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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Low-cost non-precious metal catalysts 
for hydrogen production were 
developed.

• Cu and Zn in conjunction with BTC and 
without a binder were electrodeposited 
on ITO.

• Crystalline BTC-based MOF catalysts 
were created with uniform deposition 
on ITO.

• Zn/Cu-BTC/ITO electrocatalyst exhibits 
high catalytic performance toward the 
HER.
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A B S T R A C T

The production of high-purity hydrogen for primary energy generation is a key goal in the renewable energy 
consumption model. Currently, hydrogen production through electrolysis remains quite expensive, making the 
development of new non-noble metal catalysts for the cathodes of acidic electrolyzers a promising strategy to 
lower the costs associated with this technology. In this work, Cu, Zn and Zn/Cu particles in the absence and the 
presence of 1,3,5-benzenetricarboxylic acid (BTC) have been synthesized via binder-free electrodeposition onto 
an indium tin oxide (ITO) surface as electrocatalysts to improve the hydrogen evolution reaction (HER) in acidic 
media. Main results highlight the fundamental role of the metal-organic framework (i.e., BTC), combined with 
the synergistic effect of both metal elements (i.e., Zn and Cu), in creating a uniform deposition of small crys
talline particles on the ITO surface. Consequently, a low-cost and robust electrocatalyst (Zn/Cu-BTC/ITO) with 
enhanced catalytic performance toward the HER was synthesized. Finally, this work emphasizes how electro
chemically modified surfaces, created using low-cost metals and straightforward sustainable synthesis methods, 
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can generate atomically dispersed active sites that enhance both electrocatalytic activity and stability. This 
approach could contribute to the development of innovative electrodes, improving performance while reducing 
the cost of electrolyzers.

1. Introduction

The increasing global energy consumption, driven by population 
growth and industrialization, has relied heavily on fossil fuels, which 
release pollutants—such as CO2, CO, sulfur oxides, nitrogen oxides and 
unburned hydrocarbons—contributing to climate change [1–3]. Since 
these fuels are non-renewable, alternative energy sources will be 
essential once reserves are depleted [4]. In this context, the hydrogen 
(H2) economy is emerging as a promising solution. The hydrogen evo
lution reaction (HER) is gaining attention for its potential in eco-friendly 
energy storage and conversion, particularly in fuel cells [4–6]. Water 
splitting is considered one of the most efficient methods to produce 
hydrogen, requiring only water and generating H2 and oxygen (O2) with 
minimal environmental impact. In a typical water electrolysis system, 
O2 is generated at the anode through the oxygen evolution reaction 
(OER), while H2 is produced at the cathode via the HER [7], as shown in 
reactions 1 and 2: 

4H+ + 4e− ↔ 2H2 E0 = 0.0 vs RHE (1) 

2H2O ↔ 2O2 + 4H+ + 4e− E0 = 1.23 vs RHE (2) 

Electrolysis in acidic media is advantageous due to the availability of 
protons (H+) for the reduction reaction at the cathode. However, it faces 
kinetic challenges, such as low exchange current density, which requires 
high overpotentials and additional energy for efficient operation [8,9]. 
To overcome these challenges, a suitable electrocatalyst is essential. In 
an acidic medium, protons are reduced at the cathode to generate H2(g), 
making the optimization of this reaction crucial for improving electro
lyzer efficiency. The acidic environment not only supports the reaction 
but also enhances overall electrolysis performance [10]. Developing 
advanced electrocatalysts requires identifying active sites and under
standing the relationship between their structures and performance. 
Commonly studied electrocatalysts include noble metals (e.g., ruthe
nium (Ru), iridium (Ir), and platinum (Pt)), as well as transition metals 
[11]. Pt-based electrodes are the most active for HER, but their high cost 
and limited availability hinder widespread use [12,13]. As a result, 
significant efforts have been made to identify more affordable and 
abundant alternatives, with several promising candidates demonstrating 
comparable efficiency [14–16].

Zinc (Zn), with a standard reduction potential of − 0.76 V, is 
considered a promising material for the HER due to its ability to donate 
electrons and reduce H+ to H2(g). However, despite this theoretical 
reactivity, Zn/ITO electrodes show limited catalytic activity in the HER, 
attributed to the absence of a proper reduction environment that pre
vents the recovery of metal ions to their metallic form [17]. Zinc is 
abundant, safe, easy to handle and economical, making it attractive for 
industrial and experimental applications. In acidic media, zinc reacts 
with acids to release hydrogen in a controlled manner, contributing to 
the safety of the process. In comparison, copper (Cu) offers better 
corrosion resistance but is less effective in reducing H+ under acidic 
conditions, making it less efficient for the HER [18]. The combination of 
Zn and Cu metals has been proposed as a promising alternative to create 
a significant potential difference, improving the HER efficiency. Cop
per’s corrosion resistance enhances system durability, while Zinc’s 
reactivity aids in hydrogen production [19]. The synergy between these 
metals can improve both efficiency and stability, making them suitable 
for various applications [20]. Moreover, both metals are stable in acidic 
environments, although their behavior can vary depending on acid 
concentration and temperature. In acidic solutions, Cu tends to form 
complexes and may not dissolve easily, while Zn dissolves more readily, 

releasing hydrogen and forming Zn salts [21].
In recent years, various studies have explored the development of 

new electrocatalysts, particularly those combining transition metals 
with non-metals such as carbon (C), nitrogen (N), sulfur (S), oxygen (O), 
and phosphorus (P) atoms [22,23]. The intrinsic, electronic and struc
tural properties of different compounds have significantly enhanced 
performance in electrocatalytic applications [24,25]. Among the most 
promising candidates are metal-organic frameworks (MOFs), which 
offer atomically dispersed active sites, large surface area, high porosity, 
controllable morphology and tunability, all of which have attracted 
considerable attention [26]. MOFs, composed of metal ions and organic 
ligands, exhibit structural and electronic diversity, making them suit
able for applications such as gas adsorption, detection, separation and 
conversion. The properties of MOFs, including their stability, size and 
crystal shape can be controlled, which has led to their use in a variety of 
practical applications, including nanotechnology, electrical devices, 
catalytic coatings, and other advanced smart technologies. The fabri
cation of MOF thin films has emerged as an area of interest, focusing on 
controlling their growth on surfaces to specific porosities [27]. Given 
these advantages, MOFs have gained significant attention as potential 
electrocatalysts for water splitting [28–31].

Several studies have explored MOFs as electrocatalysts for electrode 
deposition or coating, employing techniques such as solvothermal syn
thesis [32], vapor phase deposition [33], direct growth [34] and elec
trochemical deposition [35,36]. However, many conventional methods 
involve challenging conditions such as high temperature and pressure. 
Electrochemical methods offer a promising solution to overcome these 
issues. Thin films of electrochemically synthesized MOFs require metal 
ions, organic ligands, and electrolytes as precursors, and using different 
metals as electrodes allows for precise control over the structure and 
surface behavior of MOF thin films, such as crystallinity, morphology, 
roughness and thickness.

A recent study reported the use of a metal-organic structure derived 
from Cu/Pt-BTC (BTC: 1,3,5-benzenetricarboxylic acid) as an electro
catalyst [31]. The modified electrode demonstrated excellent catalytic 
effect for HER, with reduced applied potential and increased current 
density compared to other test electrodes. However, the use of Pt in the 
bimetallic MOF increases the material’s cost. This approach proposes a 
new method for manufacturing high-performance electrocatalysts on 
various substrates using sustainable, high-speed, and easy-to-synthesize 
processes that minimize toxic waste and can be carried out at a micro
liter scale, consuming only small amounts of reagents [31].

This study focuses on the development of low-cost, high-perfor
mance Zn/Cu-BTC MOFs as electrocatalysts for the HER. The MOFs were 
synthesized via in situ electrosynthesis on an ITO surface (Scheme 1), 
without the use of binders or functional groups, to evaluate their elec
trocatalytic efficiency. The stability of the metals in acidic media and 
their impact on HER performance were investigated. Specifically, it was 
found that copper, due to its tendency to form complexes, may reduce its 
own reduction activity, while zinc, which tends to dissolve and release 
ions, can enhance hydrogen production. The hypothesis proposed is that 
the synergy between Zn and Cu in the MOF structure may further 
optimize electrocatalytic efficiency, leading to improved hydrogen 
evolution.

2. Experimental section

2.1. Chemicals and reagents

Methyltributylmethylammonium sulfate (MTS) was synthesized 
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from tributylmethylammonium chloride and methyl sulfate, sodium salt 
hydrate. 1,3,5-benzenetricarboxylic acid (BTC) (98 %), copper sulfate 
pentahydrate (CuSO4⋅5H2O, 99 %), zinc sulfate heptahydrate 
(ZnSO4⋅7H2O, 99 %), absolute ethanol (EtOH) and sulfuric acid (H2SO4, 
95–98 %) were purchased from Sigma-Aldrich, and ultrapure water 
(Milli-Q Millipore system, 18.2 MΩ cm) was used to prepare all 
solutions.

2.2. Physicochemical characterization

The surface of the modified electrodes was characterized using 
several techniques. Field Emission Scanning Electron Microscopy (FE- 
SEM) coupled with Energy-Dispersive X-ray Spectroscopy (EDX), using a 
ZEISS GeminiSEM 360 with NanoVP, provided detailed imaging and 
elemental analysis.

X-ray photoelectron spectroscopy (XPS) analysis was performed 
using the Surface Analysis Station 1, model XPS RQ300/2, employing 
aluminum (Al) radiation at an energy of 1486.6 eV. The detector was 
operated at a voltage of 15 kV and a current of 10.0 mA, with a DESA 
150 detector at 2700 V. The scan range spans from 1200 to 0 eV, with a 
step size of 1 eV or 0.2 eV and a step time of 0.2–0.5 s.

X-ray diffraction (XRD) measurements of the modified electrodes 
were conducted on a Bruker D8 diffractometer, utilizing CuKα radiation 
(λ = 1.5418 Å). Data were collected at room temperature with a step size 
of 0.01◦ and scan speed of 0.1 s. The X-ray tube operated at 40 kV and 
30 mA, and the Rietveld refinement of the XRD patterns was performed 
using TOPAS Software, employing a pseudo-Voigt function as the profile 
function.

The modified Scherrer equation as follows was used to determine the 
crystallite size: 

D=
k λ

β cos θ
(3) 

where D is the size of the crystallite in nm, k is Scherrer’s constant, λ is 
the wavelength of the radiation used in diffraction, β is the full width at 
half maximum (FWHM) of the peak in radians, and θ is the diffraction 
angle in radians.

Attenuated Total Reflectance (ATR) Fourier Transform Infrared 
(FTIR) spectroscopy was used to analyze the modified electrodes, using a 
Thermo Scientific Nicolet iS50 FTIR spectrometer equipped with a liquid 
nitrogen-cooled narrow-band mercury cadmium telluride (MCT) de
tector. For surface analysis, a variable angle specular reflection acces
sory (VEEMAX III from PIKE Technologies) with manual and automated 
angle control was employed.

2.3. Electrochemical characterization

Electrodeposition and electrochemical measurements were per
formed using an Autolab potentiostat/galvanostat (model PGSTAT204) 
at ambient temperature and pressure, in a three-electrode electro

chemical system. A Pt wire and an Ag/AgCl wire in 3.5 M KCl solution 
were used as the counter and reference electrodes, respectively, while a 
modified ITO electrode served as working electrode. Cyclic voltammetry 
(CV) was conducted in 0.5 M H2SO4 solution saturated with Ar (pH 
0.38), at a scan rate of 100 mV s− 1. The reference potentials can be 
converted to the RHE scale using the following formula: 

ERHE =EAg/AgCl + 0.059 V x pH (4) 

All potentials mentioned in this document are referenced to the RHE 
scale, unless stated otherwise.

Each CV was normalized based on the geometric area of 0.3 cm2 to 
ensure the comparability of the data obtained in the different experi
ments conducted.

2.3.1. Electrochemically active surface area measurement
The electrochemically active surface area (ECSA) was determined 

using the double-layer capacitance method, as described in previous 
studies [31,37]. Cyclic voltammograms were recorded for the modified 
ITO electrodes at different scan rates, in an Ar-purged 0.5 M H2SO4 
solution, within a potential range where no faradaic current was 
observed. At higher scan rates, the oxidation or reduction of 
non-electrolytic species may become less efficient, potentially affecting 
the surface area calculation. The value was determined using the 
following equations [31,38]. 

ΔI=2ѵ*Cdl (5) 

ECSA=
Cdl
Cd́l

(6) 

where (I) is the current density, (ѵ) is the scan rate in the CV study, (Cdl) 
is the double layer capacitance and (Cdl’) is the specific capacitance of 
an atomically smooth material (~20 μF cm− 2 [38]).

2.3.2. Electrocatalytic hydrogen evolution reaction
To investigate the catalytic performance of the modified ITO elec

trodes, linear scanning voltammetry (LSV) curves were measured at a 
scan rate of 5.0 mV s− 1 in a 0.5 M H2SO4 electrolyte (pH = 0.38), which 
was Ar-purged at room temperature (25 ◦C).

2.3.3. Electrochemical impedance spectroscopy study (EIS)
The electrochemical impedance study was performed on IVIUM

STAT, IVIUM Technologies. Arbin test station (BT2043) at an amplitude 
of 1 mV from 0.1 Hz to 10 KHz in a 0.5 M H2SO4.

2.3.4. Electrocatalytic stability for HER
Electrocatalytic stability was evaluated through chro

nopotentiometry during the HER by applying a constant current density 
of − 2 mA/cm− 2 in 0.5 M H2SO4 solution for 12 h at room temperature 
(25 ◦C).

Scheme 1. Principal steps to produce the catalysts employed in the current work.
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2.3.5. Quantification of hydrogen by controlled current electrolysis
To perform the electrolysis at controlled current, a type H cell with a 

Nafion® membrane was used, along with a three-electrode system: a 
working electrode, a graphite counter electrode, and an Ag/AgCl 
reference electrode in a 3.5 M KCl solution. The experiment was con
ducted for 1 h at − 2 mA, in 0.5 M H2SO4 at room temperature (25 ◦C).

To quantify the gaseous product, 50 μL samples were extracted from 
the headspace of the cathode using a gas-tight syringe and injected into a 
DANI MASTER gas chromatograph (GC) equipped with a micro-volume 
μTCD detector. A Supelco silica column with molecular sieves (5′) 
measuring 30 m × 0.53 mm was used. High-purity argon served as the 
carrier gas.

The GC was calibrated using ultrapure H2 gas as a standard 
(INDURA), which contains a certified molar percentage. Calibration was 
performed three times, with the average peak areas used to ensure 
repeatability. The concentration of the gaseous product was calculated 
based on pre-established calibration curves using gas standards.

The Faradaic efficiency (FE) measurements for H2 were calculated 
using the following equations: 

nexp =CH2 x Vgas (7) 

nteo =
Qt

v F
(8) 

FE=
nexp

nteo
x 100 % (9) 

where C is the concentration of H2 obtained in mM, V is the volume of 
the cell in L, Q is the system charge in coulombs C, n represents the moles 
of H2 generated (both experimental and theoretical), F is Faraday’s 
constant, and v is the valency of the ions involved in the reaction.

2.4. Electrochemical synthesis of modified electrodes

2.4.1. ITO pretreatment
The cleaning procedure for substrates was performed in a laminar 

flow hood. Twenty ITO substrates were placed in Teflon blocks and 
immersed in a 1 % Alconox detergent solution in deionized water. Each 
substrate was cleaned and rinsed in a DI water bath, followed by soni
cation. Next, they were treated with acetone, and the process was 
repeated with isopropanol. Finally, the substrates were dried with 
argon, checked for residues, and stored in substrate holders, keeping 
them in a vacuum desiccator.

All electrochemical syntheses were performed at room temperature.

2.4.2. BTC-modified ITO electrochemical synthesis (BTC/ITO)
BTC-modified ITO (BTC/ITO) was fabricated in a solution containing 

15 mmol of BTC as a linker and 33 mmol of MTS as an electrolyte in 100 
mL of EtOH/H2O (H2O: EtOH = 30:70 v/v%). A constant potential of 
+0.80 V vs. RHE was then applied to the ITO working electrode. As a 
result, BTC/ITO was formed on the surface of ITO after 400 s, without 
any binder or functional group pH ≈ 7.0. The synthesis was conducted in 
a similar way as described by M. Malakzadeh [31].

2.4.3. Cu-modified ITO electrochemical synthesis (Cu/ITO)
Cu-modified ITO (Cu/ITO) was prepared by electrodeposition in a 

solution of 5 mM CuSO4 and 0.5 M H2SO4. A constant potential of − 0.50 
V vs. RHE was applied for 200 s, leading to the uniform deposition of 
metallic Cu on the ITO surface, resulting in the formation of Cu/ITO. The 
pH remained constant at 0.38.

2.4.4. Zn-modified ITO electrochemical synthesis (Zn/ITO)
Zn-modified ITO (Zn/ITO) was synthesized similarly but using a 

solution of 5 mM ZnSO4 and 0.5 M H2SO4. A constant potential of − 0.90 
V vs. RHE was applied for 300 s, facilitating the uniform deposition of 
metallic Zn onto the ITO surface, thereby forming Zn/ITO. The applied 

potential did not alter the concentration of H+ ions in this situation. This 
did not change the pH directly, which remained constant at 0.38.

2.4.5. Zn/Cu-modified ITO electrochemical synthesis (Zn/Cu/ITO)
For the electrodeposition of bimetallic Zn/Cu particles on the ITO 

surface, Zn was first electrodeposited from a 5.0 mM ZnSO4 solution in 
0.5 M H2SO4 by applying a potential of − 0.9 V vs. RHE for 300 s. Sub
sequently, Cu was deposited from a 5.0 mM CuSO4 solution in 0.5 M 
H2SO4 by applying − 0.50 V vs. RHE for 200 s. This two-step process 
resulted in the formation of Zn/Cu/ITO. The pH remained constant at 
0.38.

2.4.6. Cu-BTC- modified ITO electrochemical synthesis (Cu-BTC/ITO)
Cu particles were first electrodeposited on the ITO surface as 

described in Section 2.4.2. Then, a BTC solution was prepared according 
to the method outlined in Section 2.4.1 and applied to the Cu/ITO, 
resulting in the formation of Cu-BTC/ITO.

2.4.7. Zn-BTC- modified ITO electrochemical synthesis (Zn-BTC/ITO)
Zn particles were first electrodeposited on the ITO surface as 

described in Section 2.4.3. Then, a BTC solution was prepared according 
to the method outlined in Section 2.4.1, which was applied to the Zn/ 
ITO, resulting in the formation of Zn-BTC/ITO.

2.4.8. Zn/Cu-BTC- modified ITO electrochemical synthesis (Zn/Cu-BTC/ 
ITO)

The procedure outlined in Section 2.4.4 was initially used to deposit 
Zn and Cu on the ITO surface. Afterward, the Zn/Cu/ITO electrode was 
immersed in the MOF electrosynthesis solution (as described in Section 
2.4.1), and a potential of +1.6 V vs. RHE was applied for 400 s to 
facilitate the formation of Zn/Cu-BTC/ITO.

2.4.9. Pt- modified ITO electrochemical synthesis (Pt/ITO)
For comparison, Pt was electrodeposited on ITO using a 5 mM 

K2PtCl6 solution in H2SO4. A potential of 0.0 V vs. RHE was applied for 
200 s, obtaining a Pt/ITO electrode.

3. Results and disscussion

3.1. Structural characteristics

The morphological and structural characterization of the electrodes 
was carried out using FE-SEM. Fig. 1A and B illustrate the modified 
surface of the ITO electrode under the application of a stable voltage in 
acidic solutions with CuSO4 and ZnSO4, respectively. Both figures reveal 
amorphous surface morphologies; however, the electrodeposition of Zn 
(Fig. 1B) presents a more uniform metallic coating compared to the 
electrodeposition of Cu (Fig. 1A). Furthermore, the electrodeposition of 
both metals Zn/Cu on the ITO surface resulted in complete coverage, 
with irregular metallic shapes approximately 153 nm in size (Fig. 1C). 
The study also examined the BTC ligand, where the formation of 
microporous particles on metal-free ITO was observed. The morphology 
and size of the BTC/ITO revealed a distinct cubic shape with well- 
defined edges. Furthermore, material morphology exhibits an irregular 
surface with cracks and a porous structure [39], as depicted in Fig. 1D, 
with a size of 793 nm. On the other hand, Fig. 1E showed the particles of 
Cu-BTC/ITO, which had an irregular octahedral shape, with a particle 
size of 413 nm. In contrast, Zn-BTC/ITO (Fig. 1F) displays a structure 
resembling an elongated cubic shape, with a size of 417 nm (considering 
the narrowest lake). Fig. 1G and H reveal the high uniformity of the 
Zn/Cu-BTC nanoparticles deposited on ITO. The bimetallic nano
particles (NPs) assembled in the MOF structure are arranged in octa
hedral and tetrahedral networks, with a narrow size distribution of 
approximately 54 nm. These nanoparticles were the smallest of all the 
prepared catalysts, leading to an increase in surface area. Fig. S1 shows 
the particle size distribution of materials synthesized in the current 
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work, in which the smallest particle size of Zn/Cu-BTC/ITO material is 
clearly discerned.

EDS analysis was performed to reveal the bulk composition of ele
ments in the catalysts (Table 1). Interestingly, the amount of both metals 
is roughly the same at monometallic MOF catalysts, but a higher 
insertion of Cu in comparison to Zn was perceived at the bimetallic 
compound. The last may be attributed to a stronger adhesion of Zn on 

the surface. This finding was significant, as modifying only specific sites 
with Zn facilitates the formation of well-defined MOFs, which not only 
enhance conductivity but also introduce specific active sites. The use of 
different metals allowed for precise control over the surface structure 
and properties of the MOF thin films, encompassing aspects such as 
crystallinity, morphology, roughness and thickness [40].

Elemental mapping (Fig. S2) showed a uniform distribution of metal 
elements on the surface of ITO for the three analyzed Metal/BTC/ITO 
catalysts. The electrolyte precursors used to form the BTC/ITO com
posite contain sodium and chloride ions from tributylmethylammonium 
chloride and sodium methyl sulfate, which are essential for the forma
tion of tributylmethylammonium methyl sulfate (TMS), a key compo
nent in the synthesis process. The presence of these elements was 
confirmed by EDX and is shown in the elemental mapping (Fig. S2).

XRD analysis was conducted to investigate the crystal structure of the 
materials and to assess the incorporation of Cu and Zn into the micro
porous BTC structure, as shown in Fig. 2. XRD patterns of Cu-BTC/ITO 

Fig. 1. FE-SEM images of: (A) Cu/ITO, (B) Zn/ITO, (C) Zn/Cu/ITO, (D) BTC/ITO, (E) Cu-BTC/ITO, (F) Zn-BTC/ITO, and (G, H) Zn/Cu-BTC/ITO samples in two 
different magnifications.

Table 1 
Elemental analysis.

Composition (wt. %) Zn Cu C

BTC/ITO 0 0 100
Zn/ITO 100 0 0
Cu/ITO 0 100 0
Zn-BTC/ITO 70 0 30
Cu-BTC/ITO 0 60 40
Zn/Cu-BTC/ITO 10 70 20
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and Zn-BTC/ITO were found to be consistent with previously reported 
studies [40–44], confirming that the electrosynthesis of metallic BTC 
with good crystallinity was successful. These findings further demon
strate the controlled growth of the structures and the formation of a pure 
phase of the BTC ligand at room temperature in a water-ethanol solu
tion, with a constant voltage applied to the ITO surface.

All electrosynthesized BTC ligand materials exhibited a crystalline 
structure. Notably, the electrochemical growth process truncated some 
of the crystalline facets, which were identified as the (220), (331), (333), 
(440), (600), and (731) crystal planes [40,41,45]. In the case of 
Zn-BTC/ITO growth, additional crystalline facets were observed, spe
cifically the (220) and (333) planes. Similarly, during the electro
chemical growth of Cu-BTC/ITO, new crystalline planes associated with 
the MOF were identified, including the (331), (440), and (731) planes. 
When the MOF is modified uniformly and homogeneously, growth oc
curs in all directions of the material’s crystalline planes, as seen in Fig. 3. 
This agrees with the FE-SEM findings, which revealed that the MOF 
structures grew in the form of octahedra and tetrahedral (Fig. 1). These 
results confirm the growth and formation of a pure phase of the 
Zn/Cu-BTC/ITO structure [40].

Crystallite size of Zn-BTC, Cu-BTC, and Zn/Cu-BTC was calculated 
according to equation (3) and presented in Table 2. The crystallite size of 

Fig. 2. XRD patterns of BTC-powder (red line), BTC/ITO (blue line), Zn-BTC/ 
ITO (green line), Cu-BTC/ITO (purple line), Zn/Cu-BTC/ITO (yellow line) 
samples, and BTC-simulated, the crystal data for standard HKUST-1 is stored in 
the Cambridge Structural Database, deposit number 112954. (For interpreta
tion of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.)

Fig. 3. FTIRS-ATR spectra of ITO (black line), BTC/ITO (red line), Cu-BTC/ITO 
(blue line), Zn-BTC/ITO (green line), and Zn/Cu-BTC/ITO (purple line) sam
ples. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)

Table 2 
X-ray diffraction parameters of Zn/Cu-BTC/ITO, Zn-BTC/ITO and Cu-BTC/ITO 
samples.

Sample peak position FWHM (◦) D (nm)

Zn/Cu-BTC/ITO
Plane (200) 6.67 0.11 77.36
Plane (220) 8.27 0.12 67.32
Plane (400) 12.67 0.05 156.66
Plane (331) 13.34 159.29 0.053
Plane (333) 16.52 0,13 66.10
Plane (440) 19.09 0.11 79.13
Plane (600) 19.95 1.15 7.35
Plane (551) 24.62 0.09 99.61
Plane (731) 26.84 11.50 0.74

Zn-BTC/ITO
Plane (200) 6.71 0.07 121.79
Plane (222) 11.62 15.15 0.55
Plane (400) 12.65 0.13 62.68
Plane (333) 16.51 0.06 132.10
Plane (551) 24.87 0.11 80.73

Cu-BTC/ITO
Plane (200) 6.64 0.24 34.88
Plane (400) 12.64 0.09 90.14
Plane (331) 13.39 0.11 77.41
Plane (600) 20.08 0.13 64.49
Plane (551) 24.33 0.03 334.17
Plane (731) 26.84 0.09 92.19
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a MOF can be influenced by the presence of metals in its structure. For 
instance, when the BTC/ITO is formed without metal, as in the case of 
the BTC ligand, the interactions are predominantly covalent and 
hydrogen bonds between the carbon and oxygen atoms of the ligand. 
These interactions can result in a more compact and uniform structure, 
leading to a smaller crystallite size [46,47]. The incorporation of a metal 
(Cu or Zn) in a MOF structure can affect the formation of the molecular 
framework in several ways. Metals can form coordinated bonds with the 
ligand, which may lead to an expansion of the structural network. This 
can result in an increase in crystallite size, as the network becomes less 
uniform and more susceptible to the aggregation of larger crystallites 
[48,49]. Additionally, the metal-ligand interactions can impact on the 
nucleation and growth of crystals, promoting faster growth and, there
fore, larger crystallite sizes compared to BTC/ITO without metal [49].

On the other hand, in Zn/Cu-BTC/ITO, which contained two metals 
in its structure, the metals can compete to bind to the same BTC ligand. 
This competition could accelerate the nucleation process that results in 
smaller crystals because the interactions between the metals and the 
ligands are less predictable and more varied [49,50]. Furthermore, the 
differences of both metals (i.e. size and shape) can introduce challenges 
in the assembly of the ligand framework. This can hinder crystal growth, 
as the steric effects from the metals and the ligand can interfere with the 
formation of an efficient and compact three-dimensional network [51].

The crystallite size of Zn/Cu-BTC/ITO (Table 2), which was smaller 
compared to the other MOFs studied, offers distinct advantages in 
electrocatalysis for HER. Smaller crystallites may induce smaller parti
cles (as was observed in Fig. 1) and consequently an increase of the 
active surface area, which may facilitate the diffusion of reactants, 
improve charge transfer, enhance stability, and optimize interactions 
between the metals and the ligand. These factors may explain why Zn/ 
Cu-BTC/ITO exhibits enhanced catalytic performance for the HER 
compared to other catalysts, as we are going to discuss in the 3.2 section.

The molecular structure of the MOF is shown in Fig. 3, which reveals 
a significant absorption band at 740 cm− 1, corresponding to the bending 
and stretching vibrational modes of Cu–O [52]. Additionally, a band 
near 700 cm− 1 is attributed to Zn–O interactions [53].

Additionally, bands were identified in the range of 1220–1400 cm− 1, 
which are related to the vibrational modes of C-O bonds and may be 
associated with carboxyl functional groups (-COOH). It is important to 
note that the position of these bands can vary depending on the coor
dination of the metal and its interaction with the BTC ligand [54].

Absorption bands within the range of 900–1150 cm− 1 are associated 
with both symmetric and asymmetric vibrational modes of the C=O and 
C–O stretching vibrations of various functional groups present in the 
structure. In the shaded region of the spectrum, absorption bands be
tween 1400 and 1800 cm− 1 can be assigned to the vibrational modes of 
the carboxylate groups of BTC. These bands are consistent with the 
asymmetric and symmetric stretching modes of C=O and C–O, respec
tively, which arise from the coordination of carboxylate (COOH) groups 
with metal ions. Notably, the peak observed between 1600 and 1700 
cm− 1 confirms the presence of BTC in the catalyst, indicating the suc
cessful formation of the metal-BTC structure [52,55].

Photoelectron spectroscopy analysis (XPS) was used to obtain further 
information on the catalysts surface including the oxidation state of the 
elements. This information must be interpreted considering its limita
tions since the catalysts oxidation state probably changes during the 
electrochemical process.

Fig. 4 shows the Zn 2p (left panel) and Cu 2p (right panel) of Zn/Cu- 
BTC/ITO catalyst. The lowest intense Zn 2p3/2 component at lower 
binding energy is attributed to metallic Zn (1021.1 eV, as Zn0 and/or 
CuZn alloys), and the component with the highest intensity is associated 
with Zn+2 (1022.7 eV, as ZnO). On the other hand, four Cu satellites 
signals that are not going to be discussed in the current work are 
observed. In addition, four signals related to Cu species are observed at 
more negative values than 940 eV. These species are related to Cu0 

(932.5 eV, as Cu0 and/or CuZn alloys), Cu+1 (933.0 eV, as Cu2O), Cu+2 

(933.5 eV, as CuO) and Cu+2 (935.0 eV, as Cu(OH)2) [44,45,56,57]. 
These results confirm the formation of the Zn/Cu-BTC MOF and provide 
a more detailed understanding of its chemical structure and properties. 
Interestingly, the amount of Cu and Zn detected at the surface of 
Zn/Cu-BTC/ITO is similar (relative concentration of Cu:Zn ~ 60:40), 
which contrast with what was observed by EDS. This is due to the fact 
that XPS and EDS are surface and bulk techniques, respectively. 
Furthermore, an electronic charge transfer from Zn to Cu seems to 
happen at Zn/Cu-BTC/ITO material, which may impact the catalytic 
performance of Zn/Cu-BTC MOF catalyst toward the HER.

3.2. Electrocatalytic studies of modified electrodes

3.2.1. Cyclic voltammetry (CV) study
Studies were conducted to determine the values of electroactive 

surface areas (ECSA, see 2.3.1 section for experimental description) for 
various systems using CV at different scan rates and the following values 
were obtained: Cu/ITO: 0.45 cm2; Zn/ITO: 0.10 cm2; Zn/Cu/ITO: 0.53 
cm2; BTC/ITO: 0.20 cm2; Zn-BTC/ITO: 0.29 cm2; Cu-BTC/ITO: 0.59 
cm2; Zn/Cu-BTC/ITO: 1.84 cm2 and 0.77 cm2 for Pt/ITO (Fig. S3). These 
results demonstrate the influence of the combination of metals and li
gands on the ECSA.

CVs of ITO and BTC/ITO depict very small capacitive and faradaic 
currents in the potential range under study (Fig. 5). On the other hand, 
all metal-based electrodes reveal a main anodic peak associated with an 
oxidation process. For instance, Cu/ITO, Zn/ITO and Zn/Cu/ITO show 
anodic peaks at 0.39, 0.21 and 0.24 V, respectively. On the other hand, 
the same redox processes of metal-BTC systems occur at less positive 
potentials compared to the individual metals, i.e. Cu-BTC/ITO, Zn-BTC/ 
ITO and Zn/Cu-BTC/ITO reveal an anodic peak at 0.23, 0.17 and 0.12 V, 
respectively. The presence of this anodic peak regardless of the nature of 
the metal suggests that the catalyst support is oxidizing, which is pro
moted by the presence of metals onto the ITO surface. The latter effect is 
even more evident in the presence of BTC and metal species.

On the other hand, Zn/ITO and Zn-BTC/ITO electrodes do not reveal 
another anodic process, while Cu/ITO and Cu-BTC/ITO materials show 
an oxidation process at more positive potentials than 0.6 V in the po
tential range under study. Conversely, the reduction reaction of surface 
metal oxide species at Cu/ITO, Zn/ITO, Zn/Cu/ITO, Cu-BTC/ITO and 
Zn-BTC/ITO occurs at similar potential values to the HER, and therefore 
a cathodic current that involves both processes is discerned. Interest
ingly, Zn/Cu-BTC/ITO catalyst does not show the anodic peak associ
ated to the catalyst support that is associated to an improved metal 

Fig. 4. Zn 2p (left panel) and Cu 2p (right panel) XPS spectra of Zn/Cu-BTC 
MOF catalyst. Cu2+* refers to CuOH2.
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coverage (see Fig. 1), and reveals quasi-reversible peaks at ca. 0.9 and 
0.3 V followed by a cathodic current associated to the HER at potentials 
more negative than 0.0 V.

In this sense, it is important to emphasize the increase in cathodic 
current at potentials below 0.0 V in catalysts containing BTC. In 
particular, the Zn/Cu-BTC/ITO stands out, as it is the only catalyst that 
shows a cathodic peak around 0.3 V and a notable increase in cathodic 
current at E < 0.0 V. For example, at − 0.2 V, current values of − 0.19 
mA cm− 2 were recorded for Cu-BTC/ITO, − 0.27 mA cm− 2 for Zn-BTC/ 
ITO, and − 1.10 mA cm− 2 for Zn/Cu-BTC/ITO. These results highlight 
the effectiveness of the latter compared to the others.

During the electrochemical tests, no evidence of dissolution due to 
oxidation was found for Zn/Cu-BTC/ITO electrode during the tests 
conducted. This suggests that, under the evaluated experimental con
ditions, the material maintained its structural integrity and no signifi
cant losses of zinc or copper in the form of ions were observed. This 
stability is favorable for the effectiveness of the electrodes in the HER 
and could indicate good long-term performance in other applications. In 
addition to the stability observed, the significant improvement in the 
catalytic performance of the Zn/Cu-BTC/ITO system is not only due to 
the ECSA surface area, but also to several additional factors. These 
include the composition and structure of the material, the interaction 
between the components, and the stability of the system, which opti
mizes the reaction mechanisms, enhances electron transfer, and reduces 
energy activation. Furthermore, the synergy generated between Zn and 
Cu can lead to beneficial effects, while experimental conditions, such as 
pH and temperature, also play a crucial role in the observed 
performance.

3.2.2. Reaction mechanism study
To assess the electrocatalytic activity toward the hydrogen evolution 

reaction (HER) at all materials employed in the current work, linear 
sweep voltammetry (LSV) experiments were performed in 0.5 M H2SO4 
solution at 5 mVs− 1, as shown in Fig. 6. For comparison, the Pt elec
trodeposited onto ITO was performed (Pt/ITO). As expected, Pt has a 
high intrinsic electroactivity, generating a high current density (j) with a 
very low overpotential (ƞ), and an ECSA of 0.77 cm2.

The unmodified ITO and BTC/ITO electrodes showed no electro
catalytic activity for the HER in the potential range under study. Zn/ITO, 
Cu/ITO and Zn/Cu/ITO electrodes exhibit poor electrocatalytic activity 
for the HER. When performing the electrocatalytic study for Zn-BTC/ 
ITO and Cu-BTC/ITO electrodes, they showed a slight improvement in 
the electrocatalytic performance. In contrast, the catalytic activity was 
drastically improved with Zn/Cu-BTC/ITO catalyst exhibiting an onset 
potential close to 0 V, which is quite similar to that of Pt/ITO.

Tafel slope (TS) is a key indicator for studying the kinetics and 
mechanism of HER. To investigate the reaction mechanism and the rate- 
determining step (RDS) of the HER at each electrode, Tafel plots were 
generated from the polarization curves shown in Fig. 6. The linear re
gion of the Tafel plot follows the Tafel equation: 

(ƞ= b log|j| + a)

where η is the overpotential, j is the current density, b is the Tafel slope, 
and a is the intercept corresponding to the exchange current density (j0) 
[58].

The TS helps to determine the pathway governing the reaction 
mechanism for HER: 

Volmer : H2O+ e− ⇌ Had + OH− (10) 

Heyrovsky : Had +H2O + e− ⇌ H2 + OH− (11) 

Tafel : Had + Had ⇌ H2 (12) 

The initial step of the reaction is the same for both pathways. If the 
Tafel slope is 120 mV dec− 1, the rate-limiting step (RDS) is the Volmer 
reaction. For the Heyrovsky and Tafel mechanisms, the corresponding 
Tafel slopes are 40 and 30 mV dec− 1, respectively [3,31].

Fig. 7 shows a Tafel plot for metal-based electrodes, and their TS 
indicate the following values: Zn/ITO (136 mV dec− 1), Cu/ITO (166 mV 
dec− 1), Zn/Cu/ITO (99 mV dec− 1), Zn-BTC/ITO (88 mV dec− 1), Cu- 
BTC/ITO (81 mV dec− 1), and Zn/Cu-BTC/ITO (67 mV dec− 1) and Pt/ 

Fig. 5. Cyclic voltammogram recorded at 0.100 V s− 1 in 0.5 M H2SO4 for (top 
panel) ITO, BTC/ITO, Zn/ITO and Zn-BTC/ITO; (middle panel) ITO, BTC/ITO, 
Cu/ITO and Cu-BTC/ITO; (bottom panel) ITO, BTC/ITO, Zn/Cu/ITO and Zn/ 
Cu-BTC/ITO.

Fig. 6. Linear sweep voltammogram recorded at 0.005 Vs-1 in 0.5 M H2SO4 
solution for all employed catalysts in the current work.
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ITO (52 mV dec− 1).
Notably, Pt/ITO catalyst reveals a higher TS value than the expected 

for bare Pt that is 30 mV dec− 1 [59,60]. The last suggests another 
electrochemical reduction reaction in the same potential range in which 
the HER is occurring, which may be attributed to the electroreduction of 
surface oxygenated species from the ITO substrate. After that and 
assuming the described above, it becomes feasible the determination of 
the RDS at each catalyst. TS values for Zn/ITO, Cu/ITO and Zn/Cu/ITO 
indicate a similar reaction mechanism with the Volmer step (eq. (10)) as 
the RDS. On the other hand, the introduction of BTC into the electrode 
decreases TS values and consequently the RDS appears to be the Heyr
ovsky step (eq. (11)) for Zn-BTC/ITO, Cu-BTC/ITO and Zn/Cu-BTC/ITO 
electrodes.

Interestingly, bimetallic electrodes significantly reduce TS at both 
ITO-based and BTC/ITO-based catalysts, leading to increased exchange 
current density. Furthermore, bimetallic catalysts in the presence of BTC 
not only reduce the TS (dark green line in Fig. 7) but also greatly de
creases the overpotential to overcome the HER (dark green line in 
Fig. 6), and consequently the catalytic activity towards the HER is 
significantly improved.

3.2.3. Catalytic stability and hydrogen quantification study
Electrolysis is an essential electrochemical process for hydrogen 

production. In this study, electrolysis was performed at a controlled 
current of − 2 mA for more than 12 h. This approach allows for the 
evaluation of the efficiency and viability of different catalytic systems in 
hydrogen production.

Fig. 8 shows voltage transients of Zn/Cu-BTC/ITO and Pt/ITO (for 
comparison since it is the benchmark catalyst) recorded at − 2 mA/cm− 2 

in 0.5 M H2SO4 solution. The electrochemical performance toward the 
HER of Zn/Cu-BTC/ITO reveals an overpotential of 0.2 V in comparison 
to Pt/ITO, which is appropriate taking in account the absence of noble 
metals, and sustained stability over time. This stable performance over 
time indicated the electrode’s robustness and its ability to withstand 
prolonged operation without significant degradation.

In order to quantify the Faradaic efficiency (FE) toward the HER, a 
gas chromatograph (GC) equipped with a micro-volume μTCD detector 
was employed. Thus, the two most promising catalytic systems were 
employed: Zn/Cu-BTC/ITO and Pt/ITO. For the Zn/Cu-BTC/ITO elec
trode system, a hydrogen concentration of 0.159 mM and Faradaic ef
ficiency (FE) of 89.4 % were obtained. In contrast, the Pt/ITO system 
achieved a hydrogen concentration of 0.169 mM with an FE of 95.1 %. 

These values are reasonable considering possible losses, gas diffusion 
out of the system, and imperfections in the material deposition on ITO.

3.2.4. Electrochemical impedance spectroscopy study
The Nyquist diagram obtained from electrochemical impedance 

spectroscopy (EIS), Fig. 9, allows the evaluation of the charge transfer 
resistance (Rct) and the efficiency of the different electrodes at the 
electrode-electrolyte interface. In this case, four systems are compared: 
Pt/ITO, Cu-BTC/ITO, Zn-BTC/ITO, and Zn/Cu-BTC/ITO. It is observed 
that Cu-BTC/ITO (blue curve) exhibits the largest arc, indicating a 
higher charge transfer resistance and, therefore, slower reaction ki
netics, probably due to a lower density of catalytically active sites or 
worse electronic conductivity. In contrast, Zn-BTC/ITO (red curve) and 
Zn/Cu-BTC/ITO (green curve) present smaller arcs, suggesting a 
reduction in Rct and an improved charge transport capacity, which is 
key to optimizing electrocatalytic activity. Pt/ITO (black curve), used as 
a reference, shows similar impedance than those observed for Zn/Cu- 
BTC/ITO, confirming the high conductivity and electron transfer of 
the non-noble metal catalyst [61].

Furthermore, the lower impedance observed for Zn/Cu-BTC/ITO 
compared to Cu-BTC/ITO implies that the incorporation of Zn into the 
MOF substantially improves the kinetics of the HER process. This 
improvement can be attributed to multiple factors, including greater 
accessibility of the active sites, better dispersion of Zn and Cu in the BTC 
matrix, and a possible synergy between both metals that favors the 
adsorption and generation of H2. Additionally, the lower Rct suggests a 
more efficient electrode-electrolyte interface, which could be related to 
an optimization of the material’s electronic conductivity or modifica
tions in the hydrogen adsorption energy.

For a more quantitative analysis, the equivalent circuit is shown in 
Table 3.

In summary, the exceptional catalytic performance of the non- 
precious metal Zn/Cu-BTC/ITO catalyst toward HER in an acidic me
dium is due to several factors. The Zn/Cu-BTC material is easily elec
trosynthesized, providing a simple method for catalyst preparation. This 
approach offers several advantages, including reduced costs, simpler 
processing conditions, and the possibility of large-scale production. The 
Zn/Cu-BTC/ITO material stands out as an excellent catalyst for HER 
compared to Pt/ITO. Its synergistic effect between the Zn and Cu metals, 
coupled with a large electrochemically active surface area (ECSA), en
ables higher reaction efficiency. The morphological features observed in 

Fig. 7. Tafel plots obtained from Fig. 6 for Zn/ITO, Cu/ITO, Zn/Cu/ITO, Zn- 
BTC/ITO, Cu-BTC/ITO, Zn/Cu-BTC/ITO and Pt/ITO catalysts.

Fig. 8. Potential transient of Zn/Cu-BTC/ITO (green line) and Pt/ITO (black 
line) recorded at − 2 mA/cm− 2 in 0.5 M H2SO4 solution. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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the FE-SEM images, such as reduced particle size and uniform distri
bution, promote optimal packing in the ITO surface. These combined 
properties make the Zn/Cu-BTC/ITO catalyst superior in electro
chemical applications. Indeed, these attributes make the Zn/Cu-BTC/ 
ITO catalyst a promising catalyst, contributing to the development of 
more efficient and long-lasting solutions for hydrogen production.

4. Conclusions

This study demonstrates that Zn/Cu-BTC MOFs, prepared via elec
trodeposition on an ITO surface, exhibit exceptional catalytic perfor
mance in the HER. Physicochemical analysis confirms that the uniform 
dispersion of metals on the ITO surface not only enhances the electro
catalytic activity but also contributes significantly to the long-term 
stability of the Zn/Cu-BTC/ITO electrode. A key finding is that the 
morphology of the BTC ligand precursors plays a crucial role in exposing 
active sites, leading to an increase in the effective surface area of the 
catalyst. Furthermore, the combination of copper and zinc, along with 
the high porosity and roughness of Zn/Cu-BTC/ITO, facilitates a shift in 
the reaction mechanisms, further optimizing the overall catalytic per
formance. Notably, despite the absence of noble metals, the catalytic 
performance of Zn/Cu-BTC/ITO is comparable to that of platinum-based 

catalysts, indicating its great potential for use in renewable energy 
technologies. These results highlight the importance of continued 
research to further optimize these materials, ultimately advancing the 
development of more efficient and cost-effective electrocatalysts for 
sustainable energy applications.
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Fig. 9. (Left panel) Nyquist plot (right panel) Bode phase plot for HER at the surface of Pt/ITO, Cu-BTC/ITO, Zn-BTC/ITO, Zn/Cu-BTC/ITO in 0.5 M H2SO4.

Table 3 
Values obtained from the equivalent circuit for the HER Nyquist diagrams on the surface of Zn-BTC/ITO, Cu-BTC/ITO, Zn/Cu-BTC/ITO and Pt/ITO.

Electrode Rs (Ω) Rct1(Ω) CPE (Sn/Ω) n Cdl (μF) τ (ms) Equivalent Cirquit

Zn-BTC/ITO 10.21 0.44 5.76 × 10− 5 1.07 2.06 7.00

Cu-BTC/ITO 6.23 7.99 3.41 × 10− 1 0.71 2.12 × 10− 3 407

Zn/Cu-BTC/ITO 10.22 2.04 3.62 × 10− 1 0.70 1.67 0.700

Pt/ITO 4.80 3.13 3.41 × 10− 3 0.70 763 2.39
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