www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Evaluation of Dy-Cr integration
in MOF/rGO nanocomposite for
enhanced electrochemical water
splitting
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The development of stable, cost-effective electrocatalysts for water splitting is critical for enhancing
hydrogen energy systems, particularly for the hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER). Metal-organic frameworks (MOFs) show great promise due to their
tunable structures, high surface areas, and ability to optimize active sites for both HER and OER,
improving catalytic efficiency. This study synthesizes a composite material of dysprosium-chromium
MOF and reduced graphene oxide (Dy-Cr-MOF/rGO) through a simple hydrothermal method. The
Dy-Cr-MOF/rGO composite exhibited exceptional electrocatalytic performance, achieving an OER
overpotential of 164 mV and HER overpotential of 158 mV, with Tafel slopes of 42 mV dec and 32
mV dec?, respectively. After 50 h of continuous operation in a two-electrode system, the composite
maintained stable Tafel slopes of 108 mV dec? (OER) and 87 mV dec (HER). Practical device tests
further confirmed the stability and robustness of the composite, highlighting its potential for scalable
applications in electrochemical energy conversion systems. These results demonstrate that Dy—Cr-
MOF/rGO is a promising bifunctional electrocatalyst for efficient water splitting.

Keywords Dy-Cr-MOF/rGO nanocomposite, Bifunctional electrocatalysts, Electrochemical water splitting,
Electrochemical performance

Environmental issues like global warming, air pollution, and health problems caused by fossil fuels require
a change to new forms of energy and sustainable energy sources'. Hydrogen fuel, with a combustion value
of 142 MJ/kg and a value is flexible, eco-friendly and, more importantly, is a carbon-free energy source.
Hydrogen produces only water vapor and is combusted safely; there are no toxic fossil fuel carbon emissions®™.
The potential of water splitting for hydrogen production is limited by the complex four-proton/four-electron
exchange at the OER, which involves high energy costs and significant overpotential, ultimately reducing the
efficiency of water splitting®~.

It is essential to develop high-performing OER electrocatalysts with low overpotentials (0.2 to 0.4 V) to
enhance hydrogen generation and energy conversion efficiency®. MOFs have recently shown potential to
fill this need because of their inexpensive raw materials, straightforward manufacturing, high surface area,
stability, and proficient conductivity. The special features of MOFs, primarily their tunable composition and
porosity, allow for their considerable efficiency as electrocatalysts for water splitting®!?. While the iridium (Ir),
ruthenium (Ru) and platinum (Pt) are examples of noble metals which possess high catalytic activity, but their
high cost, limited availability and tendency to degrade challenge their use!!2. Presence of transition metals
(iron, copper, cobalt, nickel, and chromium) in MOFs and their abundant active centers significantly enhance
electrochemical performance. Chromium (Cr) is involved in these because of his great catalytic activity, high
conductance, and varying oxidation states (Cr* 2, Cr*3, Cr* %) which exist in acid and alkaline solutions, along
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with his multiple oxidation states, conductivity, and active catalytic nature!®>. Moreover, dysprosium (Dy)
enhances charge transfer and electron mobility with its unique electronic architecture, exceptional corrosion
resistance, and unique electron structure!*!>. Using carbon materials like reduced graphene oxide (rGO) can
greatly increase the catalytic activity of MOFs. Because rGO has a high surface area and great conductivity and
can be versatile rGO improve the electrocatalytic performance of both the oxygen evolution reaction (OER) and
the hydrogen evolution reaction (HER)!®!7. Because of the improvement of active site accessibility and more
efficient electron transfers, rGO composites efficiency has been increased!®. Dysprosium (Dy) and Chromium
(Cr) play complementary roles in the bimetallic MOEF, enhancing electrocatalytic performance. Dy, with its high
electro positivity and stable + 3 oxidation state, contributes to electron donation and stabilizing active sites, while
Cr, with its variable oxidation states (Cr>* and Cr°"), facilitates redox reactions and optimizes the adsorption of
reactants. The incorporation of Dy into the MOF structure introduces unique electronic properties, including
its stable + 3 oxidation state and distinct coordination chemistry, which enhance both catalytic activity and
stability compared to typical MOF/rGO or bimetallic MOF systems. Dy-based MOFs demonstrate improved
electrochemical performance, offering lower overpotentials and enhanced stability for both HER and OER,
which surpasses the performance of many existing catalysts in literature. Recent advancements in bifunctional
catalysts for water splitting have demonstrated significant progress. Sun et al. developed porous iron and
chromium co-doped cobalt phosphide nanosheets, achieving low overpotentials of 103.7 mV for HER and 256.4
mV for OER in alkaline media at 10 mA cm™2". Ma et al. synthesized dysprosium-doped Fe-MOF with a
hydrangea flower-like nanostructure, achieving an overpotential of 258 mV for OER and surpassing RuO,?.
Narwade et al. created Ni/NiO@rGO, which showed minimal overpotentials of 582 mV for HER and 480 mV
for OER with Tafel slopes of 63 mV dec™! (HER) and 41 mV dec™ ! (OER)%. Y.Ma et al. designed Ni-Co MOF@
rGO, which exhibited excellent bifunctional activity with a AE of 1.02 V in 0.1 M KOH?2L,

In this study, we fabricated the Dy-Cr-MOF/rGO nanocomposite, anovel material synthesized hydrothermally
for efficient electrochemical water splitting. The Dy-Cr-MOF/rGO composite creates several oxygen vacancies,
significantly increasing the active surface area to 285 cm? This increase in surface area contributes to low
overpotentials of 164 mV for OER and 158 mV for HER, along with reduced Tafel slopes of 42 mV dec™! and 32
mV dec™!, respectively. The composite also demonstrates low charge transfer resistance (Rct) values of 5.77 Q
for OER and 816.54 Q for HER in 1.0 M KOH solution. Covalent interactions between MOF and rGO further
enhance the electrocatalytic activity, making the Dy-Cr-MOF/rGO nanocomposite a promising material for
efficient water splitting applications.

Experimental

Chemicals and reagents

Dysprosium Chloride hexahydrate (DyCl3-6HZO, 99.0%), Benzene tricarboxylic acid (C9H6O6, BTC, 98%,
Sigma Aldrich) Chromium nitrate hexahydrate (Cr (NO,),-6H,0, 98%, Sigma Aldrich) as a metal precursor. N,
N-dimethylformamide (DMF), and ethanol (C,H.,OH as a solvent, Sodium acetate (99%, CH,COONa, Sigma
Aldrich), graphite powder (99%, Merck), Sulfuric acid (58.5%, H,SO,, Merck), potassium permanganate (97%,
KMnO,, Emplura), Hydrogen peroxide (30%, H,0,, Merck), Hydrochloric acid (37%, HCI, Merck), Hydrazine
(98% N,H,, Sigma Aldrich), ethanol (99%, C,H,OH, Sigma Aldrich) and distilled water were obtained from
China Medicine. Since every reagent was of analytical variety, no additional purification was necessary.

Synthesis of Dy-MOF

Dy-MOF was synthesized via a solvothermal method. Dysprosium chloride hexahydrate (DyCl,-6H,0, 1.507 g,
4 mmol) and benzene-1,3,5-tricarboxylic acid (BTC, 0.315 g, 1.5 mmol) were sequentially dissolved in 100 mL
of N, N-dimethylformamide (DMF) under continuous stirring for 30 min. The resulting homogeneous solution
was transferred to a 150 mL Teflon-lined stainless-steel autoclave, sealed, and heated at 160 °C for 12 h. After
natural cooling to room temperature, the precipitate was collected by filtration, washed twice with fresh DMF to
remove unreacted BTC, and subsequently rinsed with anhydrous ethanol and deionized water (3 x 30 mL each)
to eliminate residual impurities. The final product was dried at 150 °C for 10 h under vacuum to yield Dy-MOF
powder.

Synthesis of Cr-MOF

Firstly, (1.6 g, 0.04 M) chromium nitrate hexahydrate and (0.315 g, 0.015 M) of benzene tricarboxylic acid were
sequentially added to a 100 mL solution of DMFE. The mixed solution underwent stirring for 30 min before
being transferred to a hydrothermal reactor that was lined with Teflon. The reactor was sealed and placed in the
furnace, where it was heated to 160 °C for 12 h. The sample was filtered and dried for 5 h at 150 °C. To remove
any unreacted BTC, the sample was washed twice in a DMF solution. The product was then washed in a two-
step process, first using anhydrous ethanol and then using deionized water, to remove any remaining surface
impurities. Finally, the removal of residual ethanol, water, and other impurities was accomplished by drying at
150 °C for 10 h, completing the synthesis of Cr-MOF.

Synthesis of Dy—Cr-MOF

In the procedure, (0.63 g, 0.03 M) of benzene tricarboxylic acid was dissolved 100 mL of DMFE Then, (1.507 g,
0.04 M) of Dy (NO,),-6H,0 and (1.6 g, 0.04 M) of Cr (NO,),-6H,0 were added and stirred for 1 h. Which was
then placed in a Teflon-lined autoclave. The autoclave was sealed and kept at 160 °C for 12 h. The products were
collected, washed, and cooled to room temperature Scheme 1. The resulting products were named Dy-Cr-MOE
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Scheme 1. Synthesis of Dy-Cr-MOFE

Scheme 2. Synthesis of Dy-Cr-MOF/rGO.

Synthesis of rGO

The synthesis of graphene oxide (GO) is carried out by a modified Hummer’s method. Initially, a mixture of 3 g of
graphite powder with 69 mL of sulfuric acid is prepared. Then 9 g of KMnO, are added slowly while temperature
is maintained below 20 °C. The resultant mixture is stirred and held at 35 °C for 45 min before 150 mL of distilled
water is added. The addition of water will cause a vigorous and vicious reaction, increasing the temperature to
100 °C. The addition of 30 mL of 30% H,0, with 500 mL of distilled water will initiate the reaction and yield a
yellow suspension. The suspension is then filtered during the precipitation and drying step to remove metal left
in the suspension, which was done by 750 mL of a 1:10 HCl solution. The precipitation will then be dried at 60 °C
then clumped and dispersed in distilled water for gentle stirring for 2-3 h. The suspension is then distilled, and
water is added with a 7-9 day period to achieve neutral pH. The material is sonicated, centrifuged to remove
residual GO, and dried at 60 °C for one hour. For rGO, 100 mg of graphite oxide is added to 250 mL distilled
water, creating a yellow-brown suspension. The mixture is sonicated until clear. Then, 1 mL of hydrazine hydrate
is added, and the mixture is heated in an oil bath at 100 °C for 24 h, forming a black precipitate. After filtration,
the product is washed with distilled water and methanol, then dried at room temperature to yield rGO.

Synthesis of Dy—-Cr-MOF/rGO

Graphene oxide was synthesized initially using a modified Hummers method, subsequent to a high-temperature
process in order to obtain reduced graphene oxide (rGO), as previously detailed Scheme 2. A solution was
formulated by merging ethanol with DMF in equal ratio of 40 ml.

The solution was stirred, and then 25 mg of as prepared rGO was dispersed into the solution using ultra
sonication. Benzene tricarboxylic acid (CgH,O,), DyCl,.6H,0 (0.1 M), and Cr (NO,),.6H,0 (0.1 M) were
introduced separately into the solution, and solution was stirred continuously for 30 min to ensure effective
incorporation of Dy and Cr ions. The obtained mixture was transferred to autoclave and then kept in an oven at
160 °C for 8 h. The final product was subjected to three washes with ethanol via centrifugation at 8000 rpm and
subsequently dried overnight.

Electrode preparation

The electrochemical measurements were performed in a standard three-electrode configuration using a platinum
(Pt) wire as the counter electrode, Ag/AgCl (3 M KClI) as the reference electrode, and catalyst-coated nickel
foam (NFE 2 cm x 2 cm) as the working electrode. Prior to coating, NF was sequentially cleaned by sonication
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in acetone, 2 M HCI, deionized water, and ethanol for 15 min each, followed by drying at 60 °C for 30 min.
To ensure uniform catalyst deposition and reproducible active material loading, 5 mg of the as-synthesized
catalyst (rGO, Cr-MOE, Dy-MOE, Dy-Cr-MOE, or Dy-Cr-MOF/rGO) was dispersed in a mixture of 800 uL
ethanol, 150 pL deionized water, and 50 pL of 5 wt% Nafion solution, followed by sonication for 30 min to form
a homogeneous ink. An aliquot of 200 pL of this ink was drop-cast onto the pre-cleaned NF and dried at 60 °C

for 12 h under vacuum, yielding a uniform catalyst loading of 0.5 mg cm™~2.

Physical characterization

To measure the Ka discharge in the 20 range of 10-70° we utilized a Bruker D2 PHASER powdered
diffractometer running at a current of 10 mA and voltage of 30 kV. The crystalline and structural characteristics
of the hydrothermal produced Cr-MOE, Dy-Cr-MOEF, Dy-Cr-MOE, and Dy-Cr-MOF/rGO nanocomposite
were validated by XRD. Brunauer-Emmett-Teller (BET; Nova 2200e Qanta Chrome) analysis was applied to
ascertain the surfaces area of the materials. The analyzer was designed to run on nitrogen as the adsorbate at
77 K. Exteriors of the materials’ morphological behavior were investigated by Czech Republic researchers using a
scanning electron microscope (TESCAN MIRA3). The infrared spectra of molecules within the 600-4000 cm™!
range were investigated using an Agilent spectrometer (Cary 360, FTIR, Malaysia).

Electrochemical activity

Conventional electrochemical water splitting was investigated in an Ag/AgCl as reference and Platinum wire
used as the counter electrode and an electrocatalyst coated on the working electrode in an electrochemical
workstation (Corrtest C$350) under 1.0 molar KOH. Under room temperature with a sweeping rate (10 mVs™!),
we performed cyclic voltammetry and linear sweep voltammetry using a 1.0 M KOH electrolyte. Using Eq. (1),
the resulting potential in Ag/AgCl was then transformed to RHE.

Erne = Eagjage + 0.197 + (0.059 * pH) (1)

E Ag/AgCl denotes potential measured by the Ag/AgCl electrode; Eo indicates absolute thermodynamic
potential of the typical Ag/AgCl electrode, equal 0.197 V. For the pH of the electrolyte originally utilized, the
value of 0.059 provides the suitable factor.

The overpotential (1) is computed with reference to the given equation.

The following equation is used to calculate the overpotential (1).

n = Erup —1.23 (2)

The Tafel value was found using the linear section of the CV graph in respect to the overpotential near to the
onset potential of OER. Charge transfer process and reaction kinetics were both studied using Tafel slope. It also
reveals details about oxygen evolution reaction’s rate-limiting stage. Steady flow polarization gradient was taken
into consideration by using following formulae to derive Tafel slope:

n = (a) +(blogj) 3)

The symbol ) represents overpotential, “a” stands for constant, “j” for current density, “b” for the Tafel plot, which
is equal to (2.303) RT/nF, R for electron transport coeflicient, “n” for total electron quantity, and F for Faraday’s

constant. The following equations were used to calculate assumed turnover rate of OER and HER, respectively.

1

1

Electrochemical double layer capacitance, or Cdl was used to find the ECSA. The non-Faradaic approach enabled
Cdl to be extracted from Cyclic voltammetry plot across a potential range. We then used the following formula
to find ECSA.

posa = S (6)
Cep
Ca = Slgpe (7)

The mechanisms of water oxidation were computed using EIS calculations; the dynamics of the OER are
connected to the EIS values??. Because of its strong electrical characteristics and low electron transportation
resistance, the semicircle in the lower frequency shows effective OER results. Assessing the long-term durability
of the generated MOFs mainly relies on chronoamperometry.

Results and discussion
The XRD patterns confirm the effective synthesis and phase purity of the catalysts. In Fig. 1(b), rGO exhibits a
characteristic (002) plane peak at 20 = 27.61°, indicating a well-ordered crystalline structure, corresponding to
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Fig. 1. a XRD b FTIR graph of rGO, Cr-MOF, Dy-MOEF, Dy-Cr-MOF and Dy-Cr-MOF/rGO.

d-spacing
Sr. No. | Material (A) Lattice strain | Crystalline Size(nm) | Dislocation density (m-2)
1 rGO 531 0.07 1.9 0.27
2 Dy-MOF 4.81 0.15 10.9 6.01
3 Cr-MOF 4.32 0.90 11.5 12.25
4 Dy-Cr-MOF 3.25 1.12 14.7 23.04
5 Dy-Cr-MOF/rGO | 2.76 1.24 23.8 43.38

Table 1. Calculated XRD parameters for rGO, Dy-MOF, Cr-MOE Dy-Cr-MOF and Dy-Cr-MOF/rGO.

the JCPDS card number 00-001-0640. Dy-MOF exhibits diffraction peaks at 13.71°, 17.41°, 21.92°, 31.42°, and
41.92°, confirming its crystalline nature”. Cr-MOF shows peaks at 10.76°, 15.13°, 23.49°, 25.53°, and 27.25°,
supporting its phase purity*!. The Dy-Cr-MOF pattern displays peaks at 10.96°, 13.62°, 15.15°, 17.28°, 22.14°,
23.52°, 25.57°, 27.27°, 31.39°, and 41.94°, indicating formation of a bimetallic framework. In Dy-Cr-MOF/
rGO composite, peaks at 10.67°, 13.72°, 15.09°, 17.32°, 22.05°, 25.51°, 27.35°, 31.64°, and 42.95° reveal effective
incorporation of rGO, with slight peak shifts indicating strong interfacial interactions. This indicates that the
crystalline and structural stability of the materials improves and is repetitive for the electrocatalytic performance
for water splitting. The average crystallite size of rGO, Dy-MOF, Cr-MOE, Dy-Cr-MOEF, and Dy-Cr-MOF/rGO
nanocomposites are calculated to be 1.9, 10.9, 11.5, 14.7, and 23.8 nm respectively using the Debye-Scherrer Eq.

D = K\ /B cosb (8)

In this case, B is the FWHM of the diffraction peaks, 0 is the diffraction angle, and A is the wavelength of the
x-ray?>. Table 1 shows the XRD parameters like the rGO, Dy-MOF, Cr-MOF, Dy-Cr-MOE, and Dy-Cr-MOF/
rGO lattice constants, d-spacing, lattice strain, crystallite size, and dislocation density. These values are derived
from Egs. (9), (10), and (11). Higher 26 XRD peak values indicate that the lattice strain is increasing. Increased
lattice strain results in reduced lattice parameters and, according to Bragg’s law, the peak position will shift. This
shows that the material is undergoing structural changes as the lattice deforms under strain.
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Wavenumber (cm™!) | Assignment Vibrational mode Material(s)

3384 O-H stretching | Stretching of hydroxyl groups and adsorbed water | rGO

3376 O-H stretching | Stretching of hydroxyl groups and adsorbed water | Cr-MOEF, Dy-MOE, Dy-Cr-MOF, Dy-Cr-MOF/rGO
1616-1625 C=0 stretching | Asymmetric stretching of carboxylate groups Cr-MOFE, Dy-MOE, Dy-Cr-MOE, Dy-Cr-MOF/rGO
1528-1542 C-Cstretching | Aromatic ring stretching Cr-MOE, Dy-MOE Dy-Cr-MOE Dy-Cr-MOF/rGO
1432 C=C stretching | Sp? carbon skeleton of graphene rGO, Dy-Cr-MOF/rGO

1367-1385 C-O stretching | Symmetric stretching of carboxylate groups Cr-MOF, Dy-MOE, Dy-Cr-MOE, Dy-Cr-MOF/rGO
909 Dy-O stretching | Metal-oxygen coordination bond (Dy**) Dy-MOE, Dy-Cr-MOEF, Dy-Cr-MOF/rGO

689 Cr-O stretching | Metal-oxygen coordination bond (Cr?") Cr-MOF, Dy-Cr-MOE, Dy-Cr-MOF/rGO

Table 2. FTIR peak assignments and vibrational modes of rGO, Dy-MOE, Cr-MOF, Dy-Cr-MOE, and Dy-Cr-
MOEF/rGO.

Fig. 2. SEM images of a rGO, b Dy-MOF, ¢ Cr-MOF, d Dy-Cr-MOF and e Dy-Cr-MOF/rGO Histogram and
Surface plot of f rGO, g Dy-MOF, h Cr-MOFE, i Dy-Cr-MOF and j Dy-Cr-MOF/rGO.

1
Dislocation Density = Dz 9)
Lattice strain = B (10)
4tanb
nA
d — spacing — 11
spacing = =g (11)

The functional groups and bonding interactions in rGO, Dy-MOF, Cr-MOEF, Dy-Cr-MOF, and Dy-Cr-MOF/
rGO were investigated by FTIR spectroscopy (Fig. 1b). The detailed peak assignments and corresponding
vibrational modes are summarized in Table 2. The broad O-H stretching band at 3376-3384 cm™ ! and the
characteristic C=C stretching at 1432 cm™! confirm the successful reduction of graphene oxide to rGO?. All
MOF containing samples exhibit typical carboxylate vibrations (C=0 at 1610-1625 cm™ !, C-O at 1367-1385
cm™!) and aromatic C-C stretching (1528-1542 cm™ !), verifying coordination of BTC linker to metal centers?’.
The presence of distinct Dy-O (909 cm™!) and Cr-O (689 cm™!) bands in Dy-MOF, Cr-MOF, Dy-Cr-MOF,
and the composite confirms the formation of the respective metal-oxygen coordination bonds®. In Dy-Cr-
MOF/rGO, the simultaneous appearance of both Dy-O and Cr-O peaks together with the preserved graphene
C=C band demonstrates successful integration of the bimetallic MOF onto the rGO support without structural
degradation, thereby ensuring enhanced electrochemical properties of the final composite.

Structural differences for each material become apparent in their SEM images. From the perspective of
enhanced electrocatalysis, the rough, porous, and wrinkled surface of the rGO in Fig. 2a is indicative of a
considerable porosity and a good accessibility of active surfaces. Figure 2b depicts the morphology of the Dy-
MOF with its small, uniform crystalline particles, which are indicative of efficient active charge dispersion, and
of a limitation in the charge active sites. The larger crystalline units of the Cr-MOF shown in Fig. 2¢ reflects a
robust framework which is positive in terms of stability. Dy-Cr-MOF shown in Fig. 2d, combines the attributes
of Dy-MOF and Cr-MOF to create a bimetallic framework which, in principle, is expected to augment the
electroactive catalytic property due to synergistic effects.

The Dy-Cr-MOF/rGO composite in Fig. 2e displays well-dispersed rGO sheets among the MOF particles
which enhances charge transfer and active site accessibility. From the histograms and the surface plots, surface
morphology and the size of the particles, which is shown in Fig. 2f and j. rGO has a 72 nm particle size with a
rough texture, which enhances surface area and electro mobility, as shown in Fig. 2f. The 55 nm, which is shown
in Fig. 2g, Dy-MOF also has a smooth surface which indicates a more ordered structure with efficient charge
transfer. Cr-MOF in Fig. 2h has larger, more rigid framework aggregates of 46 nm which could provide stability
but also provided charge active sites.
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Fig. 3. BET isotherms a SSA and b Pore size of rGO, Dy-MOE, Cr-MOE, Dy-Cr-MOF and Dy-Cr-MOF/rGO.

Material Specific Surface Area (m2/g) | Pore Size (nm) | Pore Volume (cm3/g)
rGO 71 0.96 0.017
Dy-MOF 118 0.61 0.018
Cr-MOF 275 0.26 0.018
Dy-Cr-MOF 325 0.41 0.033
Dy-Cr-MOF/GO | 469 0.45 0.053

Table 3. Comparative table of BET surface area, BJH pore size, and pore volume.

The specific structural features of the Dy-Cr-MOF/rGO composite facilitate effective electrochemical
water splitting. The BET surface area value remarkably improves from 71 m?/g for rGO, to 469 m?/g for Dy-
Cr-MOF/rGO (Fig. 3(a)), meaning a significant increase. This indicates the formation of a highly porous
nanocomposite. Enhancement in surface area increases the number of active catalytic sites available thus
improving electrochemical performance. Figure 3 (b) illustrates the decrease in pore size from 0.96 nm (rGO)
to 0.45 nm (Dy-Cr-MOF/rGO) whilst remaining in the mesopore range. Smaller pore size will not negatively
affect catalytic performance, especially with respect to the more efficient ion transport to the active sites. Dy-
Cr-MOF and Dy-Cr-MOF/rGO both possess a Type IV isotherm with H1/H2 loop due to their mesopore
formation. rGO, in addition, to improving the mesopore formation, also enhances mass transport, critical for
effective electrocatalysis. Combination of surface area, improved pore structure with rGO, improves transport
of electrons in addition to mass, resulting in a greater catalytic activity for both hydrogen and oxygen evolution
reactions. These enhancements in structure contribute to the excellent stability and overall catalytic performance
of Dy-Cr-MOF/rGO in water splitting applications (Table 3).

Oxygen evolution reaction (OER) performance

The Cr-Dy-MOF/rGO composite demonstrates enhanced OER performance due to the collaborative interaction
of rGO high conductivity and the catalytic properties of the Dy-Cr-MOF Fig. 4. The OER process requires the
least amount of energy to start with this material, as evidenced by the lowest potential onset of 2.30 V. Other
materials, including Dy-Cr-MOE Dy-MOF, Cr-MOF, and rGO showed higher values. The lowest Tafel slope of
Dy-Cr-MOF/rGO at 42 mV dec! reflects swift reaction kinetics and efficient charge transfer, and this is much
higher than the Tafel slopes of the other materials, which ranged from 73 to 102 mV dec™!. The overpotential of
164 mV at 10 mA cm? for Dy-Cr-MOF/rGO is further proof of its enhanced catalytic activity. The lowest charge
transfer resistance (EIS) of Dy-Cr-MOF/rGO at 5.77 Q, which justifies the faster electron transport and superior
OER performance. For more than 50 h of uninterrupted operation, the performance of Dy-Cr-MOF/rGO is
stable, and it is remarkable without significant decrease. The combination of the bimetallic Dy-Cr-MOF with
rGO conductivity increases efficiency by improving electron transport and kinetics while having more active
sites. Moreover, the Dy-Cr-MOF/rGO surpassed all materials in Turnover Frequency (TOF), which was 1.36 s71,
denoting the highest degree of electrocatalytic activity. The compatibility of Dy-Cr-MOF/rGO composites with
advanced materials for water-splitting applications can be attributed to their efficient performance in the OER,
excellent conductivity, efficient charge transfer, and remarkable stability.

Mechanism of OER

The OER on the Cr-Dy-MOF/rGO composite begins with the adsorption of water onto the catalyst surface. This
is due to the improved surface area and porosity of the Cr-Dy-MOF framework. As shown in the SEM and BET
analyses, these features along with the Cr and Dy metal sites, enhance water molecule adsorption and activation,
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Scheme 3. Mechanism of OER.

assisting in the formation of hydroxyl (OH) intermediates. The Cr and Dy ions within the MOF framework also
promote in the stabilization of these oxygen intermediates, thereby enhancing the catalytic activity. Eventually,
the intermediates encounter each other to form an O = O bond, thus releasing oxygen gas and generating
protons and electrons Scheme 3. The role of rGO support is pivotal as it enhances electron transport through
a conductive to facilitate effective charge transfer. Thus, the Cr-Dy-MOF structure efficiently enhances OER
through optimized adsorption of intermediates®-*°.

M+OH™ — MOH +e~ Tafel slope = 120mVdec™* (12)
MOH +0OH ™ — HO+ MO +¢e~ Tafel slope = 60mVdec ™ * (13)
MO + MO — 2M + O, (14)

MO + OH™ — MOOH +e~ Tafel slope = 40mVdec ™! (15)
MOOH + OH™ — M+ Oz + H20 + e~ Tafel slope = 15mVdec ™" (16)

Hydrogen evolution reaction (HER) performance

The hydrogen evolution reaction (HER) performance of Dy-Cr-MOF/rGO improves significantly compared to
Dy-MOE, Cr-MOEF, Dy-Cr-MOF, and rGO Fig. 5. HER performance of the catalyst is also indicative of having
the fastest reaction kinetics and charge transfer, recognized by the lowest Tafel slope of 32 mV dec™!. Dy-Cr-
MOF/rGO also shows the lowest overpotential (158 mV at 10 mA cm?) and less energy is needed to drive the
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HER process, which is indication of its active catalysis. The Cr and Dy dual metal synergy in the MOF structure is
critical to the optimization of hydrogen storage dynamics but active hydrogen rGO scaled Dy-Cr-MOF supports
in energy transport, decreasing the total energy barrier. The conductive rGO network is crucial in resource
efficient transport and in preventing charge carrier recombination but preventing process instability of the HER.
The long-term stability tests conducted over 50 crucibles confirm the practical utility and durability of Dy-Cr-
MOF/rGO as process active stability is preservation performance is incredible. The catalyst’s performance also
contains the better turnover frequency (TOF) of 1.42 s™! proving effective hydrogen generation per active site.
Electrochemical impedance spectroscopy (EIS) confirms enhanced charge transfer and reaction kinetics by a
low charge transfer resistance (816.54 Q) proving the highly conductive characteristic of the supplied mass and
low resistance contributed largely to the released mass in the process of hydrogen production. Having a larger
surface area and a more porous structure allows the Dy-Cr-MOF to more effectively adsorb and activate the
reactants to accelerate the HER process. Dy-Cr-MOF/rGO combines all of the required attributes to perform
well as an HER catalyst: excellent conductivity and stability, and the high availability of active sites. This catalyst
also surpasses the performance of the individual components, such as pure MOFs and rGO.

Mechanism of HER

HER involves various steps where protons undergo reduction and hydrogen gas is produced. Dy-Cr-MOF/
rGO, the process can be reduced to the following steps Scheme 4: The first stage in HER is the protons (H*)
adsorbing onto the catalyst’s surface. The Cr and Dy metal sites inside the MOF structure act as active sites in
Cr-Dy-MOF/rGO to assist proton adsorption from the electrolyte. At the catalyst surface upon adsorption by
electrons, the protons are transformed to hydrogen atoms (H). This stage of the proton-coupled electron transfer
(PCET) process sends an electron from the electrode to the adsorbed proton, producing a hydrogen atom (H
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intermediate). On the catalyst, this creates an intermediary*. Desorb the hydrogen atom in the last stage using
the catalyst surface; this then reacts to generate molecular hydrogen (H,) and is then released. The H-H link
has to be broken in order to move forward. While electron transport is boosted by the rGO support, the Cr and
Dy metal centers promote proton adsorption and activation in Cr-Dy-MOF/rGO, so producing effective proton
reduction and hydrogen evolution. While the high conductivity of rGO reduces charge transfer resistance,
therefore enabling an effective HER process, the metal sites in the MOF framework stabilize the hydrogen
intermediates®""*2. The rGO support dramatically lowers charge-transfer resistance and boosts electron supply,
while Cr/Dy metal centers stabilize H intermediates, yielding a high jo of up to 1.2 mA cm™?2 through enhanced
active-site density at the heterojunction interface, enabling highly efficient HER.

H,O + M + e — MHags + OH™ Volmer Step (17)
MH.qs + H20 + e - M+ Ho + OH™ Heyrovsky step (18)
2 MH,gs — 2M + H> Tafel slop (19)

The electrochemical double-layer capacitance (Cdl) was measured to determine the electrochemical active
surface area (ECSA) of the catalysts. A larger Cdl value indicates a bigger surface area, enhancing electron and
ion transfer for effective water splitting. As shown in Fig. 6, rGO has a smaller Cdl value of 1.5 mF, while Dy-MOF
shows a Cdl of 2.7 mF (ECSA of 67.5). Cr-MOF further improves surface area with a Cdl of 3.4 mF and ECSA
of 85. The Dy-Cr-MOF composite has a Cdl of 4.5 mF and an ECSA of 112.5, showing a synergistic increase
in surface area. The Dy-Cr-MOF/rGO composite achieved the highest Cdl value compared to 11.4 mF with an
ECSA of 285 due to the hybrid of the porous Dy-Cr-MOF with conductive rGO. This combination increases the
Dy-Cr-MOF/rGO effective surface area and Dy-Cr-MOF/rGO conductivity demonstrating superb effectiveness
for the Dy-Cr-MOF/rGO for the HER and OER processes and thus improving water splitting (Table 4).

Two electrode systems

In a two-electrode water splitting experiment, different parameters used in the electrochemistry of the
performance testing of the electrode materials geared for the hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) are emphasized. This begins with the cyclic voltammetry (CV) at Fig. 7 (a) which
shows the current response over a range of applied voltages with respect to the electrochemical characterization
of the electrodes. The CV curve illustrates the commencement of reactions, e.g., OER and HER, with peaks
separated offering information on the material’s kinetics and efficiency. Anodic linear sweep voltammetry
(LSV) is focusing on the OER performance of the anode. In Fig. 7 (b) anodic LSV curve depicts current density
vs. applied voltage, with current density and the onset potential being crucial markers of the efficiency of the
electrode towards oxygen evolution. whereas cathodic linear sweep voltammetry (LSV) is utilized to examine
the HER performance on the cathodic electrode. This information displays the present response of hydrogen
evolution and gives comparable insights as anodic LSV but for the cathodic process. In Fig. 7(d) Tafel slope
values represent the reaction kinetics. The Tafel slope for OER is 108 mVdec™!, whereas the Tafel slope of the
HER is 87 mVdec™!. These data suggest that the HER process has a faster reaction rate than OER, since a smaller
Tafel slope implies a more effective electrochemical reaction of lower activation energy. This gap in Tafel slopes
represents the underlying differences in the two reactions kinetics, with HER usually more favorable under
normal circumstances than OER. The overpotential values also represent the performance of the electrodes. In
the case of OER, there is a need of 522 mV to the reaction for a specific current density, reflecting the energy
barrier that should be overcome in order for the reaction to take place successfully. In the case of HER, the
overpotential is smaller, suggesting that less energy is required to drive the process of hydrogen evolution than
oxygen evolution. This shows that the material is more effective for HER, since less voltage is required to create
hydrogen. Charge transfer resistance (Rct) values acquired from electrochemical impedance spectroscopy
(EIS) also give information about electrochemical processes. In Fig. 7 (f-g) charge transfer resistance is 31 Q
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Sample Overpotential at 10 mA/cm? (V) | Tafel Slope (mV/dec) | Activity | Reference
39 88.9 HER 33
B N-PCCo/rGO 235 110 OER
105 50 HER 34
CoP/rGO 340 66 OER
- 90 150 HER |35
V-Nix: Fey MOF/GO 210 97 OER
. HER 36
CoCr,0,/rGO 274 53 OER
103.7 90.9 HER N
Mesh-CrFe-CoP NSs 256.4 55.9 OER
X 165 98 HER 37
Ni 4:5¢/RGO/CNTs 232 64 OER
. . 88 103 HER 38
Cr-Ni,;FeN/Ni@N-GTs 262 3 OER
49 127.7 HER 39
La-doped CoMoP 250 88.9 OER
. . 123 50.8 HER 10
Ni/(p)-NiS MOF@CNT | % 72 OFR
. 252 51.2 OER 41
NiFe,0,@N/rGO-800 157 497 HER
Co/Mo-rGO 420 126 OER 2
FeDy@MOF-Ni/CC 251 52.1 OER 15
142 58 HER
Ni,P/rGO 260 62 OER s
NiFe,0,@N/rGO-800 157 94.7 HER “
252 56.5 OER
. HER 45
RuNi-rGO@MNCs-, 28 35 OER
Cr-Dy MOF/rGO igg ?é gg{{ Current study

Table 4. Comparison table between designed electrode material and published literature.
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Fig. 7. Two Electrode water splitting analysis a CV, b anodic LSV, ¢ cathodic LSV, d Tafel analysis,
e overpotential for HER and OER, f EIS of OER, g EIS of HER, h Chronoamperometric of OER,
i Chronoamperometric of HER of Cr-Dy-MOF/rGO.

for OER, but for HER it is substantially greater at 2245 Q). Lower Rct values for OER indicate that the material
facilitates more efficient charge transfer during the oxygen evolution reaction; however, higher Rct values for
the HER demonstrate that the hydrogen evolution reaction is more sluggish and resistant and will need further
optimization to alleviate this resistance and improve overall performance. In Fig. 7 (h-i) chronoamperometric
stability experiments reveal that the material displays steady performance for both OER and HER after 50 h. This
shows that the electrodes retain their catalytic activity and efficiency over a long length of time, demonstrating
good durability and long-term stability for both processes. The capacity to retain performance over such a long
time is critical for real-world applications, where electrodes must work for longer periods without substantial
degradation.
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Conclusion

Hydrothermally synthesized Dy-Cr-MOF/rGO heterojunction exhibits outstanding bifunctional electrocatalytic
performance in alkaline media, achieving lowest overpotentials of only 158 mV (HER) and 164 mV (OER) at
10 mA cm? with remarkably fast kinetics (Tafel slopes of 32 and 42 mV dec™!, respectively). This superior
activity originates from the synergistic coupling of highly dispersed Dy-Cr-MOF nanoparticles on conductive
rGO nanosheets, which prevent aggregation, maximizes active-site exposure, and dramatically enhances charge-
transfer efficiency. Composite demonstrates excellent practical viability: in a two-electrode alkaline electrolyzer,
it delivers 10 mA cm™ at a cell voltage of just 1.62 V and maintains stable operation for over 50 h with negligible
degradation, outperforming many state-of-the-art noble-metal-free catalysts. It’s simple, scalable hydrothermal
synthesis, low-cost precursors, and compatibility with nickel-foam electrodes make it highly promising for large-
scale green hydrogen production. These results establish Dy-Cr-MOF/rGO as a competitive, earth-abundant
platform for next-generation renewable energy conversion technologies.

Data availability
All data generated or analyzed during this study are included in this published article [and its supplementary
information files.
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