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Fig. 1. A schematic overview of the key milestones and advancements in nickel- and cobalt-based catalysts on
carbon supports for sodium borohydride hydrolysis spanning 18 years of research.
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Fig. 2. Schematic depiction of the Langmuir—Hinshelwood mechanism and the proposed reaction pathway for the
hydrolysis of sodium borohydride in the presence of a catalyst. Adapted from [20].
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Fig. 3. A schematic depiction of the Michaelis-Menten mechanism illustrating surface interactions and the hydrolysis process
of the borohydride ion in the presence of a catalyst. Adapted from the referenced source [21].
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Fig. 4. Schematic illustration of various carbon supports, including carbon nitride graphite (a), carbon nanotubes
(b), and carbon quantum dots (c), which function as effective substrates for dispersing and stabilizing metal
nanoparticles during sodium borohydride hydrolysis.
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Table 1. Surface characterization of nickel catalysts supported on carbon quantum dots, based on their specific

surface area and adsorption-desorption isotherms.

Catalyst Surface Area(m?2/g) Pore Volume(cm?3/g) Pore Diameter(nm) Ref.
(Sahi

n et

al.,
Nio 195 0.107512 21.34 2025)
(Izgi
etal.,
Ni@CQD 19.4 0.151328 28.44 2025)
(Onat
etal.,
Ni@CCQD 41 0.047117 29.19 2024)
(Onat
NiO@CCQD-HT etal.,
(H, 0) 2.4 0.017503 19.74 2024)
(Onat
NiO@CCQD-HT etal.,
(EtOH) 5.1 0.021521 20.76 2024)
(Sahi

n et

NiO@CQD(EtOH al.,
) 13.8 0.021521 20.76 2025)
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SEM MAG: 100 kx Det: InBeam 1 MIRA3 TESCAN SEM MAG: 100 kx Det: InBeam
WD: 5.04 mm Bi: 7.00 WD: 5.64 mm BI: 7.00 500 nm
View fieid: 2.08 pm  Date(m/dly): 01/13/24 View field: 2.08 pm  Date(m/dly): 01/13/24

Cudils 43 bgo 0 TEM esbai (b) Co-Fe/CQD <wwlils (a) Co/CQD cwllils 4 by o FESEM nsbal 0 (S
.(e) NiO@CCQD-HT (EtOH) <ultils (d) Ni@MOF-DOT <sidiils (¢) Ni@CQD

Fig. 5. FESEM images of Co/CQD catalyst (a) and Co—Fe/CQD catalyst (b); TEM images of Ni@CQD catalyst
(c), Ni@MOF-DOT catalyst (d), and NiO@CCQD-HT (EtOH) catalyst (e).
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Fig. 6. H2 volumes produced from NaBH4 hydrolysis with NiO@ CCQD-HT(H20), NiO@CCQD-HT(methanol)
and NiO@CCQD-HT(EtOH) catalysts prepared in different solvent environments (H20, methanol and EtOH)
(Onat et al., 2024) (a) The effect of different solvents on the catalytic activity (Sahin et al., 2025) (b) Investigation
of the impact of iron loading on the Co-Fe/CQD (c)(Mirshafiee & Rezaei, 2024b).
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Fig. 7. XPS spectra of the optimized Co—Fe-B@g-C3N4/Cu sheet complex catalyst, Co 2p (a), Fe 2p (b), B 1s (c) [40].
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Fig. 8. SEM images of the Co-Fe-B catalysts in 0.4 M sodium borohydride (a), the Co-Fe-B catalyst in 0.9 M
sodium borohydride (b), and the TEM image of the Co-Fe-B catalyst in 0.9 M sodium borohydride (c) [41].
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Table 2. Characterization of CNT-based catalysts through specific surface area measurements and

adsorption/desorption isotherms of nickel and cobalt catalysts.
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Fig. 9. Morphological characterization of CNT-based catalysts: SEM images of pristine CNT (a), carboxylated
CNT (ca-CNT) (b), Fe[JO[I-CNT composite (c), and 5 wt.% Co/Fe[JO[J-CNT catalyst (d); TEM images of
Co/CNT (e), CoBi/CNT (f), and Co[l.[1[INi[].[1[1B@ca-CNTs (g); and schematic representations of the catalytic
behavior of various CNT-supported catalysts in hydrogen generation processes (h—j) [46-48].
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Fig. 10. 3D response surface plots showing the interaction effects of (a) temperature and NaOH concentration and
(b) temperature and sodium borohydride concentration on the HGR during sodium borohydride hydrolysis.
Increasing temperature significantly enhances HGR, while higher NaOH concentrations reduce hydrogen
generation; conversely, increasing both temperature and SBH concentration improves HGR, interaction effects of
catalyst quantity and SBH on the hydrogen generation rate (a) [12,56].
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Fig .11. (a) The effect of NiCo@MWCNTs catalyst concentration on hydrogen liberation from an alkaline sodium
borohydride solution; (b) The logarithm of the reaction rate plotted against NiCo@MWCNTs concentration at
45°C, with 1.35 mmol of sodium borohydride [54].
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Table 3. presents a comparative analysis of the catalytic activities exhibited by various nickel and cobalt-based

catalysts, evaluated at a temperature of 303 K.

HGR

Catalyst Preparation method (mL/min*gca) Ea (kJ/mol) Reusability Ref.
(Elgigek et al.,
NiB NaBH4 Reduction 1244.5 48.05 N/A 2021)
(Ingersoll et
Ni-Co-B NaBH4 Reduction 3071.3 62 N/A al., 2007)
Ni-Co-B hollow (Guo et al.,
nanospheres KBH4 Reduction 6400 33.1 Scycle (11.7% ]) 2018)
(Nie et al.,
Ni-Fe-B NaBH4 Reduction 4253.7 57 N/A 2012)
(Ekinci et al.,
Co-W-B NaBH4 Reduction 5367 35.36 5 cycle 2024)
(Biiyiikkanber
Us-Co NPs Ultrasonic spray 3995 46.75 5 cycle (25% |) et al., 2024)
(Paksoy et al.,
Co-Ni-B NaBH4 Reduction 621.7 32.7 N/A 2021)
(Aydin et al.,
Co-Ti-B Chemical Reduction 3569 49.88 N/A 2016)
NaBH4 Reduction & (Sahin et al.,
Plasma-treated Co-B-P Plasma treatment 3976 49.11 N/A 2013)
(Sahin et al.,
Plasma-untreated Co-B-P NaBH4 Reduction 1807 N/A N/A 2013)
(Izgi et al.,
Ni@CQD NaBH4 Reduction 1423 51.35 5 cycle 2025)
(Onat et al.,
NiO@CQD-MOF (EtOH) hydrothermal 16819 39.48 6 cycle 2024)
(Mirshafiee &
Rezaei,
CoFe(95-5) /CQD NaBH4 Reduction 14678 49.55 4 cycle (31.3% |) 2024b)
(Onat et al.,
Co@CQDs (EtOH) NaBHs Reduction 28751 25.48 8 cycle 2025)
(Alshammari
NiS-g-CIINT] NaBH4 Reduction 8654 N/A N/A etal., 2023)
(Wang et al.,
Co-Fe-B@g-CIIN[/Cu Chemical Reduction 11258 45 N/A 2023)
g-CONT /Co-Mo-B/ Ni (Ren et al.,
foam NaBH4 Reduction 11886 52.6 N/A 2024)
(Gamba et al.,
3:1 CoMo / g-CIINT] NaBH4 Reduction 3869 22.9 8 cycle (42.3% ) 2024)
(Hansu et al.,
CoBi (95-5) / CNT NaBHa4 Reduction 12996 42.87 N/A 2020)
Co(0.75)Ni(0.25)B@ca- (Fang et al.,
CNT NaBH4 Reduction 7560 28.67 10 cycle (27.6% |) 2023)
(M. Abd-elaal
NiCo@CNT NaBH4 Reduction 1133 53.55 N/A et al., 2022)
(Bandal et al.,
Co-Fe304-CNT12 NaBH4 Reduction 921 42.79 8 cycle (33.33% |) 2017)
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Abstract:

Hydrogen is considered one of the most promising clean energy carriers owing to
its high gravimetric energy density and carbon-free utilization. Among various
hydrogen production routes, sodium borohydride hydrolysis has attracted
considerable attention as an efficient method under mild operating conditions.
This review comparatively evaluates the performance of Ni- and Co-based
catalysts supported on different carbon materials, including carbon quantum dots,
graphitic carbon nitride, and carbon nanotubes. The results indicate that the
support type and active phase characteristics significantly influence particle
dispersion, porous structure, and catalytic performance. Reported studies indicate
that catalysts based on carbon quantum dots demonstrate relatively higher
activity, with a hydrogen generation rate of 28751 mL min[ ' gcat[|' and an
activation energy of 25.48 kJ moll]'. Nevertheless, challenges associated with
catalyst stability, particle agglomeration, and scalability remain major obstacles

to practical applications.

Key Words: Sodium Borohydride Hydrolysis, Hydrogen generation, Carbon-
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Energy
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