
Dense and Uniform Integration of Cu-BDC Particles on a Nafion Film
for a High-Performance Hydrogen-Producing Device
Zhijia Xiao, Jinlong Wang, Xinyi Ke, Zihan Lu, Zhe Zhao,* Yongfeng Mei, and Gaoshan Huang*

Cite This: ACS Appl. Energy Mater. 2024, 7, 3406−3413 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The incorporation of metal−organic frameworks
onto conductive substrates demonstrates considerable potential in
applications related to the hydrogen evolution reaction. In this
work, we present a streamlined synthesis approach involving
atomic layer deposition pretreatment to facilitate the controlled
growth of Cu-BDC particles on a conductive Nafion film. This
methodology preserves a substantial loading of Cu-BDC with a
hierarchically porous structure, accompanied by a notable surface
area of 547 m2 g−1. The composite is subsequently utilized as an
electrocatalyst for hydrogen generation in an alkane electrolyte.
The structural advances in the composite result in a superior
electrochemical hydrogen production efficiency with a low
overpotential of 84 mV and a low Tafel slope of 58 mV dec−1 in
1.0 M NaOH. Notably, the composite showed good cycling performance during the 18 h test with 2000 cycles. This research
introduces a design of a catalyst electrode with promising implications for the hydrogen production industry.
KEYWORDS: metal−organic frameworks, atomic layer deposition, hierarchical porosity, electrocatalyst, hydrogen evolution reaction

1. INTRODUCTION
In response to the pressing need to address the energy crisis
and the severity of environmental issues, researchers have been
actively engaged in the investigation of clean and sustainable
energy resources that can substitute conventional fossil fuels.1,2

Owing to its zero carbon emissions and considerable energy
density, hydrogen is universally acknowledged as a promising
new energy source poised to accommodate the escalating
demand for energy.3 Several existing methods for hydrogen
production, such as coal gasification, steam reforming, and
water electrolysis, have been employed.4 However, the
utilization of electrocatalysts to stimulate the hydrogen
evolution reaction (HER) has been identified as a particularly
efficient methodology for prospective hydrogen production,
primarily because of its low reaction environment requirement
(room temperature), environmentally friendly hydrogen
source (i.e., water), and easy separation of the products
(hydrogen and oxygen are produced at different electrodes).4,5

Electrocatalysts that exhibit high activity and low HER
overpotential are crucial for enhancing the sluggish HER
kinetics.6 Up to this point, the Pt-group precious metals have
been identified as the most efficient HER electrocatalysts,
demonstrating negligible overpotential in acidic solutions.7,8

Nevertheless, their scarcity and high cost pose significant
limitations on their widespread commercial application.
Consequently, the search for alternative, low-cost catalysts is
an ongoing area of research, with numerous materials

possessing a large surface area,9 high active sites,10,11 and
nonprecious transition metals doped12−14 having been under-
taken in this pursuit.
Metal−organic frameworks (MOFs) are three-dimensional

crystals characterized by long-range ordering and composed of
transition-metal clusters and corresponding organic frame-
works.15 MOFs are recognized as suitable precursor materials
for a myriad of applications in biosensing, catalysis, gas
separation, and drug-carrying owing to their favorable
attributes, including remarkably high specific surface areas,
abundant porosity, and exceptional thermal stability.16−18

Within the realm of MOFs, Cu-BDC stands out as a significant
subclass as they have abundant unsaturated Cu metal sites,
which can provide highly catalytic Cu ions for favorable
electrochemical applications.19,20

However, the poor conductivity of Cu-BDC limits its
performance toward HER.21 In addition, it is challenging to
establish a conductive pathway for rapid ion diffusion among
dispersed particles.22 Combining a conductive substrate with
Cu-BDC particles has been a good choice to enhance the HER
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property.23 Recently, we have developed an effective strategy
for integrating MOFs onto specific substrates, aided by oxide
nanomembranes fabricated through atomic layer deposition
(ALD).24,25 Due to the advantages of the high uniformity, high
controllability, and good conformality of the ALD approach,
MOF films can be prepared on complex substrates with firm
adhesion.26

Herein, we introduce a fabrication methodology to
efficiently synthesize dense Cu-BDC on a conductive Nafion
film (Cu-BDC@Nafion film) by utilizing ALD pretreatment.
This strategy creates an assembly of Cu-BDC crystals on the
Nafion film, resulting in a hierarchically porous film. This Cu-
BDC@Nafion film boasts an impressive surface area of 547 m2

g−1, significantly augmenting the composite’s electrocatalytic
efficiency. In an alkaline electrolyte, the Cu-BDC@Nafion film

Figure 1. (a) Schematic of the preparation process of the Cu-BDC@Nafion film. SEM images of the (b) Nafion film, (c) ZnO-Nafion film, and (d)
Cu-BDC@Nafion film.

Figure 2. (a) XRD patterns of the Cu-BDC@Nafion film, ZnO-Nafion film, and original Nafion film. (b) TGA curve of the Cu-BDC@Nafion film.
(c) Nitrogen adsorption−desorption isotherms of the Cu-BDC@Nafion film and blank Nafion film. (d) Calculated pore size distribution of the
Cu-BDC@Nafion film and blank Nafion film.
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exhibits a very low overpotential of 84 mV to attain the current
density of 10 mA cm−2 and a low Tafel slope of 58 mV dec−1.
Here, in the composite, the Nafion film, which is resistant to
chemical corrosion, can effectively transport charges,27 and the
uniform and dense Cu-BDC film leads to an effective and
stable HER. The described integration of the Cu-BDC film and
Nafion film in composite has the potential to serve as a new-
generation practical HER electrode, showcasing efficient
hydrogen production capability. The wide range of applica-
tions of this electrode can be anticipated.

2. RESULTS AND DISCUSSION
Figure 1a illustrates the schematic demonstration of the
fabrication process of the Cu-BDC@Nafion film, which is
designed to achieve a high-performance electrocatalytic HER.
The scanning electronic microscopy (SEM) image of the
Nafion film is shown in Figure 1b. Subsequently, the ZnO
nanomembrane with 300 consecutive ALD cycles (Figure S1)
was deposited on the Nafion film (ZnO-Nafion film, Figure
1b). The thickness of the ZnO nanomembrane as an induction
layer for the growth of Cu-BDC is ∼50 nm. We noticed that a
very thin ZnO nanomembrane can hardly induce the growth of
Cu-BDC on the Nafion film, while a very thick ZnO
nanomembrane with excessive ALD cycles is time-consuming,
and the relatively large resistance of the nanomembrane may
influence its electrochemical property. After this ALD
pretreatment, no obvious morphology changes can be seen,
indicating a uniform ZnO nanomembrane (Figure 1c). Then,
the Cu-BDC film was conformally grown on the surface of the
pretreated Nafion film via a solvothermal process (Figure
1d).26 According to our previous research,28 the growth
mechanism and nucleation process of the Cu-BDC film under
the induction of an ALD ZnO nanomembrane should be
divided into a few steps.28 First, the ZnO nanomembrane
reacted with copper nitrate trihydrate to form (Zn, Cu)

hydroxyl double salt (HDS). Subsequently, when exposed to
the organic linker (H2BDC), COOH− in H2BDC provided
reactive electrons to disrupt the crystal structure of HDS.29

Consequently, in the third step, with gradual exposure to
H2BDC, Cu2+ was successively ligated with H2BDC.
Eventually, HDS was completely converted to Cu-BDC after
the aging process. Owing to the conformal coating of the ALD
ZnO nanomembrane, the Cu-BDC film on the Nafion film is
uniform, dense, and firmly attached to the surface of the
Nafion film. The composite demonstrates good HER ability at
a suitable applied voltage, as will be discussed later (Figure 1a).
We further substantiated the structures of the samples by

using X-ray diffraction (XRD), as depicted in Figure 2a. The
extensive band observed at approximately 2θ = 25° within the
blank Nafion film is attributed to the amorphous nature of
Nafion.30 Upon depositing a ZnO nanomembrane (plot: ZnO-
Nafion film), the XRD pattern shows sharp diffraction peaks,
which correspond to polycrystalline wurtzite ZnO.31 Sub-
sequently, after Cu-BDC is assembled, the diffraction peaks
(plot: Cu-BDC@Nafion film) align with those of Cu-BDC
reported previously in literature.32 Also, the Raman spectra of
the Cu-BDC@Nafion film and the original Nafion film are
shown in Figures S2 and S3, respectively, confirming the
existence of BDC organic linkers.26 In addition, thermal
gravimetric analysis (TGA) of the Cu-BDC@Nafion film was
performed to study the thermostability of the composite. In
Figure 2b, when the temperature is higher than 350 °C, a
gradual drop in mass can be observed due to the oxidation
degradation of organic linkers.33 This result proves the
outstanding structural stability of the Cu-BDC@Nafion film
in a wide temperature range. In addition, the TGA result
indicates that the Cu-BDC content is 93.2% in the composite,
which is beneficial for the HER process. Moreover, nitrogen
adsorption−desorption isotherms were measured to investigate
the pore structure of the composite (Figure 2c), and the

Figure 3. (a) XPS survey scan of the Cu-BDC@Nafion film. High-resolution XPS spectra of (b) Cu 2p, (c) C 1s, and (d) O 1s.
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calculated pore size distributions are shown in Figure 2d.
Consistent with the isotherms, an open mesopore of 10 nm
can be clearly observed in the Cu-BDC@Nafion film, and the
surface area reaches 547 m2 g−1. The Nafion film demonstrates
a very low specific surface area of 6 m2 g−1, and thus the porous
structure can be neglected.
Furthermore, the elements’ chemical states in the Cu-

BDC@Nafion film were characterized by using X-ray photo-
electron spectroscopy (XPS), affirming the presence of Cu, C,
and O (Figure 3a). As displayed in Figure 3b, the high-
resolution Cu 2p spectrum can be deconvoluted into seven
peaks. Two characteristic peaks at 933.08 and 952.88 eV, along
with their shoulder peaks at 934.58 and 954.48 eV, were
ascribed to the Cu 2p3/2 and Cu 2p1/2 of Cu(I) and Cu(II),
respectively.34 The shakeup satellite peaks located at 939.68
and 943.88 eV and the other satellite peak at 962.28 eV further
confirm the presence of Cu(II) species in the sample.35 These
may contribute to the high catalytic activity for high-
performance HER applications as the evolution is mainly
realized through the mutual conversion of Cu(I) and Cu(II).36

Moreover, in Figure 3c, one can see three XPS peaks in the
high-resolution C 1s XPS spectrum, which should originate
from C�C/C−C (284.7 eV), C−O/C−H (285.5 eV), and
O−C�O (288.5 eV) in Cu-BDC and the conductive Nafion
substrate.19 Three peaks of the O 1s spectrum at 531.38,
531.98, and 532.66 eV presented in Figure 3d are considered
to be connected with the moieties of C�O, C−OH, and Cu−
O, respectively.37

The combination of the conductive Nafion film and high-
electrochemically active Cu ion renders the Cu-BDC@Nafion
composite film promising in electrochemical applications like

HER. According to the literature,38 the HER of Cu-BDC might
be described by the following reactions

Cu(II) BDC H O e

Cu(I) BDC H OH
2+ +

* +

Cu(I) BDC H H O e

Cu(II) BDC OH H
2

2

* +
+ +

Here, the HER performance of the Cu-BDC@Nafion film
electrode was experimentally investigated by using a typical
three-electrode system. Generally, an efficient HER catalyst
should exhibit low overpotential at a standard current density
of 10 mA cm−2, a low Tafel slope comparable to that of a Pt
catalyst, and, meanwhile, remarkable cycling performance.
Figure 4a illustrates the linear sweep voltammetry (LSV)
results for Cu-BDC@Nafion as well as reference samples (Pt/
C, neat glassy carbon, Cu-BDC, and blank Nafion film) in an
aqueous electrolyte of 1.0 M NaOH at a scanning rate of 5 mV
s−1. Neat glassy carbon demonstrates no appreciable catalytic
capacity, implying that all of the currents are connected with
the tested samples. Conversely, the Pt/C-modified glassy
carbon electrode used as a reference electrode has the lowest
overpotential (i.e., excellent HER catalytic performance) at a
current density of 10 mA cm−2. Moreover, the horizontal lines
at low potentials of the blank Nafion film indicate that it has
almost no HER capability. Here, Cu-BDC powder shows
apparent electrochemical activity due to the highly catalytic Cu
ion, but the detected overpotential is ∼166 mV vs RHE. The
relatively low performance of the Cu-BDC powder may be
attributed to the paucity of effective active sites on the

Figure 4. (a) LSV curves of the samples. (b) Tafel slopes of the samples. (c) Capacitance currents of the samples as a function of the scan rate. The
slope of lines represents the corresponding Cdl values. (d) Chronopotentiometric durability test of the Cu-BDC@Nafion film at a constant current
density of 10 mA cm−2 in 1.0 mM NaOH. The inset is the cycling stability measurement of the Cu-BDC@Nafion film before and after 2000 CV
cycles.
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electrodes and the low electric conductivity. Furthermore, the
dispersed rigid particles impede effective charge and ion
transport, severely affecting the electrochemical properties.39

Notably, the current density of the Cu-BDC@Nafion film
reaches 10 mA cm−2 at only 84 mV (Figure 4a), demonstrating
a much better HER performance. Further, the Tafel slopes of
these samples are calculated based on the linear fitting of the
polarization curves, and the results are illustrated in Figure 4b.
The Tafel slope of the Cu-BDC@Nafion film is determined to
be 58 mV dec−1, which is significantly less than that of Cu-
BDC (86 mV dec−1). The hydrogen evolution of Cu-BDC@
Nafion and the Cu-BDC electrode can be viewed as the
Volmer step due to its low Tafel slope.25 Here, we carried out
cyclic voltammetry (CV) characterizations to measure electro-
chemical double-layer capacitance (Cdl) for determining the
electrochemical surface area (ECSA) and active sites pertinent
to electrocatalysis. The CV profiles for the samples at various
scan rates varying from 20 mV to 100 mV s−1 are
demonstrated in Figure S4, and corresponding linear fitting
plots are shown in Figure 4c. The calculated results show that
the Cu-BDC@Nafion film has a maximum Cdl of ∼7.92 mF
cm−2, compared to those of Cu-BDC powders (3.41 mF cm−2)
and Nafion film (2.76 mF cm−2). This illustrates that the Cu-
BDC@Nafion film has more exposed active sites and thus
possesses excellent electrocatalytic properties toward HER. As
a HER catalyst, the stability of continuous cycling is also

crucial. Therefore, we conducted a chronopotentiometric
durability test for the Cu-BDC@Nafion film. Figure 4d
shows the result of a 16 h test, demonstrating significant
stability. Then, we compare the initial LSV curve of the Cu-
BDC@Nafion film with the curve obtained after 2000 CV
cycles in the non-Faraday region. The LSV curves show a slight
shift in current density and a small increase in the overpotential
(inset of Figure 4d), which confirms the good long-term
cycling stability of the Cu-BDC@Nafion film. Table 1
summarizes the HER performances of the composites prepared
by the current strategy as well as similar MOF-based structures
and Nafion-based composites reported in the literature, and
one can see that the current Cu-BDC@Nafion film possesses
excellent HER performance.
To gain a comprehensive perception of the electrochemical

character of Cu-BDC@Nafion at the atomic level, density
functional theory (DFT) calculations are executed to establish
a mechanism of the enhanced HER performance perceived in
this composite. These calculations adhered to the generalized
gradient approximation within the Vienna ab initio simulation
package (VASP). Referring to HER reactions, particular
emphasis was placed on the H2O dissociation−adsorption
mechanism,25 and the essential alkaline HER process is
postulated to operate through the stages shown below

Volmerstep: H O 2e H OH2 + + * * +

Table 1. Summary of HER Performances (in an Alkaline Electrolyte) of MOF-Based Structures and Nafion-Based Composites
Reported in the Recent Literature

sample electrolyte overpotential (mV) Tafel slope (mV dec−1) stability ref

Co@NC/NF 0.1 M KOH 240 126.8 50 h 40
Co0.85Se@NC 1 M KOH 230 125 10 h 41
Co-NCF@600-Ni 1 M KOH 157 112 20 h and 3000 cycles 42
Co-N-CS-CF 1 M KOH 172 84 30 h 25
Fe-N-HLPCS 1 M KOH 70 55 20 h and 2000 cycles 43
Pt[NiFe]-Nafion 1 M NaOH 120 97 20 h 44
NiCu-Nafion 1 M KOH 200 120 30 h 45
Pd/Nafion 0.5 M NaOH 59 54 2000 cycles 46
Cu-BDC 1 M NaOH 166 86 this work
20% Pt/C 1 M NaOH 32 32 this work
Cu-BDC@Nafion 1 M NaOH 84 58 18 h and 2000 cycles this work

Figure 5. (a) Free energy diagram of the proposed reaction process. (b) Differential charge density of H2O adsorbed on the Cu-BDC@Nafion film
(side view). (c) DFT calculation models for each reaction step.
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Tafel step: H H H2* + *

Heyrovskystep: H O H e H OH2 2+ * + * + + *

As illustrated in Figure 5a, the spontaneous progression of
the reaction is signified by the gradual descent of the Gibbs
free energy curve across the first two steps. Thus, it appears
that the Heyrovsky step emerges as the critical phase of the
overall reaction. Here, we divide the HER procedure under
alkaline conditions into four distinct stages: initiation, catalytic
hydrodissociation, hydrogen ion adsorption, and hydrogen
generation. The calculated Gibbs free energy values related to
hydrogen production are −0.52 (*H2O) and −0.45 eV (H*),
implying a reduced hydrogen affinity accompanied by a
minimal energy barrier. The theoretical calculation, which
reveals the kinetic reasons for the excellent alkaline HER
activity of Cu-BDC@Nafion from a theoretical point of view, is
consistent with the experimental results. For a more thorough
understanding of the influence of charge transfer on catalytic
capability, additional calculations were carried out by employ-
ing the free energy model, as demonstrated in Figure 5b. The
top view of the charge transfer is displayed in Figure S5,
together with a visualization of the entire reaction
implementation in Figure 5c. The computational outcomes
confirm that the integration of Cu ions establishes novel active
sites, substantially reducing the HER overpotential, thereby
expediting electron loss and optimizing the electrocatalytic
function of the Cu-BDC@Nafion film.

3. CONCLUSIONS
In summary, a Cu-BDC@Nafion film composite has been
fabricated by assembling Cu-BDC particles on a conductive
Nafion film with the assistance of an ALD ZnO nano-
membrane. The resultant composite exhibits a unique
structure: a substantial amount of Cu-BDC crystals grow on
the Nafion film to form a uniform and dense film, and the
composite film with a hierarchically porous structure
demonstrates a large surface area. The HER electrode prepared
from the composite can function well in an alkaline electrolyte,
and outstanding electrocatalytic performance such as an
overpotential of 84 mV at 10 mA cm−2, a Tafel slope of 58
mV dec−1, and impressive stability (2000 cycles and 16 h
without decline) in a 1.0 M NaOH electrolyte are observed.
The results indicate that the integration of the Cu-BDC film on
a conductive Nafion film makes the composite promising in
HER. This investigation proclaims a viable methodology to
fabricate MOF-based composites with prospects for both
structural and method innovation as well as actionable
applications in hydrogen generation.

4. EXPERIMENTAL SECTION
4.1. Materials. The Nafion film was procured from BASF Basotect

(Shanghai, China). Copper nitrate trihydrate [Cu(NO3)2·3H2O],
terephthalic acid (H2BDC), and Nafion solution (5 wt %) were
procured from Aladdin Ltd. (Shanghai, China). Ethanol (AR,
≥99.7%) was sourced from Titan Ltd. (Shanghai, China). Dimethyl
formamide (AR, ≥99.5%) was procured from Sinopharm Chemicals.
The Pt/C catalyst prepared by loading 20 wt % platinum on carbon
black was provided by Alfa Aesar and used as a reference for
comparative analysis. All the chemicals were utilized as supplied
without subsequent purification. The DI water utilized throughout all
experiments was purified using a Millipore system.
4.2. ZnO Nanomembrane Deposited by ALD. The deposition

of the ZnO nanomembrane on the Nafion film was performed at 150

°C in a homemade reactor. Diethylzinc (DEZ) and DI water were
used as the precursors. A typical ALD cycle included a DEZ pulse (50
ms), waiting time (5 s), N2 purge (30 s), H2O pulse (30 ms), waiting
time (5 s), and N2 purge (30 s). In the current study, a ZnO
nanomembrane with 300 ALD cycles was deposited on a Nafion film.
4.3. Growth of the Cu-BDC Layer on Nafion. DMF (62 mL)

and ethanol (4 mL) were mixed to form organic solvent A.
Cu(NO3)2·3H2O (1.93 g) was dissolved in organic solvent A to
form solution B. H2BDC (0.79 g) was dissolved in another organic
solvent A to form solution C. Nafion films were then placed into a
beaker containing solution B. The beaker was sealed at 90 °C for 24 h.
After cooling to room temperature, solution C was added, and the
mixture was aged at room temperature for another 24 h for the
growth of the Cu-BDC film. After that, the composite film was taken
out and washed with ethanol three times. The sample was
subsequently dried in vacuum at 60 °C for 12 h.
4.4. Synthesis of the Cu-BDC Powder. Cu-BDC powder was

concurrently synthesized for comparison. The solutions B and C were
stirred vigorously for 5 min, followed by an aging process in a beaker
at room temperature for 24 h. Afterward, the product was centrifuged,
washed three times with ethanol, and finally dried under vacuum at 60
°C for 12 h.
4.5. Characterizations. The morphologies of all of the samples

were measured by field-emission SEM (Phenom Prox). XRD patterns
were achieved by an X’Pert Pro X-ray diffractometer equipped with
Cu Kα radiation (λ = 0.1542 nm) at a current of 40 mA and a voltage
of 40 kV. A Quadrasorb adsorption instrument (Quantachrome
Instruments) was used to perform nitrogen sorption/desorption
measurements. The specific surface area was calculated by using the
multipoint Brunauer−Emmett−Teller (BET) method. The pore size
distributions were calculated from nitrogen sorption data using the
nonlocal DFT equilibrium model. XPS analyses were performed with
VG ESCALAB 220I-XL equipment. The data analysis was
accomplished with XPS Peak 4.1 software. TGA was measured via
an STA8000 instrument with a 10 °C/min speed in an air
environment. The electrochemical HER tests were evaluated on a
CHI 660E electrochemical workstation (CH Instrument, Shanghai,
China) with a three-electrode configuration and performed in
different electrolytes. An Ag/AgCl electrode (in saturated KCl
solution) was used as the reference electrode, and a graphite rod
was used as the counter electrode. The working electrode was
prepared by fixing the film sample on graphite paper with a 5% Nafion
solution. For comparative purposes, Cu-BDC powder and Pt/C-
modified glassy carbon (diameter: 3 mm) electrodes were also
fabricated and characterized.
4.6. DFT Calculation. A first-principles computational analysis

utilizing periodical DFT has been performed by employing the
generalized gradient approximation within the Perdew−Burke−
Ernzerhof exchange correction function. The wave functions were
constructed from the expansion of plane waves with an energy cutoff
of 450 eV and a gamma-centered k-point of 2 × 2 × 1. A consistence
tolerance of 1.0 × 10−5 eV/atom for the total energy and 0.05 eV/Å
for the applied forces has been stipulated. To minimize surface-to-
surface interactions, a considerable separation of 15 Å was set
between continuous layers in the periodically repeated slabs. In
subsequent free energy computations, the entropic corrections and
zero-point energy (ZPE) have been included. The free energy of
species was calculated according to the standard formula

G E HZPE TS= + +

where ΔH is the integrated heat capacity, T is the temperature of the
product, and S is the entropy.
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