to release 4.89 wt.% H2 within 20 min 
at 275 °C, exceeding its sulfur-free counterpart (FeNi)@PPC by 1.41 wt.%. Moreover, the (FeNi)S@PPC/MgH2 showed 99.5% capacity 
retention after 30 cycles, indicating excellent reversibility. Mechanistic investigations revealed that intrinsic sulfur self-doping induced a 
stable FeNi–S coordination environment, which lowered the D-band center of FeNi to −1.349 eV. The electronic redistribution was found to 
weaken the FeNi–(H) intermediate, lowering the dissociation and diffusion energy barrier by 0.39 eV and facilitating hydrogenation. This also 
reduced the energy required for Mg–H dissociation into H2 by 0.65 eV. Consequently, the dehydrogenation activation energy was decreased 
to 97.09 kJ ·mol−1 , with the rate-limiting step shifting to a low-energy barrier three-dimensional interfacial reaction (R3 model). Overall, 
this study establishes a green valorization route for high-sulfur petroleum coke and elucidates a fundamental metal–sulfur charge transfer 
mechanism that substantially enhances magnesium-based hydrogen storage. 
© 2026 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

Keywords: MgH2 ; FeNi–S coordination; Hydrogen absorption/desorption kinetics; Sulfur self-doping; Catalytic mechanism. 

1. Introduction 

Hydrogen energy is emerging as a pivotal force in the 
green and low-carbon transformation of energy systems [ 1–
4 ]. Projections from the International Energy Agency in its 
“Global Hydrogen Review 2024” indicate that hydrogen en- 
ergy is expected to constitute 12% of the global final energy 

consumption by 2050. Consequently, the advancement of ef- 
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ficient and safe hydrogen storage technologies is strategically 

essential for establishing a clean and secure national energy 

system [ 5 , 6 ]. Solid-state storage methodologies using metal 
hydrides are particularly noteworthy due to their high the- 
oretical hydrogen storage capacities and moderate hydrogen 

pressure requirements [ 7 , 8 ]. The binary metal hydride MgH2 

represents a promising hydrogen storage material because of 
its abundance and high hydrogen density (7.6 wt.%) [ 9 ]. How- 
ever, the practical application of MgH2 is limited by its high 

reaction enthalpy, the considerable dissociation energy of H2 , 
and the strong Mg–H bonds, which collectively lead to ele- 
vated desorption temperatures and activation energies [ 10–13 ]. 

https://doi.org/10.1016/j.jma.2026.102033 
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Nomenclature 

BET Brunauer–Emmett–Teller 
CI-NEB Climbing image nudged elastic 

band 

COHP Crystal orbital Hamilton popula- 
tion 

D-HSPC Desulfurized high-sulfur 
petroleum coke 

DFT Density functional theory 

DOS Density of states 
DSC Differential scanning calorime- 

try 

EDS Energy-dispersive X-ray spec- 
troscopy 

(FeNi)@G FeNi bimetallic alloy supported 

on graphite 
(FeNi)@Gr FeNi bimetallic alloy supported 

on graphene 
(FeNi)@PPC FeNi bimetallic alloy sup- 

ported on petroleum porous 
activated carbon without sulfur 
self-doping 

(FeNi)S@PPC Sulfur self-doped FeNi bimetal- 
lic alloy supported on petroleum 

porous activated carbon 

(FeO)S@PPC Sulfur self-doped iron oxide 
supported on petroleum porous 
activated carbon 

(FeTM)S@PPC Sulfur self-doped FeTM alloy 

(TM = Cr, Mn, Co, Ni, or Cu) 
supported on petroleum porous 
activated carbon 

(FeTM)S@PPC/MgH2 MgH2 composite catalyzed by 

(FeTM)S@PPC 

HRTEM High-resolution transmission 

electron microscopy 

HSPC High-sulfur petroleum coke 
PCT Pressure–composition–

temperature 
PDOS Partial density of states 
SAED Selected area electron diffraction 

SEM Scanning electron microscopy 

TPD Temperature-programmed des- 
orption 

VASP Vienna Ab initio Simulation 

Package 
XPS X-ray photoelectron spec- 

troscopy 

XRD X-ray diffraction 

The hydrogen storage performance of MgH2 can be en- 
hanced by the addition of transition metal (TM) dopants [ 14–
19 ]. These additional components interact with Mg/MgH2 to 

facilitate hydrogen absorption and release, through interface 
effects, alloy phase formation during cycling, and the pro- 
vision of catalytically active sites [ 20–22 ]. Furthermore, the 
catalytic performances of TM dopants are influenced not only 

by the metal itself, but also by the nature of the support and 

the impact of metal–support interactions [ 19 , 23 ]. For example, 
Guan et al. [ 14 ] demonstrated that doping Ti into the MgO 

lattice and optimizing its valence state to yield stable Ti3 + 

significantly enhanced the hydrogen absorption/desorption ki- 
netics and stable cycling performance. Zhang et al. [ 19 ] 
designed Ni0.034 @TiO2 with single-atom Ni supported on 

TiO2 via a strong metal-support interaction, which main- 
tained thermal stability and catalytic activity at high tem- 
peratures while retaining a 97.26% capacity rate after 100 

cycles. 
Carbon supports possess distinctive physicochemical prop- 

erties and advantages in electron modulation compared to ox- 
ide supports, rendering them preferred choices for numerous 
catalytic applications [ 24 , 25 ]. Typically, heteroatoms (N, P, 
S, B, etc.) on carbon materials were used as anchoring sites 
for metal nanoparticles, which can significantly influence the 
electronic structure of the metals through interfacial electron 

transfer [ 24 , 26 , 27 ]. Duan et al. [ 28 ] recently developed a 
method for assembling single Mo atoms on N-doped carbon 

nanotubes (N–CNTs), reducing the Mg hydrogenation acti- 
vation energy to 21.2 kJ ·mol–1 . The excellent hydrogenation 

kinetics were primarily due to coordination between single 
Mo atoms and adjacent N atoms on the CNTs, thereby gen- 
erating half-filled orbital states on the Mo atoms. Additionally, 
Wang et al. [ 29 ] used a hydrothermal method to synthesize N- 
doped Nb2 O5 nanorods induced by graphene, which reduced 

the desorption temperature by 130 °C compared to that of 
pure MgH2 . Theoretical analysis confirmed that the synergis- 
tic effect between the Nb–N–O species and graphene effec- 
tively lengthened the Mg–H bond while weakening the H–H 

bond. However, complex synthesis processes and reliance on 

expensive carbon precursors restrict the scalable application 

of the produced catalysts. 
High-sulfur petroleum coke (HSPC), a byproduct of crude 

oil refining with a carbon content above 80% and a bulk 

sulfur content of 3–10%, serves as an excellent candidate for 
fabricating sulfur-doped carbon supports. In this work, we de- 
veloped an eco-friendly method to transform HSPC into sulfur 
self-doped carbon catalysts (FeTM)S@PPC, with potential for 
large-scale applications. Green oxidant K2 FeO4 was employed 

as a substitute for traditional potent base activators (such as 
KOH) for HSPC, thereby eliminating environmentally harm- 
ful post-treatment steps while directly introducing an iron pre- 
cursor that can alloy with the second active metal. The mild 

reaction condition promoted the formation of a local coordi- 
nation microenvironment between sulfur in HSPC and metal- 
lic atoms. (FeNi)S@PPC was identified as exhibiting superior 
performance for enhancing Mg/MgH2 hydrogen storage. The 
catalytic evaluations and mechanism study proved that stable 
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FeNi–S coordination effectively reconstructed the electronic 
structure of FeNi active sites and weakened the strength of 
FeNi–(H) intermediate and the Mg–H bonds, thereby enhanc- 
ing the thermodynamics and kinetics of MgH2 . Overall, this 
study presents a novel green strategy for the utilization of 
HSPC solid waste and provides insights into how the local 
metal–sulfur coordination environment influences the perfor- 
mance of Mg/MgH2 , which could lead to the development of 
novel hydrogen storage materials. 

2. Materials and methods 

2.1. Catalyst and hydrogen storage material preparation 

HSPC solid waste (86.78 wt.% C, 3.54 wt.% H, 1.33 wt.% 

O, 0.96 wt.% N, and 7.40 wt.% S) was utilized as both the 
carbon and sulfur sources, along with K2 FeO4 as a green 

activating agent and metal chlorides as the secondary metal 
sources to synthesize the desired (FeTM)S@PPC materials. 
For example, considering (FeNi)S@PPC, the synthetic pro- 
cess was performed as follows. HSPC (1 g), K2 FeO4 (1 g), 
and anhydrous NiCl2 (0.654 g) were mixed by high-energy 

mechanical ball milling at a ball-to-powder ratio of 50:1 and a 
rotational speed of 450 rpm for 8 h to form a highly dispersed 

bimetallic alloy precursor. The mixture was then placed in a 
nickel boat and heated to 800 °C under an Ar atmosphere at 
5 °C ·min−1 . Subsequently, the atmosphere was changed to H2 

and maintained for 2 h before cooling. Finally, the product 
was washed with deionized water to remove any byproducts 
and dried to obtain the desired (FeNi)S@PPC. The control 
systems, (FeNi)@PPC and (FeO)S@PPC, were synthesized 

following the same procedure, except that the HSPC was ei- 
ther desulfurized or did not include a nickel source. Desulfu- 
rization of the HSPC was achieved through thermal treatment 
at 1400 °C for 2 h to ensure the complete removal of intrin- 
sic bulk-phase sulfur. The synthesis procedures for the other 
catalyst systems were also provided in the Supplementary In- 
formation. 

(FeTM)S@PPC and MgH2 were then ball-milled together 
at a mass ratio of 1:9 to produce the (FeTM)S@PPC/MgH2 

composite hydrogen storage material, maintaining a ball-to- 
powder ratio of 50:1 and using a rotational speed of 450 rpm 

for 6 h. Notably, a 10 min break was implemented after each 

30 min to avoid overheating and cold welding. The deci- 
sion to incorporate a 10% catalyst was based on a com- 
prehensive balance between catalytic efficiency and hydrogen 

storage capacity, a conclusion widely supported by previous 
studies [ 29 ]. Characterization of the structural and surface 
chemical properties was carried out using X-ray diffraction 

(XRD, Miniflex 600, Rigaku, Japan), nitrogen adsorption–
desorption analysis (ASAP 2460, Micromeritics, USA), X-ray 

photoelectron spectroscopy (XPS, K-Alpha, Thermo Fisher 
Scientific, USA), and high-resolution transmission electron 

microscopy (HRTEM, Talos F200X, FEI, USA); additional 
experimental details are provided in the Supplementary 

Information. 

2.2. Evaluation of hydrogen absorption/desorption properties 

The catalytic performance of (FeTM)S@PPC was evalu- 
ated through simultaneous thermogravimetric analysis, non- 
isothermal and isothermal hydrogen absorption and desorp- 
tion testing, pressure-composition-temperature (PCT) mea- 
surements, and cycling performance assessments. To mea- 
sure the dehydrogenation peaks and apparent dehydrogena- 
tion activation energies of the hydrogen storage materials, 
differential scanning calorimetry (DSC, Netzsch STA449 F5) 
was performed under a high-purity Ar protective atmosphere, 
with a heating rate of 5–20 °C ·min−1 from room temperature 
to 550 °C. Non-isothermal hydrogen absorption and desorp- 
tion tests were conducted using a high-pressure gas adsorp- 
tion apparatus (TPD, BSD-PHE) at heating rates of 2 and 

5 °C ·min−1 , respectively. The isothermal hydrogen absorp- 
tion/desorption kinetics, PCT curves, and cycling performance 
tests were examined using an automated Sievert-type adsorp- 
tion apparatus (PCT, Setaram GASPRO). The formulas used 

to calculate the thermodynamic enthalpies and activation en- 
ergies of hydrogen adsorption and desorption were described 

in the Supplementary Information. 

2.3. Density functional theory (DFT) calculations 

DFT calculations were performed using the Vienna Ab ini- 
tio Simulation Package (VASP 5.4.4) [ 30–32 ]. To reveal the 
crucial role of the FeNi–S coordination in charge transfer 
and the promotion of the hydrogen absorption/desorption pro- 
cesses, (FeNi)S@PPC, (FeNi)@PPC, and (FeO)S@PPC were 
examined by loading (FeNi) and (FeO) clusters on sulfur- 
doped and undoped carbon, respectively. The charge trans- 
fer mechanism, density of states (DOS), and crystal orbital 
Hamilton population (COHP) properties were evaluated after 
calculating the stable adsorption of H2 and MgH2 clusters 
on the substrate model. The climbing image nudged elastic 
band (CI-NEB) method was employed to compute the reac- 
tion pathways and energy barriers [ 33 ]. The plane-wave cut- 
off energy was set to 450 eV, with energy and force con- 
vergence criteria of 1 × 10−5 eV/atom and 0.02 eV/Å, re- 
spectively. Additional key details regarding the computational 
parameters, adsorption energies, and differential charge den- 
sities were provided in the Supplementary Information. 

3. Results and discussion 

3.1. Straightforward synthesis of (FeNi)S@PPC from HSPC 

and comprehensive advantages 

The majority of previously reported functional carbons de- 
rived from HSPC are prepared using potent alkaline-activating 

agents, such as KOH. However, such strong bases can react 
with the intrinsic bulk-phase sulfur at high temperatures, lead- 
ing to the formation of low-value sulfates and corrosive gases 
such as SO2 and H2 S. The uncontrolled transformation of 
these sulfur species can inherently disrupt morphology, pose 
potential environmental pollution risks, and yield low-value 
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Fig. 1. (a) Schematic representation of the synthetic procedure. (b) DSC curves recorded at a heating rate of 10 °C ·min−1 . (c) Comparison of the reduction 
in peak dehydrogenation temperature with literature reports [ 34–50 ]. (d) The apparent activation energies of (FeNi)S@PPC, (FeNi)@PPC, (FeO)S@PPC, and 
ball-milled MgH2 . (e, f) Non-isothermal hydrogen desorption and absorption curves. (g) Catalytic performance comparisons of (FeNi)S@PPC, (FeNi)@G, and 
(FeNi)@Gr. 

carbonized products. In contrast, our green K2 FeO4 activa- 
tion strategy effectively avoids the use of strong alkalis and 

converts bulk sulfur into catalytically active species, thereby 

preventing sulfur loss and mitigating potential environmental 
pollution. 

Fig. 1 a illustrates the schematic representation of the 
(FeNi)S@PPC synthetic process from HSPC, K2 FeO4 , and 

NiCl2 , which outlines the three main steps, namely high- 
energy ball milling to form a highly dispersed precursor 
mixture, decomposition and transformation of the active pre- 
cursors, and high-temperature reduction to accomplish sul- 
fur self-doping and the solid-state diffusion alloying of Fe 
with the Ni. Notably, the synthesis of (FeNi)S@PPC yielded 

∼10 g of catalyst per batch under laboratory conditions, 
demonstrating its significant potential for scale-up. Based on 

laboratory-scale estimation, the cost of synthesizing 1 kg of 
(FeNi)S@PPC was approximately 1106 RMB (Table S1), and 

this cost is expected to decrease further upon scale-up. In- 
troducing Ni effectively suppresses the oxidation of Fe into 

Fe3 O4 , thereby enabling the formation of FeNi solid solutions 
that account for the improved catalytic activity. The product 
synthesized without the NiCl2 was denoted as (FeO)S@PPC. 
Meanwhile, desulfurized HSPC was employed following the 
same procedure to prepare (FeNi)@PPC. As shown in the 
XRD patterns (Fig. S1), both (FeNi)S@PPC and (FeNi)@PPC 

exhibit characteristic diffraction peaks of FeNi at 2 θ values 
of 43.71, 50.90, and 74.84 °, whereas (FeO)S@PPC predom- 
inantly crystallizes as Fe3 O4 , due to the easy oxidation of 
metallic Fe upon exposure to air. 

DSC curves are commonly used to quantitatively charac- 
terize the peak dehydrogenation temperature and the apparent 
activation energy of magnesium-based hydrogen storage ma- 
terials, serving as essential indicators of their hydrogen stor- 
age performance. As shown in Fig. 1 b, at a heating rate of 
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10 °C ·min−1 , the dehydrogenation peak temperature of MgH2 

catalyzed by (FeNi)S@PPC is 95.39 °C lower than that of 
ball-milled MgH2 . The (FeNi)@PPC exhibits a higher peak 

temperature by 27.36 °C compared with (FeNi)S@PPC, while 
(FeO)S@PPC shows a significantly increased peak tempera- 
ture of 374.39 °C. It is worth noting that the dehydrogena- 
tion peak temperature can be meaningfully used to evaluate 
improvements in hydrogen storage performance only when 

referenced against pristine MgH2 . Therefore, as shown in 

Fig. 1 c and Table S2, our results are compared with rep- 
resentative literature data reported in recent years. The re- 
sults demonstrate that the catalytic performance of this work 

is comparable to that of some advanced catalysts reported 

in recent studies. Moreover, owing to the use of a low-cost 
carbon–sulfur precursor derived from HSPC and an environ- 
mentally benign synthesis route, this system exhibits greater 
potential for applications. Combining the DSC curves (Fig. 
S2) recorded at heating rates of 5, 10, 15, and 20 °C ·min−1 

with the Kissinger method, the apparent activation energies 
( Fig. 1 d) of (FeNi)S@PPC, (FeNi)@PPC, and (FeO)S@PPC 

were calculated to be 90.25, 112.90, and 142.53 kJ ·mol−1 , 
respectively. Furthermore, as shown in Fig. S3, carbon mate- 
rials synthesized using KOH as an activator with FeCl3 /NiCl2 
metal precursors exhibited a MgH2 dehydrogenation peak 

temperature of 326.11 °C, confirming the intrinsic advantages 
of K2 FeO4 in the functionalization of HSPC for catalyzing 

the dehydrogenation of MgH2 . The non-isothermal dehydro- 
genation profiles recorded at 5 °C ·min−1 ( Fig. 1 e) illustrated 

that when the temperature reached 300 °C, (FeNi)S@PPC 

achieved a dehydrogenation capacity of 2.02 wt.%, markedly 

surpassing the capacities of (FeNi)@PPC (1.86 wt.%) and 

(FeO)S@PPC (0.66 wt.%). The non-isothermal hydrogenation 

process ( Fig. 1 f) demonstrated the superior low-temperature 
hydrogenation performance of (FeNi)S@PPC, as evidenced 

by the fact that it initiated absorption below 50 °C and 

achieved a capacity of 4.24 wt.% by 100 °C. 
A series of experiments was conducted to determine the 

optimal carbonization conditions by controlling the temper- 
ature and atmosphere. The prepared samples were denoted 

as (FeNi)S@PPC-T-Ar/H2 , where T represents the temper- 
ature of the high-temperature reduction treatment. Fig. S4 

showed the DSC curves of the MgH2 dehydrogenation reac- 
tion catalyzed (FeNi)S@PPC-T-Ar/H2 . The results indicated 

that the (FeNi)S@PPC sample obtained under a H2 atmo- 
sphere exhibited a more pronounced catalytic dehydrogena- 
tion activity. Notably, the peak dehydrogenation temperature 
of (FeNi)S@PPC-800-H2 was 18.95 °C lower than that for 
the (FeNi)S@PPC-800-Ar. Additionally, the effect of heat- 
treatment temperature on catalytic performance was primarily 

attributed to differences in the specific surface areas of the 
materials, as illustrated in Fig. S5. Although (FeNi)S@PPC- 
800-Ar has a larger surface area than (FeNi)S@PPC-700-Ar, 
its higher dehydrogenation temperature may arise from aggre- 
gation of FeNi species during the higher-temperature treat- 
ment, which reduces the density of accessible active sites. 
This further underscores the necessity of H2 treatment, which 

effectively suppresses FeNi aggregation and enhances disper- 

sion, enabling (FeNi)S@PPC-800-H2 to combine a high sur- 
face area with abundant active sites and exhibit superior cat- 
alytic performance. The N2 adsorption–desorption isotherms 
indicated that all samples exhibited type IV characteristics 
with H3 hysteresis loops, and the optimal surface area and 

pore structure ensured sufficient exposure of catalytically ac- 
tive sites at 800 °C. 

To demonstrate the unique advantages of HSPC as a carbon 

precursor, the catalytic performance of (FeNi)S@PPC was 
compared with that of the (FeNi)@G and (FeNi)@Gr cat- 
alysts, which were prepared under identical conditions using 

commercial carbon materials (graphene from Sigma-Aldrich 

and graphite from Shanghai Aladdin) as supports. The XRD 

patterns recorded for the (FeNi)@G and (FeNi)@Gr cata- 
lysts (Fig. S6) revealed the characteristic crystalline phases 
of the FeNi alloy in addition to the respective diffraction 

peaks of the corresponding carbon materials. As shown in 

Fig. 1 g, the peak dehydrogenation temperature achieved us- 
ing the (FeNi)S@PPC catalyst is 10.82 and 78.79 °C lower 
than that of the (FeNi)@G and (FeNi)@Gr systems. Fur- 
thermore, this temperature was lower than the peak dehy- 
drogenation temperature of 327 °C reported by Fu et al. [ 34 ] 
for NiFe@CNT. The performance enhancement may originate 
from the bulk-phase sulfur inherent to HSPC, which spon- 
taneously migrates to the surface and incorporates into the 
carbon matrix during carbonization. This resulting sulfur self- 
doping modifies the electronic structure of the carbon support 
and consequently regulates the chemical states of FeNi, as 
demonstrated in the following analysis. 

3.2. Structure and electronic properties of the (FeNi)S@PPC 

The significant performance advantages exhibited by 

(FeNi)S@PPC stem from the optimized electronic proper- 
ties of FeNi by sulfur self-doping on the carbon support. 
XPS, XRD, SEM, and TEM analyses were employed in con- 
junction with DFT calculations to elucidate these structure–
property relationships. The XPS profiles of the HSPC and 

its desulfurized counterpart (D-HSPC) are shown in Fig. 2 a. 
It was evident that the sulfur content of the desulfurized 

petroleum coke retained only 0.56 wt.%, providing a basis 
for investigating the significant role of sulfur in modulating 

the metal–support interactions. XRD analysis ( Fig. 2 b) re- 
vealed that H2 treatment promoted FeNi solid-solution forma- 
tion at high temperatures and suppressed Fe3 O4 generation, 
as evidenced by the sharper FeNi diffraction peaks compared 

with those from samples treated under an Ar atmosphere. 
The microstructure of (FeNi)S@PPC ( Fig. 2 c) consisted of 
a uniformly distributed layered array of FeNi on the car- 
bon matrix surface, thereby exposing more catalytically ac- 
tive sites. Similarly, as shown in Fig. S7a–b, (FeNi)@PPC 

also exhibited well-ordered FeNi arrays, thereby excluding 

morphological effects on hydrogen storage performance. The 
TEM and energy-dispersive X-ray spectroscopy (EDS) results 
in Fig. 2 d–f confirmed the uniform distributions of Ni, Fe, 
and S throughout the carbon matrix. High-resolution TEM 

(HRTEM) analysis revealed lattice fringes with measured in- 
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Fig. 2. (a) XPS spectra recorded for the carbon precursors. (b) XRD spectra for the (FeNi)S@PPC. (c–f) SEM, TEM, and EDS results obtained for 
(FeNi)S@PPC. XPS spectra recorded for the (g) Fe 2p and (h) Ni 2p components. (i) Theoretical modeling and electronic properties of the (FeNi)S@PPC, 
(FeNi)@PPC, and (FeO)S@PPC systems. 

terplanar spacings of 2.06 and 2.08 Å, corresponding to the 
(−111) and (111) crystallographic planes of the FeNi phase, 
respectively. Moreover, the selected area electron diffraction 

(SAED) patterns were found to exhibit distinct diffraction 

rings assignable to the (−111)/(111) and (212)/(300) crystal 
planes of FeNi. 

The electronic states of Fe and Ni in the (FeNi)S@PPC, 
(FeNi)@PPC, and (FeO)S@PPC composites were subse- 
quently elucidated using XPS ( Fig. 2 g–h and Table S4), as 
were their electronic interactions with the carbon support. The 
results indicated that (FeNi)S@PPC exhibited a typical dou- 
blet structure corresponding to Fe2 + and Fe3 + , which was ac- 
companied by characteristic satellite peaks. Fe(II)–S (7.16%) 
was detected in (FeNi)S@PPC, suggesting the existence of 

sulfur-mediated iron coordination. Notably, the Fe 2p3/2 peak 

exhibited a 0.19 eV positive binding energy shift relative to 

(FeNi)@PPC. This phenomenon can be attributed to the sulfur 
atoms acting as electron acceptors within the Fe-S-C interface, 
thereby reducing the electron density around the Fe centers 
and increasing their apparent oxidation state. The character- 
istic Ni(II)–S peaks observed at 853.40 and 868.21 eV in the 
Ni 2p spectrum further confirmed the synergistic coordination 

effect of FeNi-S. The infrared sulfur analyzer measurements 
showed that the absolute sulfur content in (FeNi)S@PPC was 
4.18 wt.% and in (FeNi)@PPC was 0.43 wt.%, further sup- 
porting the above conclusions. Further analysis of the S 2p 

spectrum (Fig. S8) revealed that (FeNi)S@PPC contained a 
higher proportion of C-S-C (52.94%), which enhanced the in- 
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terfacial interactions between the FeNi alloy and the carbon 

support, thereby regulating the catalytic behavior of the FeNi 
active centers through electronic effects. 

Subsequently, theoretical models were constructed for the 
three samples by loading Fe8 Ni8 and Fe8 O6 clusters onto 

sulfur-doped and undoped carbon supports. From the calcu- 
lated differential charge-density maps ( Fig. 2 i), it was ev- 
ident that in the case of (FeNi)S@PPC, sulfur doping re- 
sulted in a notable accumulation (yellow region) of electronic 
charges at the interface between FeNi and the carbon sup- 
port. This phenomenon is consistent with the changes in the 
d-orbital electron distribution of FeNi in the partial density 

of states (PDOS), further confirming that sulfur doping en- 
hances the electronic interaction between the metals and the 
support. The D-band centers for (FeNi)S@PPC, (FeNi)@PPC, 
and (FeO)S@PPC were located at −1.349, −1.166, and 

−1.150 eV, respectively. The significant downshift of the D- 
band center in (FeNi)S@PPC can be attributed to the differ- 
ences in the electronic properties of sulfur and carbon, which 

leads to a redistribution of the electronic density around the 
FeNi cluster. According to the D-band theory, a downshift in 

the D-band center typically weakens the adsorption strength 

of reactants on the catalyst surface, thereby reducing the en- 
ergy barrier for catalytic dehydrogenation and hydrogenation. 

3.3. General synthesis and assessment of (FeTM)S@PPC 

catalysts 

Typical 3d TMs, namely Cr, Mn, Co, Ni, and Cu, were 
investigated as candidate second-metal source dopants un- 
der the same conditions. XRD and SEM were used to an- 
alyze the crystal phase structures and morphologies of the 
(FeTM)S@PPC catalysts. More specifically, the XRD patterns 
( Fig. 3 a and b) indicated that while Fe forms solid solutions 
with Co, Ni, and Cu, the incorporation of Cr and Mn predom- 
inantly generates Cr-O and Mnx Oy (MnO and Mn3 O4 ) owing 

to differences in the thermodynamic affinities of the different 
elements toward oxygen. SEM images (Fig. S9) revealed that, 
unlike the layered array structure of (FeNi)S@PPC, the other 
systems were mainly composed of metal particles dispersed 

within the carbon matrix. Furthermore, Brunauer–Emmett–
Teller (BET) surface area analysis ( Fig. 3 c) indicated that the 
(FeNi)S@PPC sample possessed the highest specific surface 
area (373.69 m2 ·g−1 ), which was significantly greater than 

that of the other FeTM systems. 
Fig. 3 d and e presented the isothermal hydrogen des- 

orption curves of the MgH2 catalyzed by (FeTM)S@PPC 

at 300 and 275 °C, respectively. It can be seen that 
(FeNi)S@PPC exhibited superior catalytic dehydrogenation 

rates at both temperatures, followed by (FeMn)S@PPC. As 
illustrated in Fig. 3 f, the dehydrogenation rates at 275 and 

300 °C over 20 min clearly establish the activity sequence: 
FeNi > FeMn > FeCu > FeCr > FeCo. Based on these 
results, the comprehensive catalytic hydrogen storage per- 
formance and underlying mechanism of (FeNi)S@PPC were 
subsequently analyzed. 

Table 1 
Summary of the kinetic activation energy obtained for the (FeNi)S@PPC, 
(FeNi)@PPC, (FeO)S@PPC, and pure MgH2 species. 

Samples 
Activation energy 
(kJ ·mol−1 ) 

Desorption (FeNi)S@PPC 97.09 
(FeNi)@PPC 102.23 
(FeO)S@PPC 170.78 
pure MgH2 143.19 

Absorption (FeNi)S@PPC 24.72 
(FeNi)@PPC 25.37 
(FeO)S@PPC 37.78 
pure MgH2 64.10 

3.4. Hydrogen absorption/desorption and cycle stability 
analysis 

To investigate the effects of (FeNi)S@PPC, (FeNi)@PPC, 
and (FeO)S@PPC on the hydrogen absorption and desorp- 
tion kinetics of MgH2 , isothermal desorption ( Fig. 4 a–c) and 

absorption ( Fig. 4 d–f) kinetic tests were conducted at vari- 
ous temperatures. Compared with the pure ball-milled MgH2 

(Fig. S10), the hydrogen desorption rates were significantly 

enhanced for (FeNi)S@PPC and (FeNi)@PPC. At 275 °C, 
(FeNi)S@PPC released 4.89 wt.% hydrogen within 20 min, 
achieving 75% of its maximum desorption capacity. This per- 
formance was superior to that achieved by the (FeNi)@PPC 

(3.48 wt.%) and (FeO)S@PPC (0.30 wt.%) catalysts at the 
same time point (Fig. S11). Meanwhile, the dehydrogena- 
tion kinetics of the (FeNi)S@PPC/MgH2 system were com- 
parable to those reported for representative Mg-based hydro- 
gen storage materials in recent years (Table S5). Addition- 
ally, Fig. 4 d–f presented the isothermal hydrogenation pro- 
files, demonstrating that (FeNi)S@PPC exhibited an outstand- 
ing low-temperature hydrogenation capacity. For instance, at 
75 °C, (FeNi)S@PPC absorbed 3.63 wt.% hydrogen within 

60 min, significantly exceeding the capacities of (FeNi)@PPC 

(2.37 wt.%) and (FeO)S@PPC (1.03 wt.%). The activation 

energies for desorption and absorption were subsequently de- 
termined using the Arrhenius equation (Fig. S12). As sum- 
marized in Table 1 , (FeNi)S@PPC exhibited notably low ac- 
tivation energies of 97.09 kJ ·mol−1 for desorption and 24.72 

kJ ·mol−1 for absorption, thereby demonstrating the high cat- 
alytic activity of this system. Although (FeO)S@PPC exhib- 
ited a slightly higher activation energy than ball-milled MgH2 , 
its dehydrogenation kinetics were superior because the reac- 
tion rate was governed by both the activation energy and the 
pre-exponential factor. Owing to its porous carbon framework 

and highly dispersed active species, (FeO)S@PPC showed a 
much larger pre-exponential factor (2.20 × 1012 s−1 ) than 

ball-milled MgH2 (2.53 × 109 s−1 ), resulting in a higher 
reaction rate constant and enhanced dehydrogenation perfor- 
mance. 

The cycling stability of the (FeNi)S@PPC/MgH2 compos- 
ite was subsequently evaluated over 30 cycles at 325 °C 

( Fig. 4 g). Overall, the system demonstrated excellent long- 
term stability, with no significant degradation in hydrogen 
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Fig. 3. (a, b) XRD characterization. (c) N2 adsorption and desorption profiles. Isothermal hydrogen desorption profiles recorded at (d) 300 °C and (e) 275 °C. 
(f) Comparison of dehydrogenation rates within 20 min across different systems. 

storage capacity after 30 cycles. The initial increase in hy- 
drogen storage capacity during the first three cycles origi- 
nates from an activation process that involves structural op- 
timization and the gradual exposure of active sites, facilitat- 
ing hydrogen diffusion and activating previously inaccessible 
reactive sites. The detailed desorption profiles for the repre- 
sentative 5th, 10th, 20th, and 30th cycles are presented in 

Fig. 4 h, where the four curves show high agreement with no 

discernible performance hysteresis. The (FeNi)S@PPC/MgH2 

showed 99.5% capacity retention after 30 cycles, indicating 

excellent cycling stability ( Fig. 4 i). This robust cycling sta- 
bility was partially ascribed to the activation-induced trans- 
formation of the Ni component within (FeNi)S@PPC during 

initial cycling. XRD analysis ( Fig. 5 h) confirmed the in situ 

formation of Mg2 Ni phases, resulting in enhanced kinetics 
and superior hydrogen capacity in subsequent cycles. In ad- 
dition, it has been previously demonstrated that carbon can 

further improve the cycling stability of such materials [ 51–
54 ]. 

Furthermore, to elucidate the mechanism by which 

(FeNi)S@PPC promotes the reaction kinetics, the hydrogen 

release curves of the three catalysts were fit using nine ki- 
netic models (Table S6) to determine their rate-limiting steps, 
as shown in Fig. 5 a–c. Differences were observed in the 
rate-limiting steps of the three catalysts, with hydrogen des- 
orption from (FeNi)S@PPC closely following the R3 model 
(slope = 0.9896), indicating a phase boundary-controlled re- 
action following a shrinking-core mechanism. In this regime, 
hydrogen desorption requires overcoming an interfacial en- 

ergy barrier, wherein three-dimensional diffusion proceeds 
concurrently with interfacial reactions, and the progressive 
movement of the interface dictates the reaction rate. In con- 
trast, (FeNi)@PPC exhibited D3 model kinetics, signifying 

that three-dimensional bulk diffusion through the lattice was 
the rate-limiting process. Moreover, the (FeO)S@PPC kinet- 
ics were best described by the F1 model, implying that the 
surface chemical processes involved in the breakage/formation 

of the H–H bonds were the primary kinetic barriers. It was 
therefore inferred that metal–sulfur bonds between FeNi and 

the sulfur atoms in (FeNi)S@PPC facilitate transition of the 
rate-limiting step to a low-energy barrier three-dimensional 
interface reaction, with desorption occurring along the spheri- 
cal three-dimensional shrinking reaction interface, thereby im- 
proving the hydrogen absorption and desorption kinetics. 

Fig. 5 d provides a quantitative analysis of the thermody- 
namic characteristics of (FeNi)S@PPC, specifically regarding 

the PCT curves recorded at 275, 300, 325, and 350 °C. Each 

isotherm exhibited a single distinct pressure plateau corre- 
sponding to the transformation between MgH2 and Mg, con- 
firming that the Mg/MgH2 transformation was the sole de- 
tectable hydrogen storage mechanism. The van’t Hoff plot 
( Fig. 5 g), derived from the plateau pressures at the corre- 
sponding temperatures (Table S7), enabled the determination 

of the thermodynamic parameters for hydrogen absorption 

and desorption. Compared to the bulk Mg, the enthalpies of 
both hydrogen absorption and desorption exhibited a mod- 
est decrease in the presence of (FeNi)S@PPC. Specifically, 
the desorption enthalpy was 75.98 kJ ·mol−1 , a reduction 
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Fig. 4. (a–c) Hydrogen desorption kinetics of MgH2 catalyzed by (FeNi)S@PPC, (FeNi)@PPC, and (FeO)S@PPC. (d–f) Hydrogen absorption kinetics of 
MgH2 catalyzed by (FeNi)S@PPC, (FeNi)@PPC, and (FeO)S@PPC. (g) Isothermal dehydrogenation cycling curves of (FeNi)S@PPC measured at 325 °C for 
120 min under 0.001 MPa H2 . (h) Hydrogen desorption kinetics for (FeNi)S@PPC for different cycle numbers. (i) Comparison of hydrogen capacity retention 
of this work relative to representative studies reported in the literature [ 1 , 13 , 15 , 38 , 44 , 45 , 47 , 55–66 ]. 

of ∼6.18 kJ ·mol−1 from the 82.16 kJ ·mol−1 observed for 
the ball-milled MgH2 [ 20 ]. This reduction was primarily at- 
tributed to the (FeNi)S@PPC catalyzed weakening of the Mg–
H bond strength, in conjunction with the formation of a low- 
enthalpy Mg2 NiH4 phase. Furthermore, structurally destabi- 
lizing confinement effects arise from partial carbon encapsu- 
lation of MgH2 , as evidenced by TEM diffraction patterns 
( Fig. 5 f). 

The specific phase transitions that occur in the 
(FeNi)S@PPC catalyst during hydrogen absorption and des- 
orption are crucial for defining the catalytic process. To inves- 
tigate this further, the ball-milled samples, along with those 
after the first desorption and rehydrogenation processes, were 
characterized by XRD and XPS, as shown in Fig. 5 h–i and 

S13. The XRD patterns revealed transformations of MgH2 and 

Mg throughout cycling, with limited Ni redistribution 

from (FeNi)S@PPC, facilitating the nucleation of the Mg2 Ni 
phase at 2 θ values of 20.13 ° and 39.98 ° Following rehydro- 

genation, the hydride Mg2 NiH4 peak was detected at 41.42 °, 
indicating that Mg2 Ni/Mg2 NiH4 served as a “hydrogen pump”
during hydrogen absorption and desorption. Mg2 Ni estab- 
lished rapid hydrogen diffusion pathways and nucleation sites 
for Mg/MgH2 , thereby accelerating reaction kinetics. More- 
over, a certain percentage of FeNi alloy underwent conversion 

to Fe7 Ni3 (2 θ = 44.76 °) due to alloying Ni species with Mg 

during the catalytic process. The partial structural evolution 

preserves the stable FeNi-S coordination environment, as evi- 
denced by the invariant of M-S peaks at 161.4 eV (2p3/2 ) and 

162.5 eV (2p1/2 ) in deconvoluted S 2p XPS spectra through- 
out cycling ( Fig. 5 i). MgS formation was conclusively ruled 

out by the absence of corresponding XRD diffraction peaks 
and TEM lattice fringes, further confirming the thermody- 
namic stability of the FeNi-S coordination configuration on 

the carbon support. 
TEM analysis and corresponding SAED patterns 

( Fig. 6 ) revealed the phase evolution of Mg/MgH2 and 



10 Y. Huang, F. Wei, Y. Zhang et al. / Journal of Magnesium and Alloys 17 (2026) 102033 

Fig. 5. (a–c) Kinetic models for the MgH2 dehydrogenation catalyzed by (FeNi)S@PPC, (FeNi)@PPC, and (FeO)S@PPC. (d) PCT for the 
(FeNi)S@PPC/MgH2 . (e) Thermodynamic parameters for the (FeNi)S@PPC/MgH2 . (f) TEM image of MgH2 encapsulated by a carbon layer. (g) Van’t 
Hoff plots of (FeNi)S@PPC/MgH2 . (h, i) XRD and XPS obtained for the ball-milled, dehydrogenated, and rehydrogenated (FeNi)S@PPC/MgH2 . 

Mg2 Ni/Mg2 NiH4 hydrides during cycling, concurrently de- 
tecting FeNi and Fe7 Ni3 alloy phases. The EDS images 
indicated uniform distributions of C, S, Fe, and Ni across the 
Mg/MgH2 particles. XRD, XPS, and HAADF-STEM results 
showed that the (FeNi)S@PPC catalyst retained FeNi–S 

structural integrity to establish stable catalytic activity for 
MgH2 during cycling, with limited generation of Mg2 Ni 
providing nucleation sites and hydrogen diffusion chan- 
nels. Sulfur doping of the carbon support facilitated pivotal 

catalytic actions via FeNi–S bonds, as elucidated in the 
subsequent section using DFT calculations. 

3.5. Microscopic mechanism of FeNi–S for enhancing 

Mg/MgH2 performance 

To gain a deeper understanding of the mechanism by which 

FeNi–S coordination in (FeNi)S@PPC enhances the hydrogen 

storage performance of MgH2 at the microscopic electronic 
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Fig. 6. TEM, HRTEM, and EDS of (FeNi)S@PPC/MgH2 system after ball milling, dehydrogenation, and rehydrogenation. 

level, DFT calculations were performed to simulate the in- 
teractions between H2 and MgH2 with the catalytically active 
sites of (FeNi)S@PPC. Considering their distinct catalytic ad- 
sorption sites, two catalytic models were constructed based 

on (FeNi)S@PPC and (FeNi)@PPC. The calculated adsorp- 
tion energies of H2 , as shown in Fig. 7 a, indicated that both 

(FeNi)S@PPC and (FeNi)@PPC exhibited stable chemical 
adsorption, with adsorption energies of −1.36 and −1.90 eV, 
respectively. In the stable adsorption configuration, the two H 

atoms of H2 approached a dissociated state and formed bonds 
with either Fe or Ni, indicating that the dissociation of H2 

was not the rate-determining step in this process. Moreover, 
the hydrogen adsorption strength of (FeNi)S@PPC was lower 
than that of (FeNi)@PPC. The calculated PDOS corroborated 

this finding, as shown in Fig. 7 d, which revealed significant 
hybridization between the s orbitals of H and the s and d 

orbitals of Fe and Ni in the range from −10 to −5 eV, with 

a higher hybridization intensity in the (FeNi)@PPC model. 
Notably, H atoms formed by H2 dissociation must further 

diffuse into the bulk Mg phase to complete the hydrogenation 

process. Excessively strong Ni–H or Fe–H interactions can 

therefore lead to an overly stable hydrogen dissociative state, 

resulting in a high energy requirement for diffusion. Fig. 7 b–
c illustrates the diffusion process of H atoms adsorbed and 

dissociated from the FeNi sites into the Mg cluster, enabling 

the determination of the kinetic energy barriers and reaction 

energies required for this process. The highly stable FeNi–(H) 
bonds in (FeNi)@PPC lead to a higher hydrogen diffusion en- 
ergy barrier (0.99 eV). In contrast, the appropriately balanced 

FeNi–(H) interactions in (FeNi)S@PPC reduced the hydrogen 

diffusion energy barrier to 0.60 eV, thereby accounting for its 
enhanced hydrogenation kinetics relative to (FeNi)@PPC. In 

contrast, (FeO)S@PPC exhibited poor catalytic performance 
due to its weak hydrogen adsorption (–0.12 eV), which ulti- 
mately increased the dissociation energy barrier. Notably, no 

electron cloud overlap between H2 and (FeO)S@PPC was ob- 
served at identical isosurface levels (Fig. S14). Similarly, H2 

dissociation on the pure Mg ( Fig. 7 b and Fig. S15) exhibited 

a substantially higher activation energy (1.85 eV), confirming 

that catalytic modification was crucial for facilitating hydro- 
genation on magnesium. 

The desorption mechanism was also evaluated by calcu- 
lating the stable adsorption of Mg4 H8 on (FeNi)S@PPC and 

(FeNi)@PPC using the optimized geometric structure shown 
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Fig. 7. (a) Charge transfer distributions of H2 adsorption on the (FeNi)S@PPC (Left) and (FeNi)@PPC (Right). (b, c) Activation energies and reaction 
pathways of hydrogen dissociation/diffusion. (d) Calculated PDOS for H2 adsorption on the (FeNi)S@PPC (Left) and (FeNi)@PPC (Right). (e) Optimized 
stable structures of Mg4 H8 adsorbed on the (FeNi)S@PPC and (FeNi)@PPC surfaces. (f) Calculated COHP results for Mg–H. (g) Activation energies and 
barriers associated with the dissociation of Mg–H to form H2 . 

in Fig. 7 e. It should be noted that in this work, the Mg4 H8 

cluster was employed as a representative unit of MgH2 to cap- 
ture the key local Mg–H interactions. Under the same compu- 
tational conditions, using this model to analyze the effect of 
sulfur coordination on dehydrogenation comparatively is both 

reasonable and meaningful. Analysis of the Mg–H bonding 

strength within the Mg4 H8 cluster revealed that weaker Mg–
H bonding orbitals below 0 eV for (FeNi)S@PPC than for 
(FeNi)@PPC, as evidenced by COHP curves ( Fig. 7 f). This 
reduced bond strength facilitates Mg–H cleavage and subse- 
quent dehydrogenation. Figs. 7 g and S16 illustrated the en- 

ergy barriers and reaction energies associated with the dissoci- 
ation of Mg–H to form H2 . The energy barrier for hydrogen 

desorption catalyzed by (FeNi)S@PPC was 1.97 eV, while 
(FeNi)@PPC possessed a higher barrier of 2.62 eV. These 
results further confirmed that the self-doping of sulfur into 

the carbon support significantly lowered the D-band center 
of (FeNi)S@PPC, resulting in a redistribution of the electron 

density around FeNi and an increase in the apparent valence 
state. These lead to a reduction in the FeNi–(H) bond and to 

a weakening of the Mg–H bond strength, thereby optimizing 

hydrogen dissociation and diffusion. 
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Fig. 8. Schematic representation showing the dehydrogenation/hydrogenation mechanisms of the MgH2 system over the (FeNi)S@PPC catalyst. 

Finally, a schematic representation of the mechanism of 
enhanced Mg/MgH2 kinetic and cycling properties catalyzed 

by (FeNi)S@PPC was constructed based on the above dis- 
cussions, as shown in Fig. 8 . (FeNi)S@PPC maintains the 
stable coordination environment of FeNi–S during the dehy- 
drogenation/hydrogenation processes, thereby providing sta- 
ble catalytic active sites of FeNi and Fe7 Ni3 . The electronic 
structure of the active centers is redistributed through charge 
transfer between FeNi–S on the carbon support. This redistri- 
bution facilitates hydrogen dissociation and diffusion by form- 
ing FeNi–(H) bonds with moderate strength. Concurrently, the 
downshifted D-band center weakens the Mg–H bond, thereby 

lowering the dehydrogenation energy barriers and enhancing 

the kinetics. Additionally, the limited Ni redistribution within 

(FeNi)S@PPC promotes the nucleation of the Mg2 Ni phase, 
providing rapid diffusion channels and nucleation sites for 
Mg/MgH2 . Collectively, this work successfully achieves self- 
doping of HSPC through an improved green activation pro- 
cess, enabling the modulation of the electronic state of the 
active component and consequently leading to a significant 
improvement in the hydrogen storage performance of MgH2 . 

4. Conclusion 

In summary, a high-value transformation of HSPC solid 

waste was achieved through a green K2 FeO4 activation 

strategy, enabling the successful synthesis of sulfur 
self-doped carbon (FeTM)S@PPC catalysts. The optimal 
performance of (FeNi)S@PPC was demonstrated, show- 
ing advantages over commercial carbon supports in en- 
hancing the hydrogen storage performance of MgH2 . The 
(FeNi)S@PPC/MgH2 system exhibited a rapid hydrogen re- 
lease of 4.89 wt.% within 20 min at 275 °C, surpassing the 
sulfur-free control system (FeNi)@PPC by 1.41 wt.%. Ki- 
netic analysis indicated that this process was controlled by a 
low-energy barrier three-dimensional interfacial reaction (R3 

model). It also achieved a significantly low-temperature hy- 
drogen uptake, absorbing 3.63 wt.% H2 within 60 min at 
75 °C. Combined experimental and theoretical calculations re- 
vealed that intrinsic sulfur self-doping stabilized a FeNi–S co- 
ordination environment in (FeNi)S@PPC, thereby optimizing 

the bond strength of the FeNi–(H) intermediate formed dur- 
ing hydrogenation, facilitating hydrogen dissociation and dif- 
fusion. Simultaneously, the D-band center of the FeNi active 
sites shifted down to –1.349 eV, weakening the Mg–H bond 

and accelerating dehydrogenation. This work not only pro- 
vides a novel green strategy for the utilization of HSPC solid 

waste, but also deepens understanding of how local metal–
sulfur coordination affects the hydrogen storage mechanism 

of Mg/MgH2 . 
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