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ARTICLE INFO ABSTRACT

Keywords: A novel hybrid-hybrid nanocomposite based on 4-tetranitro copper(Il)phthalocyanine (TNCuPc) grown on metal
Copper(IDphthalocyanine organic frameworks (MOF) as a noble metal-free catalyst for hydrogen evolution reaction (HER) was developed
Composite by a simple impregnation method. The structure, surface area and the morphology of the bare MOF, TNCuPc and
Electrocatalysis

the TNCuPc/MOF composite were characterized by X-ray diffraction, Fourier transform infrared spectroscopy,
ultraviolet-visible spectroscopy, Brunauer-Emmet-Teller, scanning electron microscopy, transmission electron
microscopy and simultaneous thermal analysis. The electrocatalytic activity of the samples towards the HER was
evaluated using electrochemical impedance spectroscopy (EIS) and cyclic voltammetry, exchange current den-
sity, io, Tafel slope value, b, as well as charge transfer coefficient, a. The spectroscopic analyses indicated a
successful synthesis of TNCuPc and its composite. The morphological results showed the development of rod-like
structures of TNCuPc on the surface of the MOF. The composite exhibited an onset potential of about —0.713V
vs. Ag/AgCl in 0.1 M TBAP/DMSO and 0.3 M H,SO, solutions, which is 44 mV and 9 mV more positive than that
of MOF and TNCuPc respectively. The composite showed the rate determining step (RDS) to be the Volmer
reaction in conjunction with either Heyrovsky or Tafel reaction as the RDS due to the Tafel slope value of
147 mV/dec and an a of 0.4. The i, value of the TNCuPc/MOF composite was about 1.6 times that of the bare
MOF. The EIS results showed the charge transfer resistance (R.,) of 12.6 kQ for the TNCuPc/MOF composite as
compared to MOF and TNCuPc values of 41 and 18.6 k<, respectively, demonstrating an excellent conductivity
of the composite. In addition, R,  values of  materials follow the sequence,
blank < MOF < TNCuPc < TNCuPc/MOF. The fabricated composite displayed high activity towards the
HER, high thermal stability, and excellent tolerance. Therefore, TNCuPc/MOF non-noble electrocatalyst can be a
promising electrochemical catalyst to replace Pt-based catalysts for electrochemical hydrogen production.

Hydrogen evolution reaction
Tafel parameters

Introduction HER process in acidic and alkaline environments [3-5]. Currently, Pt-
and Pd-based catalysts exhibit the best HER electrocatalytic perfor-

Recently, there has been an immense academic interest and tech- mance in acid media [6,7]. Nonetheless, the cost of and scarcity of
nological development effort directed towards establishing essential platinum group metal (PGM) catalysts make them impractical choices.
basic knowledge of the hydrogen evolution reaction (HER) [1,2]. The Therefore, in pursuit of finding inexpensive Pt free electrocatalysts for
development of new materials is needed for improved efficiency of the practical applications is indeed an active area of research [8,9].
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Scheme 1. Synthesis of TNCuPc/MOF composite through impregnation procedure of TNCuPc and MOF in DMF.

Recently, transition metal sulfides (MoS,) [3], have been intensively
investigated as HER catalysts due to their fascinating properties such as
conductivity and good durability, whereas the basal planes exhibited
poor activity [10,11].

A quite number of porous structures such as activated carbons,
graphite nanofibers, metal organic frameworks (MOFs), carbon nano-
tubes and zeolites were considered as possible materials for HER
[1,3,9,12,13]. Among these materials, MOFs have emerged as pro-
mising class of porous species in developing advanced multifunctional
systems in the last two decades owing to their special structures [14].
MOFs are regarded as highly crystalline materials made up of metal
ions/clusters and organic ligands due to coordination bonding. These
highly crystalline materials possess high porosity, high surface area and
even nanoscale cavities [15]. Therefore, these materials have received
an immense attention in different applications including energy sto-
rage, CO, adsorption, hydrocarbon adsorption/separation, and others
[16,17]. Nonetheless, application of single-component MOFs as HER
catalyst has drawbacks owing to their poor electronic conductance,
moisture instability, and poor H, adsorption/desorption at ambient
conditions [17-19]. Hence, the combination of MOFs with other highly
conductive inorganic semiconductors may be an ideal method to
overcome those challenges. In addition, integration of electron-do-
nating/withdrawing groups in the ligands develops the establishment of
donor-acceptor structures in the MOFs and therefore adjusts electron
orbital energy level of the electrochemical based devices [14].

On the other hand, tetranitro copper(Il)phthalocyanine (TNCuPc)
falls in the group of the metallophthalocyanine family posessing ex-
cellent redox chemistries, conjugated system of 18 electrons, chemical
and good thermal stability. Thus, metallophthalocyanine can be used in
many industrial applications such as in electrocatalysis, supercapacitors
and sensing [15,20]. In addition, the substituents placed on the
phthalocyanine ring can provide good solubility of the compound in
many solvents and supramolecular organisation can also be achieved
[16]. For example, tetra-substituted phthalocyanine can offer higher
stability than octa-substituted phthalocyanine counter parts [21,22].
The electronic effect of the nitro groups can tune the properties of
metallophthalocyanine to a higher degree than the symmetry-lowing
approach [23]. Therefore, combining the remarkable properties of
MOFs with functionalised phthalocyanine could be a promising path for

preparing suitable electrocatalyst for HER process. The combination of
MOF with TNCuPc can enhance the conductivity of the resultant
composite thereby resulting to a better performance of the prepared
electrochemical electrode. In this study, the Cu-MOF (HKUST-1) was
fabricated by hydrothermal method, which can allow the control of size
and shape, shape distribution, crystallinity, efficient synthetic condi-
tions and possibility to control its morphological characteristics [18].
The TNCuPc/MOF composite was prepared by a modest impregnation
route. Therefore, we report on the hybrid composite of TNCuPc and
MOF for application as an efficient electrocatalyst for HER. It is clearly
shown that this TNCuPc/MOF based electrocatalyst, as reported in the
literature, can reversibly deliver good electrocatalytic HER perfor-
mance in acidic medium.

Experimental details
Materials

Trimesic acid (H3BTC), copper nitrate trihydrate (Cu(NO3)»3H,0)
and tetrabutylammonium percholate (TBAP) were procured from Sigma
Aldrich, South Africa. Hydrochloric acid (HCl), methanol, ethanol,
phthalimide, nitrobenzene, dimethyl sulfoxide (DMSO), di-
methylformamide (DMF), nitric acid (HNOs3) and sulphuric acid
(H,SO4) were bought from Rochelle Chemicals, South Africa. Urea
(CH4N,0) and ammonium heptamolybdate ((NH4)¢Mo,0,4) were pro-
cured from uniLAB, South Africa.

Materials synthesis

The synthesis of 4-nitrophalimide was synthesized from reported
procedure [15]. TNCuPc was prepared from 4-nitrophthalimide ac-
cording to the previous work by Modibane and Nyokong with a slight
modification [17]. In brief, about 3.00g 4-nitrophthalimide in the
presence of 3.00g CH4N,O, 0.0800g NH,)¢Mo,0,4 and 1.40g Cu
(NO3)5-3H,0 mixture in 15.00 mL nitrobenzene was refluxed for few
hours at 180 °C. The product was washed with ethanol and dried at
110°C and obtained a yield of 2.64 g (70%) and melting point > 300
°C.

TNCuPc/MOF composite (Scheme 1) was prepared by a direct
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mixing of TNCuPc and MOF. In brief, 0.1 g of MOF (dehydrated at
150 °C for 1 h) was suspended in DMF (10 mL) and 1.4 mL of TNCuPc
(0.12 mol.L. ™ 1Y) in DMF was added. The resultant mixture was stirred for
24h at 25°C controlled by thermostat. The filtration was used to re-
cover the product and washed with ethanol and then dried at 50 °C for
overnight obtaining a yield of 0.09 g (92%) and melting point > 300 °C.

Spectroscopic characterizations

FTIR spectra of synthesized samples were carried out using
Spectrum II spectrometer (PerkinElmer) recorded from 400 and
4000 cm ™' with a minimum of 32 scans and resolution of 4cm™?! at
room temperature. UV-vis spectra of the prepared materials in 2 ppm
H,SO, were obtained by means of a Varian Cary 300 UV-Vis-NIR
spectrophotometer in the wavelength region between 200 and 900 nm
and 1 cm optical path length quartz cuvette at room temperature. The
crystallinity and structures of MOF, TNCuPc and TNCuPc/MOF com-
posite were analyzed using X-ray diffraction (XRD Phillips PW 1830,
CuK,, radiation, . = 1.5406 A).

SEM/EDS and TEM

Surface morphology was accomplished using field-emission scan-
ning electron microscope (FE-SEM, Auriga® Carl Zeiss) conducted at a
voltage of 30kV. The FE-SEM was coupled with elemental analyzer,
energy dispersive spectroscopy (EDS). Transmission electron micro-
scopy (TEM) analysis was performed using FEI Tecnai G2 20 trans-
mission electron microscope at 200 kV.

HR-TEM/EDX and SAED

High resolution-transmission electron microscopy (HR-TEM) in-
vestigation was made by using FEI Tecnai G2 20 TEM coupled with
electron diffraction X-ray (EDX) to study the internal morphology of the
prepared materials. Energy dispersive X-ray spectra were collected
using an EDAX liquid nitrogen cooled lithium doped silicon detector.
The crystal structure formation of the samples was analyzed by em-
ploying the selected area electron diffraction (SAED).

STA

The stability of the samples was evaluated by means of a simulta-
neous thermal analyzer (STA) Perkin-Elmer 6000 instrument coupled
with a PolyScience digital temperature controller under N, gas purged
at 20 mL/min flow rate by using aluminium (melting point = 660 C)
and indium (melting point = 156.6 °C) to calibrate the system. Samples
with the weight ranging from 1 to 4 mg were subjected to the heating
temperature (30-500 °C) and constant heating rate (20 °C/min), and the
data was analyzed using Pyris software®.

BET

Low-pressure nitrogen (77 K) adsorption isotherms were performed
using an ASAP2020 instrument (Micromeritics). Approximately,
300 mg of MOF and composites were heated to 180 °C with a rate of
2°C.min"! and outgassed at 180 °C for 24 h.

Ccv

Cyclic voltammetry (CV) analysis was carried out in 10 mL of 0.1 M
TBAP/DMSO electrolytic system using three electrode EPSILON elec-
trochemical workstation. A gold electrode (Au) with a surface area of
0.07 cm? area was employed as a working electrode, while silver/silver
chloride (Ag/AgCl) and platinum (Pt) wire were used as reference
electrode and counter electrode, respectively. Repetitive scanning so-
lutions of TNCuPc, MOF and TNCuPc/MOF composite (~2.0 X 107*
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mol.L~!) was ranging from —2.0 to 1.25V at scan rates of 0.02-0.10
Vs~ !. HER measurements were done using varying the concentration of
H,S0, from 0.03 to 0.45M as a hydrogen source in 0.1 M TBAP/DMSO
system and ~ 2.0 X 10~ * mol.L "' of MOF, TNCuPc and TNCuPc/MOF
as potential electrochemical catalysts.

EIS

The electrochemical impedance spectroscopy (EIS) measurements
for MOF, TNCuPc and TNCuPc/MOF composite were performed with
the frequency ranging from 5.0 x 10°Hz — 0.7Hz in 0.1 M TBAP/
DMSO electrolyte at open circuit potential (OCP). To guarantee the
reproducibility of the experimental data, all measurements were carried
out in triplicate.

Results and discussion

Characterization of the as-synthesized MOF, TNCuPc and TNCuPc/MOF
samples

The UV absorption spectra of synthesized materials (MOF, TNCuPc
and TNCuPc/MOF composite) in a concentrated H,SO, are shown in
Fig. 1(a). MOF shows no absorption in the visible region owing to poor
stability of the MOF material in acidic condition [21]. The spectra for
TNCuPc and TNCuPc/MOF composite showed an intense Q absorption
band between 720 and 780 nm in the visible range and a B band be-
tween 300 and 400 nm in the UV region. Both Q and B bands result
from to ;-ww* transitions originating from the Pc ligand. The Q-band is
assigned to the 6eg — 2alu transition while the B band is attributable to
6eg — 4a2u [24]. The maximum wavelength values of the Q band for
the TNCuPc and its composite are in accordance with the work reported
by Cong et al. [24]. These observations indicate the presence of
phthalocyanine in the composite. The Q band of the TNCuPc and
composite was broad, split and shifted slightly to blue-region [24-26].
The broadening and the unusual Q band split may be attributed to the
effect of the solvent used in this study. Furthermore, after the in-
corporation of TNCuPc and MOF, there was a blue shift in absorption
peaks confirming formation of TNCuPc/MOF composite. This typical
behaviour of blue shift of absorption was observed after the phthalo-
cyanine were doped with the Fe3O4 nanoparticles [22].

To confirm the formation of the TNCuPc/MOF composite, FTIR
(Fig. 1b) was employed in the region between 500 and 4500 cm . The
peaks in the 3430-3000 cm ™~ * region for MOF are due to OH and C-H
aromatic bands of the organic linker coordinated to the copper sites
[18,23]. The most intense peaks at 1374 cm ™! and 1647 cm ™! are due
to C-O symmetric and C = O asymmetric stretching vibrations of the
carboxylate groups in H3;BTC, respectively [23,27]. The bands at
1646cm ™' resulted from aromatic C=C and 1718cm™ ' from
COO — of H3BTC [28,29]. The peaks for the N-H and C = O vibrations
in the IR spectrum of 4-nitrophthalimide at ~3283 and 1720 cm™*!
[30], respectively, disappeared after conversion into TNCuPc as an in-
dicative of metallophthalocyanine formation [31]. The vibrational
peaks between 700 and 900 cm ™! are typically the results of phthalo-
cyanines skeletal vibrations [32]. The characteristic of NO, stretch was
observed at around 1350 and 1450 cm ™, which is a substituent in the
prepared TNCuPc. As shown in Fig. 1b, all intense bands between 1350
and 1650 cm ™' were attributed to phenyl modes in MOF and CuPc
structures as a confirmation of TNCuPc/MOF composite synthesis. A
slight shift in the maximum of this band suggests the formation of m-xt
interaction between the MOF and the phthalocyanine. However, the
changes in the environment of the carboxylate ligands which are likely
related to the distortion of the MOF structure owing to the introduction
of TNCuPc and the interaction of the ligands with the Pc. These are seen
from the variations in the ratios of the bands between 1350 and
1650 cm ™~ *. Furthermore, there is a new signal developed at 489 cm ~*
for TNCuPc/MOF composite, which clearly suggests a successful
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Fig. 1. (a) UV-vis; (b) FTIR; (c) XRD spectra; and (d) TGA results of MOF, TNCuPc and TNCuPc/MOF composite (inset: DSC thermograms).

preparation of the composite. This band is not observable when the
TNCuPc was formed and is due to the stretching vibrations of — C = C
bonds in MOF rings.

Fig. 1c shows the XRD patterns of MOF crystal structural informa-
tion data (CSID), MOF, TNCuPc and TNCuPc/MOF composite. It can be
seen that all the peaks of MOF are similar to those reported by Ra-
mohlola et al. [33] with good crystallinity similar to the crystal struc-
ture simulated data (CSID). The patterns shown in this figure for MOF
appear at lower 20 angles possess micro-porous structure characteristic
[34]. In addition, they possess a number tiny pores or cavities which are
in good agreement with a typical structure of MOF [35-37]. The most
intense peaks on the diffraction pattern of TNCuPc appearing at
20 = 5.7, 6.9 and 9.1° correspond to miller indices (1 00), (110) and
(111), respectively All other peaks located at 26 = 13, 14.5 and 27.2°
are attributed to the diffraction peaks of TNCuPc [38,39]. Notably, the
260 angle around 28° in the diffraction peaks of the TNCuPc was broader
and weak, indicating large crystal sizes or poor crystallinity of TNCuPc
[38]. Previous studies have reported similar patterns, which suggest a
cubic phthalocyanine structure [24,28]. In the case of TNCuPc/MOF
composite, the main peaks appearing at 20 = 6.97° are associated to
(110) reflection of TNCuPc and 26 = 12° accounts for the reflection
(222) of MOF phase. It should be noted that the intensity of the broad
peak appearing at 26 = 28° for TNCuPc decreases in the composite,
which suggests a successful preparation of the TNCuPc/MOF. Further-
more, a number of sharp peaks are observed suggesting highly crys-
talline phases of MOF were maintained, therefore, the presence of
TNCuPc does not inhibit the formation of linkages between Cu dimers
and organic bridges [40].

Thermogravimetric analysis (TGA) was employed to investigate the
thermal stability of the synthesized MOF, TNCuPc and the MOEF/
TNCuPc composite and also to determine the composition of the pre-
pared TNCuPc/MOF composite and the results are presented in Fig. 1d.
As observed in the TGA curve of MOF, the degradation step between 35

and 125 °C was due to the evaporation of water and also some organic
contaminants [41]. It is noticeable that MOF and TNCuPc/MOF com-
posite show two similar thermogravimetic degradation steps over the
experimental temperature range investigated. The two degradation
steps are seen at around 100 and 325 °C. These steps are normally as-
sociated to the intrinsic thermal degradation behaviors of MOF corre-
sponding to water molecules and ethanol physisorbed in the framework
of MOF by losing its organic linker molecules and leaving the CuO
[29,40-43]. The TGA profiles of MOF agreed very well with those re-
ported by our recent work [18]. The MOF exhibits an overall weight
loss of 60%, while both TNCuPc and TNCuPc/MOF composite show 20
and 40%, respectively. TNCuPc exhibits good thermal stability typically
for Pcs [20] and one degradation step at around 400 °C, corresponding
to the oxidative degradation of TNCuPc [32]. At the initial step, the
small weight loss in TNCuPc/MOF composite is owing to the release of
water molecules and the removal of some organic contaminants, in-
cluding the evaporation of guest molecules from the pores such as
ethanol [29]. When TNCuPc is introduced in MOF, the stability of the
composite was increased as compared to bare MOF. This may be at-
tributed to a strong m-m interaction between TNCuPc and MOF as ob-
served in FTIR by a development of new band. The inset in Fig. 1d
demonstrates DSC curves of MOF, TNCuPc and the composite. The
weight loss in both TNCuPc and composite observed in the TGA results
are supported by the detection of endothermic peaks in the DSC results.
These peaks appeared at about 360 °C for both MOF and composite,
while TNCuPc registered the peak at about 450 °C. The melting peaks
are observable owing to MOF decomposing completely to its precursors
at high temperatures. These observations indicated that our materials
did not directly decompose from the solid state as detected by en-
dothermic peaks in DSC trace [44], which correspond to endothermic
process.

The FE-SEM images of the synthesized TNCuPc and TNCuPc/MOF
samples are given in Fig. 2a, c. The SEM image of TNCuPc (Fig. 2a)
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Fig. 2. SEM images of (a) TNCuPc, and (c) TNCuPc/MOF composite (inset: 5.00 kX magnification); and EDS results of (b) TNCuPc, and (d) TNCuPc/MOF composite.

shows rod shape-like structures [45-47]. The TNCuPc particles are
dense with rod shape-like layers/structures stacked together due to
dispersive forces and strong specific interactions between the surface
groups on the Pc. On the other hand, TNCuPc/MOF composite shows
some different surface features. It is interesting to note that the pre-
sence of TNCuPc crystals in the composite (Fig. 2c) exhibits some de-
velopment of rod-like structures on the surface of the octahedral MOF.
Furthermore, it can be seen that some of TNCuPc particles are attached
on the surface, while others are entrenched in the frame structure. This
suggests a possible interaction between MOF and TNCuPc as observed
in XRD, UV-vis, and FTIR. In addition, The EDS analysis was performed
for surface elemental composition based on the SEM images and pre-
sented in Fig. 2b, d, of TNCuPc and the composite, respectively and the
supporting information in S1. This analysis revealed the presence of C-,
O- and Cu- atoms as the elemental compositions in the composite.
Nonetheless, the intensity of carbon in the composite is smaller than
that of TNCuPc. This observation is quite surprising taking into account
that the TNCuPc/MOF composite has higher content of both carbon and
oxygen within its structure. The decrease in the peak intensity maybe
attributable to a stronger interaction between the two components and
the presence of substituted CuPc in the composite. This observation is
also supported by the XRD results discussed (Fig. 1c), in which the
crystallinity of the composite was affected by the presence of an
amorphous TNCuPc.

Fig. 3a—c represents the TEM images of MOF, TNCuPc particles and
TNCuPc/MOF composite. These figures show that both TNCuPc and
MOF depict agglomerated spherical structures (Fig. 3a and b). When the
composite was formed as depicted in Fig. 3c, the morphology was re-
latively tubular with some microporous structures still noticeable.
These results show particles ranging in size between 50 and 150 nm,
indicating that an impregnation method used in this study was able to
develop nano-sized TNCuPc on the MOF structures. It has been reported
that conjugated molecular systems obtained via intermolecular s—st
interactions can form structures with various morphological structures

[15,16]. The HR-TEM of MOF (Fig. 3d) showed that lattice fringes
could be clearly observed and revealed a crystalline structure. The HR-
TEM image of TNCuPc (Fig. 3e) presents a highly disordered structure
without any sign of nanocrystals or ordered cluster formation, con-
firming a fully amorphous structure. In the case of the composite, the
dark spots are observed as an indication of the presence of MOF upon
composite formation (Fig. 3f). The corresponding SAED pattern
(Fig. 3g) depicts multiple diffraction circles, indicating the poly-
crystalline feature of the MOF. This is in in good consent with the XRD
results. The neat TNCuPc shown in (Fig. 3h) displayed no clear rings as
an indicative amorphous state. Furthermore, the composite Fig. 3i re-
tained the amorphous nature of the Pc, with further wrapping of MOF
by TNCuPc as evidenced by both SEM and TEM studies. The EDX
spectra (see Supporting Information) exhibit the presence of various
elements in the synthesized MOF, TNCuPc and TNCuPc/MOF compo-
site. The MOF structure (Fig. S2a, d) consists of Cu, C, and O due to the
presence of organic linker and the metal. The TNCuPc structure (Fig.
S2b, d) consists of Cu, C, and N due to the presence of phthalocyanine
ring surrounding Cu. The internal mapping of the synthesized compo-
site (Fig. S2¢, d) shows Cu, C, O and N with a minimal reduction in the
composition of C, which might be due to the interaction between
TNCuPc and MOF. The presence of small peaks of Au and Si is attrib-
uted to the gold grid used during TEM analysis and some impurities,
respectively.

The pore size and surface area are important parameters that have
significant influence on gas adsorption properties. Fig. 4 shows the
surface area and porosity obtained from N, adsorption analysis at 77 K.
It can be seen in Fig. 4a that MOF clearly shows a Type-I isotherm with
a small hysteresis loop at relative pressure from 0.81. This observation
indicates the predominant microporous and mesoporous structures of
such material based on the International Union of Pure and Applied
Chemistry (IUPAC). The composite shows a similar Type-I isotherm and
this is typically attributed to microporous materials [48]. Nonetheless,
a small hysteresis is associated with the presence of some mesopores,
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Fig. 3. TEM images of (a) MOF, (b) TNCuPc and (c) TNCuPc/MOF composite; HR-TEM images of (d) MOF, (e) TNCuPc and (f) TNCuPc/MOF composite; and SAED

images of (g) MOF, (h) TNCuPc and (i) TNCuPc/MOF composite.

which decreases in the composite upon an introduction of TNCuPc
particles. Furthemore, a more pronounced hysteresis loop for MOF
(HKUST-1) decreasing with increasing the incorporation level was ob-
served. The specific surface areas of MOF are 817.55, 614.67, and
514.93m?%g" by Langmuir, BET and t-plot models, respectively (Table
S1). These values are in closer range to those reported in the literature
[49]. The TNCuPc exhibited a lower surface area values (Lang-
muir = 102.6 m2%g?, BET =73.9m%g' and t-plot = 3.48m?%g?),
which also caused a decreased in the surface area values of the com-
posite (273.16, 173.2, and 128.3m%g" by Langmuir, BET and t-plot
models, respectively). Fig. 4b presents the pore volume of 8.82 x 10~ >
em?®.g™! and pore size of 76.9 A obtained in MOF. The composite showed
pore volume and pore size values of 5.96 x 10~2 cm®/g and 157.9 A,
respectively. The reduction in surface area and pore volume of the
composite maybe attributed to the introduction of TNCuPc with much
lower porosity of 0.593 x 10~ 2 cm>.g™. As seen in these results, a
decrease in these parameters of the composite can be attributed to the
number of factors such as reduction of the pore volume of the com-
posite caused by the presence of nitro groups in phthalocyanine

possessing a lower porosity, poor crystallinity of TNCuPc as evidenced
by XRD results as well as TNCuPc agglomerates in the composite con-
firmed by SEM studies. This clearly caused an obvious reduction of the
total pore volume of 0.109 cm®.g" in the composite in comparison to
0.312 cm®.g™" of MOF.

CV studies

Cyclic voltammograms (CVs) were collected using Au electrode in
0.1M TBAP/DMSO electrolytic solution to study the electrochemical
properties of MOF, TNCuPc and TNCuPc/MOF composite. In this work, all
the measured potentials against saturated Ag/AgCl electrode were con-
verted to the reversible hydrogen electrode (RHE) scale according to the
Nernst equation (Erug = Eag/agal + 0.059 pH + ERg/agci, Wherein ERg,
agcl = 0.1976 at 25°C, and Eag/aqq is the experimentally measured po-
tential against Ag/AgCl reference) [50]. The CVs are presented in Fig. 5a.
It is noticeable that an introduction of 2 X 10™* mol.L”"! MOF in the
electrolytic solution affected the reduction peak towards more negative
potential as compared to blank. This observation is associated to the Cu
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Fig. 4. (a) N, adsorption and (b) pore distribution curves of MOF, TNCuPc, and
TNCuPc/MOF composite at 77 K.

deposition in MOF material involving two successive one-electron process
[46]. The electrochemical reduction of Cu?" in solution, which proceeds
in two one-electron reversible waves via a Cu™ intermediate was due to
the presence of ions in the solution [51]. However, this observation of the
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reduction of Cu®>* to Cu™ taking place at more negative potential can be
attributed to electrochemical properties of Au electrode in an electrolytic
system [33]. In the case of TNCuPc, two cathodic and anodic reversible
peaks at around —1.4 and —0.34V were observed. This observation
agrees well with the reported literature for metal-free phthalocyanine and
metallophthalocyanines [52,53]. These reductive peaks and one devel-
oped anodic peak can be plotted on multiscan voltammogram of TNCuPc
as shown in Fig. 5c. It is well known that the centred Cu(Il) and nitro
groups at the periphery of metallophthalocyanine are redox-inactive pos-
sessing an electron withdrawal group, respectively [24]. Furthermore, the
reduction couples are due to Pc ligands and these results are consistent
with the reported literature of metal-free Pcs [52,53]. CV results of the
composite exhibited both electrochemical characteristics of MOF and
TNCuPc as an indicative of successful incorporation of MOF and TNCuPc.
Multiscan CV characterisations of MOF, TNCuPc and TNCuPc/MOF were
obtained in 0.1 M TBAP/DMSO system using Au working electrode at
various scan rates ranging from 0.02 to 0.10V.s™! and the results are
presented in Fig. 5b-d. The multiscan voltammograms of MOF and
TNCuPc show anodic—cathodic wave separations with increasing the scan
rates. The TNCuPc/MOF composite given in Fig. 5d exhibits similar be-
haviour with increasing the scan rates. This observation indicates diffu-
sion-controlled reactions on the surfaces of both TNCuPc and MOF
structures [54].

To study the diffusion control characteristics of MOF, TNCuPc and
TNCuPc/MOF composite, a plot of log current against the log scan rate
was constructed and results are presented in Fig. 6a. From these results,
a linear relationship was obtained for MOF, TNCuPc and TNCuPc/MOF
composite with slopes of 0.433, 0.314 and 0.293, respectively. These
observations show the characteristic of a response owing to diffusion
transport of electron [55]. These observations were supported by the
influence of a linear relationship of a decrease in peak current against
the square root of scan rate plot as given in Fig. 6b, which suggests a
semi-definite diffusion control mass transport [36].

Since all the multiscan voltammograms indicated a diffusion con-
trolled process, the diffusion coefficient, D (em? s™1) values were de-
termined for electrocatalysts employing the plot of current versus the
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Fig. 5. (a) CV curves of MOF, TNCuPc and TNCuPc/MOF composite (~2.0 X 10~ * mol.L'!) at 0.10 V.s ™. The scan rate dependent CV curves of (b) MOF, (c) TNCuPc
and TNCuPc/MOF solutions. The CVs plotted in (b) to (d) are for 0.02, 0.04, 0.06, 0.08 and 0.10 V.s™h, starting from inside. Experimental condition: bare Au

electrode and 0.1 M TBAP-DMSO.
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Fig. 6. (a) The log-log curves of the absolute value of the peak current against
the scan rate and (b) Peak current vs square root of scan rate of MOF, TNCuPc
and TNCuPc/MOF composite in an electrolytic solution at various scan rates, v,
0.02-0.10 Vs ).

square root of the scan rates, v*/? and with the help of the Randles-
Sevéik equation (Eq. (1)) for a quasi-reversible system [53]:

I, = (2.65 x 10%)n32ACD"/%!/2 e

where n indicates the number of e- transferred, A is the area of electrode
in em?, C is the bulk molar concentration of the electroactive species in
mol.em™3. The diffusion coefficients found were 1.48 x 1076,
3.77 x 107 %and 5.22 x 10~ °® ecm®s ™! for MOF, TNCuPc and TNCuPc/
MOF composite, respectively.

Electrochemical HER studies

The HER analysis (Fig. 7) of as-synthesized TNCuPc, and TNCuPc/
MOF composite were examined in 0.300 mol.L.™! H,SO4 by CV mea-
surement using 0.1 M TBAP/DMSO as a supporting electrolyte on a Au
electrode. It was reported that a Au electrode exhibited some electro-
catalytic HER properties with cathodic peak around —1.0 V vs RHE and
this observation is in consistent with reports from other studies [33,54].
The HER properties can be due to non-polarizable (ability of an elec-
trode to have charge transfer on the metal-electrolyte interface) nature
of Au electrode. In order to evaluate HER activities of the synthesized
materials, change in current density was used. An increase in current
density shows that there is enhancement in the catalytic performance of
the materials. Increase in the current density at the very same region
upon introduction of MOF (Fig. S3) shows that MOF has ability to be
used as an electrocatalyst. In the case of TNCuPc (Fig. 7a), the cathodic
current response was higher as compared to MOF due to good elec-
troconductive of phthalocyanine dye [24]. The voltammetric responses
of TNCuPc/MOF composite (Fig. 7b), demonstrate a shift in HER wave
towards more negative potentials as compared to MOF and TNcuPc.
HER waves are important requirements of an electrocatalyst for HER
[55]. Furthermore, the hydrogen activity of materials, v dependent
studies were carried out using CV for TNCuPc and TNCuPc/MOF
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Fig. 7.CV curves of (a) TNCuPc and (b) TNCuPc/MOF composite
(~2.0 x 10”* moL..” ") at 0.10 Vs ' and CV curves of various electrocatalysts
in the presence 0.300 mol.L~! H,SO,. The CVs plotted in (a) and (b) are for
0.02, 0.04, 0.06, 0.08 and 0.10Vs™ 1Y), starting from inside. Experimental
condition: bare Au electrode and 0.1 M TBAP/DMSO.

composite, respectively. After addition of hydrogen source (H,SO,), a
shift in cathodic peaks of all the samples was observed at low potential,
which shows that the amount of hydrogen produced was proportional
to the v as seen in Fig. 7a, b. Furthermore, the increase in current was in
line with the increase in the v as an indicative of the electrocatalytic
property of the material. This is as an evident of semi-definite diffusion
control mechanism [33]. This clearly tells that TNCuPc/MOF composite
has a potential for conversion the hydrogen source to give high amounts
of hydrogen development.

Furthermore, CV of TNCuPc and TNCuPc/MOF composite in the
presence of H, source was carried out varying the H,SO,4 concentration
(0.033 - 0.450 mol.L. ™ 1) in 0.1 mol.L'* TBAP/DMSO electrolytic system
and the results are depicted in Fig. 8a—c. It is noticeable that in both
TNCuPc (Fig. 8a) and TNCuPc/MOF composite (Fig. 8b), the position of
peaks dependents on the concentration of the H, source, whereby high
cathodic current values are observed at low potential. Nonetheless, at
lower concentration of the acid, the peak current of catalytic wave in
MOF (Fig. S4) and TNCuPc/MOF (Fig. 8b) shows a direct relationship
with the concentration, indicating an improvement in HER as given in
Fig. 8c. In addition, the average catalytic rate constant was obtained
from the slope of the plot of Ipc against the concentration of the acid,
and the results are shown in Fig. 8c inset. The results in this figure
suggest that the process is the second-order in acid concentration [56].

It is well known that Tafel parameters (Tafel slopes, transfer coef-
ficient and exchange current density) are used to evaluate HER pro-
cesses for H, adsorption and desorption and illustrate the existence
other effects such as kinetics [33,57-61]. These are crucial parameters
of an electrode material. Figs. S5 and 9 represents polarization curves
and linear Tafel plots (V versus log j, plots) for TNCuPc, and TNCuPc/
MOF materials. In an acidic media, mechanism for HER involves three
important elementary steps [56-59]:

HY + e~ + M—> MH,4 (Volmer)
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H" + MH,ys — H, (Heyrovsky)
2MH,qs — H, (Tafel)

The Tafel parameters were estimated by linear fit of the polarization
plots (Fig. 9,n = b log j, + a), where b, represents the Tafel slope, j, is
the exchange current density and cathodic transfer coefficient (o) and
the results are given in Table 1. The a values were computed con-
sidering a high overpotential region, where the Butler—Volmer equation
can be simplified to the Tafel equation. The b value is given by re-
lationship ((1-a)F = —2.303RT), where T - thermodynamic tempera-
ture (K), F — Faraday’s constant given by 96,485C.mol ' and R is the
general gas constant (8.31451 J.mol LK™ 1.

From this study, the Tafel slope values obtained at 0.450 mol.L~?
were 213.5mV.dec™! (TNCuPc) and 163.6 mV.dec ™! (TNCuPc/MOF).
It is noticeable that the composite gives a much smaller slope compared
to the pristine MOF and TNCuPc electrocatalysts. Such high slopes are
in agreement with what is reported in the literature on CPE/H-IL@Pd
10% (171.0mV.dec?) and CPE (279 mV.dec)) [49]. These results
suggest that both Heyvrosky (40 mV.dec™) or Tafel (30 mV.dec™) steps
cannot be considered as rate determining steps (RDS) [52]. Therefore,
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Fig. 9. Linear portion of Tafel plots of (a) TNCuPc and (b) TNCuPc/MOF
composite in the presence of different H,SO,4 concentration at 0.10 V.s ™! on Au
electrode in an electrolytic system.

our results indicate that the Volmer reaction (adsorption of hydrogen
proton on electrocatalyst surface) was the RDS despite higher Tafel
slope values than expected (around 120 mV/dec) [26,33,54,57-59].
This observation was supported by a values (0.2778 and 0.3615 for
TNCuPc and TNCuPc/MOF, respectively), which are all close to 0.5
[18,33,52,56,62]. In order to exhibit a clear understanding of the use of
the as-prepared TNCuPc/MOF composite for catalytic usage, the pro-
posed mechanism for HER is provided in Scheme 2. In the beginning,
the H* adsorbs in the active site of composite forming [TNCuPc/MOF]
Hags- This step is known as Volmer. In Volmer-Heyrovsky mechanism,
the adsorbed hydrogen proton combines with a proton from an elec-
trolyte to form H,, which means that the hydrogen desorption process
was determined to be the electron chemical desorption [10]. Alter-
nately, the two adsorbed neighbouring hydrogen atoms TNCuPc/MOF
on the surface react with each other to give H, molecule (Volmer-Tafel
mechanism) [7,8]. It is also noticeable that the i, values increase with
increasing the concentration of the acid. At 0.450 mol.L ™! H,SO,, the
exchange current density values increase in the order of TNCuPc <
TNCuPc/MOF composite. The large exchange current density observed
in the TNCuPc/MOF composite indicates fast electron transfer rates.
This is in agreement with the D values obtained.

Electrochemical impedance spectroscopy analysis

The electrochemical impedance spectroscopy (EIS) has gained po-
pularity as an important electrochemical characterization technique
that can measure and give response on the electrical resistance of
several electrochemical systems. It is a powerful technique to divulge
the conventional electrochemical measurements as well as to in-
vestigate the electrochemical kinetics of HER process [63]. The
equivalent distributed resistance (EDR), consisting of both the equiva-
lent series resistance (ESR) and the ionic resistance within the materials
porous structure (i.e., RC semicircle), was obtained by extrapolating the
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Table 1
The b, (1-a), and i, parameters of TNCuPc and TNCuPc/MOF composite.
Material H,SO, (mol.L™1) b (V.dec™ ) —b (mV.dec™ ) a log jo (WA.m~?) jo (WA.cm™3?)
TNCuPc 0.033 —-0.3721 372.1 0.1589 5.59 39.2
0.075 —-0.2118 211.8 0.2792 5.49 30.6
0.150 —0.1986 198.6 0.2978 5.71 50.8
0.300 —0.2033 203.3 0.2909 5.73 53.7
0.450 —-0.2135 213.5 0.2770 6.03 106.5
TNCuPc/MOF 0.033 —-0.3721 372.1 0.1589 5.49 30.6
0.075 —0.1936 193.6 0.3055 5.60 40.2
0.150 —0.1636 163.6 0.3615 5.74 55.5
0.300 —0.1913 191.3 0.3091 5.95 88.9
0.450 —0.1636 163.6 0.3615 6.01 103.3
Pd@CuPc/MOF [18] 0.300 -0.1770 177.0 0.3341 a a
CuPc/MOF [62] 0.300 —0.1595 159.5 0.3708 2 a
PABA/MOF [33] 0.300 —0.1305 130.5 0.4500 a 2
MOF-3 wt%-PABA [56] 0.300 —0.1667 166.7 0.3550 a a
MOF-5 wt%-PABA [56] 0.300 —0.1535 153.5 0.3850 2 a
PANI/MOF [51] 0.300 —0.1993 199.3 0.297 a 2

% log jo and j, are in different units as compared to the one in this work.

vertical portion of the plot to the real axis. Fig. 10 presents the overlaid
Nyquist plots of a blank, MOF, TNCuPc and TNCuPc/MOF composite in
0.1 M TBAP/DMSO electrolyte, (a) without and with (b) 0.45 mol.L 7!
H,S0,, studied under open circuit potential (OCP) with the frequency
range 5 X 10°Hz — 0.7 Hz. The Nyquist plots were fitted with the
electrical equivalent circuit (EEC), which comprises of Voigt RC ele-
ments, involving a solution/electrolyte resistance (R; denoted as R1),
charge-transfer resistance (R., denoted as R2) and constant phase ele-
ments (CPE or Q) as shown by inset of Fig. 10a. The diameter of the
semicircle of Nyquist plot provides charge transfer resistance (R.) of
the interface, and its value is obtained by fitting the EEC. As observed in
Fig. 10a, the semicircle for TNCuPc/MOF composite is smaller than
blank and MOF, which could be the reason for enhanced electro-
chemical properties caused by TNCuPc. Fig. 10b presents the Nyquist
plot of the EIS response for blank, MOF, TNCuPc and TNCuPc/MOF
composite in 0.1 M TBAP/DMSO mixed with 0.45M H,SO, as electro-
lyte. The small semicircle was observed in all materials as compared to
Fig. 10a without acid. It was reported that the radius of high frequency
semicircle reveals hydrogen absorption and low frequency semicircle
represents the HER kinetics [63,64]. As seen in Fig. 10(b), the R, for
TNCuPc/MOF composite is smaller. than MOF and TNCuPc value as
shown in Table 2 (i.e., from 41. kQ to 12.6 kQ2), demonstrating the
excellent conductivity of the composites. The R value for the

Volmer-Tafel
H*» «H Ht
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TNCuPc/MOF

Hyt

TNCuPc/MOF

TNCuPc/MOF

€

composite is closed to the one reported by Nivetha and Grace [64]. R,
of materials follow the sequence of blank < MOF < TNCuPc <
TNCuPc/MOF. Accordingly, a small semicircle designates a high HER
activity with a small Rct value for the TNCuPc/MOF composite. Fur-
thermore, EIS results show a reduced charge transfer resistance and
improved conductivity because of the presence of TNCuPc support. On
the other hand, the constant phase element (CPE or C2) was determined
to evaluate the exposed active surface area of the electrode. As shown in
Table 2, TNCuPc/MOF exhibits the largest CPE compared to MOF and
TNCuPc. Thus, these findings advocate that the synthesized TNCuPc/
MOF composite is a promising electrocatalyst for hydrogen evolution
reaction.

Conclusions

In summary, we have successfully developed a hybrid-hybrid
TNCuPc/MOF composite derived from MOF embraced in TNCuPc
through impregnation method. The as-prepared TNCuPc/MOF compo-
site was used as an efficient electrocatalyst for HER process in an acidic
medium. The composite showed excellent catalytic action and excep-
tional stability for HER in acidic medium. It was demonstrated that the
electrocatalytic activity of the TNCuPc/MOF composite was higher as
compared to the neat MOF. The observed positive roles of incorporated
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Scheme 2. HER mechanism for (~2.0 x10~* mol.L.~ ') of TNGuPc/MOF composite at 0.10 V.s ™! in the concentration of 0.450 mol.L ™! H,SO,.
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Fig. 10. Nyquist plots of the Blank, MOF, TNCuPc, TNCuPc/MOF composite in 0.1 M TBAP/DMSO electrolyte at OCP with the frequency range 5.0 x 10° Hz-0.7 Hz,

(a) without and with (b) 0.45mol.L ™! H,SO,.

Table 2
Fitted circuit parameters of EIS for blank, MOF, TNCuPc and TNCuPc/MOF
composite.

Material Electrolyte R, (kQ) CPE (uF) Re (k)
Blank TBAP-DMSO 1.00 0.100 0.100
TBAP-DMSO/H,S04 2.27 0.634 223
MOF TBAP-DMSO 1.60 0.276 377
TBAP-DMSO/H,S04 2.06 1.152 41.4
TNCuPc TBAP-DMSO 2.00 0.330 196
TBAP-DMSO/H,S04 2.26 0.090 18.5
TNCuPc/MOF TBAP-DMSO 1.62 0.326 234
TBAP-DMSO/H,S04 2.04 0.727 12.6

TNCuPc in the composite was attributed to possible synergetic effects
between TNCuPc crystals and the MOF, resulting to a facilitation of
HER process as part of hydrogen production. Furthermore, the Tafel
slopes and charge transfer coefficients exhibited that the rate-de-
termining step for HER on the studied samples maybe the Volmer
coupled with Heyrovsky reaction or Tafel reaction. The exceptional
performance for HER can be ascribed to the distinctive TNCuPc archi-
tecture with robust contact between the TNCuPc and MOF, as well as
plentiful active reaction sites. The EIS results also supported Tafel
analyses with improved CPE and R, values. This study affords a route to
prepare a MOF based composite electrocatalyst with high efficiency and
tremendous electrocatalytic activity for HER.
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