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Abstract There are very rare reports on using metal—or-
ganic framework (MOF) catalysts for electrochemical
hydrogen production. In this study, a composite of palla-
dium, single-walled carbon nanotube (SWCNT) and MOF-
199 (Pd/SWCNTs@MOF-199) was synthesized by
hydrothermal method, and its application as electrocatalyst
in carbon paste electrode (CPE) structure for hydrogen
production was studied. Scanning electron microscopy,
X-ray diffraction, Brunauer-Emmett-Teller and thermal
gravimetric analysis were used to characterize Pd/
SWCNTs@MOF-199 catalyst. The performance of the
proposed modified CPE for electrochemical hydrogen
production was studied by cyclic voltammetry, linear
sweep voltammetry, electrochemical impedance spec-
troscopy and chronoamperometry techniques. The effect of
solution pH and the amount of binder and catalyst in the
paste composition were investigated. The results showed
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that the CPE modified with Pd/SWCNTs@MOF-199
reveals better catalytic characteristics such as highest cat-
alytic activity and lowest onset potential compared to CPE
and CPE modified with MOF-199 for hydrogen production
in aqueous solution.
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Introduction

Today, fossil fuels with disadvantages such as limited
resources, warming up the earth and the environmental
pollution are known as the main energy sources. Many
efforts are being made to use other energy sources instead
of fossil fuels which do not have disadvantages mentioned
above. Nuclear energy, which its sources are limited, and
working with it requires training of skilled manpower and
use of advanced systems for protection against radioactive
waste, will not be able to supply the required energy of the
world.

Nowadays, hydrogen as a raw material is used in dif-
ferent industries [1]. Hydrogen produces high amount of
energy with almost no pollution. It is a renewable energy
carrier, and its resource is infinite [2]. An energy carrier
can change energy to the forms which are usable to con-
sumers. Although, renewable energy sources such as sun
and wind cannot provide energy all the time, they could
produce electric energy and hydrogen, which can be stored
and transported until they are needed.

Several ways such as hydrolysis [3], thermal catalysis
and thermochemical [4, 5], photocatalysis [6, 7], photo-
electrocatalysis [8], steam reforming [9], gasification [10]

\g
’r @ Springer


http://dx.doi.org/10.1007/s40097-016-0203-4
http://crossmark.crossref.org/dialog/?doi=10.1007/s40097-016-0203-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40097-016-0203-4&amp;domain=pdf

300

J Nanostruct Chem (2016) 6:299-308

and electrolysis [5, 11] are used to produce hydrogen.
Although in the electrochemical studies platinum (Pt) is
known as an excellent electrode for hydrogen generation,
but because of limitation of its resource and its expensive
price we should look for a suitable alternative to Pt [12].
There are several reports which have attempted to reduce
the amount of loaded Pt in the electrode body [13] or
replace it with another catalyst [14—16].

MOFs are synthesis by linking inorganic and organic
units by strong bonds that lead to combined properties of
organic and inorganic porous materials [17-19]. Among
the wide range of available catalysts, MOFs have recently
received noticeable attention owing to their characteristics
such as porosity, specific surface area and adjustable pore
size [20, 21]. Related to hydrogen energy, MOFs have been
mostly used for hydrogen storage [22-25] and there are
some reports in hydrogen generation area with photocat-
alytic method [26-28], and a few reports for electro-
chemical hydrogen generation [29-31].

In this study, a composite of MOF-199 with Pd and
single-walled carbon nanotube (SWCNT) was prepared
(Pd/SWCNTs@ MOF-199), and was applied for electro-
chemical hydrogen generation. Structure and morphology
of the composite were characterized by various techniques,
and its electrochemical hydrogen generation performance
was compared with MOF-199 in CPE.

Experimental
Apparatus and software

The electrochemical impedance measurements were per-
formed with an Autolab potentiostat/galvanostat
(PGSTAT30) equipped with FRA board, also all other
electrochemical studies were done with a p-Autolab type II
potentiostat/galvanostat that the software for both of them
was Nova version 1.7.8. A three electrode cell containing,
Pt rod as the counter electrode, bare or modified CPE as
working electrode and Ag/AgCl (3 M KCl) as the reference
electrode was used. In this paper, for easier comparison
with other reports all potential values are reported vs.
reversible hydrogen electrode (RHE). Teflon cylinder
(3.0 mm i.d.) that was firmly packed with carbon paste was
used as the body of the working electrode. To creation
electrical connect a stainless steel rod inserted into the
carbon paste. All electrochemical experiments were done
at room temperature, also before every experiment the
electrolyte solution was deaerated with high purity nitrogen
gas for at least 10 min.

The MOF structure was investigated between
5° <20 <90° with X-ray diffraction (XRD) instrument
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model of PHILIPS 1830 with a Cu (Ko) radiation source
(A = 1.5418 A).

The catalyst morphology and its elemental analysis was
investigated with a scanning electron microscopy (SEM)
(VEGAWTESCAN-XMU) equipped with energy dispersive
X-ray analysis (EDX).

Thermogravimetric analysis (TGA) was used to deter-
mine the thermal behaviour of MOF-199 and Pd/
SWCNT@MOF-199 using SHIMADZU, TG-50/DTA-50.
The measurements were conducted at 10 °C min~"' from
room temperature.

Nitrogen adsorption—desorption isotherms were mea-
sured at 77 K by a BET instrument model of ASAP™
micromeritics 2020.

Materials and solutions

Graphite fine powder (extra pure with P.S. <50 pm),
paraffin oil (spectroscopic grade, Uvasol®), H;POy4 (85 %),
KCl1 (99.5 %), H,SO4 (98 %), Cu(NO3),-3H,0 (99.5 %),
benzene-1,3,5-tricarboxylic acid (H;BTC, 95 %), PdCl,
(59 % Pd basis) and ethanol (96 %) were obtained from
Merck and were used without furture purifications. The
single walled carbon nanotube (>95 %) was purchased
from Sigma and was treated with nitric acid (5 M) for
15 min. After treatment, the SWCNTs were filtered and
washed with deionised water to remove any remained nitric
acid and impurities. All aqueous solutions were prepared
with deionized water.

MOF-199 synthesis

MOF-199 was synthesized as previously reported [32]. In
brief, 2.3268 g of Cu(NO3),-3H,0 was dissolved in 24 mL
deionized water, and 1.4140 g H3BTC was dissolved in
24 mL ethanol. Both solutions were mixed with magnetic
stirrer and then put into a 100 mL stainless steel autoclave
at 120 °C for 12 h. The product was washed with ethanol
and water, and then put at 70 °C for 30 min, and after this
the resultant was put at 150 °C for 30 min. The final pro-
duct was MOF-199.

Pd/SWCNT synthesis

PdCl, (0.16 g) was dissolved in 5 mL ethanol, 0.10 g of
treated SWCNT was added to the proposed solution, and
was dispersed using ultrasonic bath. After dispersion,
during stirring of the mixture, 1 mL hydrazine was added
dropwise under nitrogen atmosphere. Then the pH was
adjusted to 9 with 1 M NaOH solution. For complete
reduction of palladium the mixture was stirred on the
magnetic stirrer for 2 h at 100 °C. Finally, the precipitate
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was filtered and washed with deionized water and then
dried in oven at 100 °C for 4 h. This product is called Pd/
SWCNT.

Synthesis of PdA/SWCNTs@ MOF-199
nanocomposite

Pd/SWCNTs@MOF-199 nanocomposite was prepared
according to a previously reported procedure for synthesis of
SWCNT@MOF-5 [33]. For this purpose, 2.320 g of
Cu(NOs),-3H,0 was dissolved in 24 mL deionized water,
and 1.414 g H3BTC was dissolved in 24 mL ethanol. Both
solutions were mixed with magnetic stirrer for 20 min. Then
0.100 g of PA/SWCNTs was added to the obtained solution,
and was stirred for about 24 h at room temperature. The
resultant mixture was transferred to autoclave and heated at
120 °C for 12 h. The precipitate was filtered, and washed
with boiling deionized water and acetone. The washed pre-
cipitate was dried in vacuum oven at 100 °C for4 h. The final
product (Pd/SWCNTs@MOF-199 nanocomposite) was
characterized with BET, TGA, XRD, EDX and SEM.

Preparation of bare and modified CPEs

Paraffin oil (as binder) and graphite powder (15:85 wt%)
were mixed with an agate mortar to obtain a carbon
paste. The modified carbon pastes were obtained by
mixing a certain amount of PA/SWCNTs@MOF-199 or
MOF-199 (as modifiers) with binder and graphite. For
preparation of the bare and modified electrodes, the
working electrode cavities with 3 mm diameter were
filled with unmodified and modified pastes. For remov-
ing any holes and improve the conductivity the pastes
were packed on a smooth surface. Before each electro-
chemical measurement the electrode surface was
renewed, polished on a smooth weighing paper, and
washed with deionized water.

Results and discussion

Morphological characterization of Pd/
SWCNTs@MOF-199

Figure 1 shows the SEM images of the MOF-199 and Pd/
SWCNT@MOF-199. Figure 1a shows that the synthesized
MOF-199 has a regular octahedral structure. Figure 1b
shows the MOF-199 after modification with Pd/SWCNT,
in which the carbon nanotubes on the octahedral shaped
MOF-199 is clearly observed.

For a more exact examination, the EDX analysis of Pd/
SWCNT@MOF-199 was also performed. Figure 2 shows
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Fig. 1 SEM images of MOF-199 (a), and Pd/SWCNTs@MOF-199
nanocomposite (b)

the EDX analysis for PA/SWCNT@MOF-199. In this
experiment the presence of Cu and Pd is confirmed. As
shown in this figure, the week peaks observed in the EDX
spectrum between 2 and 3 keV are related to Pd L, and Pd
Lg, which reveals the loaded Pd in the composite is low. In
relation to EDX analysis data the Pd and Cu wt% are 17.62
and 0.98 %, respectively. According to the Pd:Cu mole
ratio in the feed (about 1:27) and according to EDX anal-
ysis (about 1:30) it could be concluded that this ratio is
almost constant after composite synthesis. The Au peaks
are related to gold coating for the sample preparation
before taking SEM images and it is not an impurity in the
composite.

* @ Springer



302

J Nanostruct Chem (2016) 6:299-308

Fig. 2 EDX analysis of the Pd/ 13000
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X-ray diffraction (XRD) characterization
of nanocomposite

The X-ray diffraction pattern of the MOF-199 is illustrated
in Fig. 3A. The peaks between 10° and 20° are related to
cubic crystalline structure of MOF-199, which is consistent
with previous reports [34]. The peaks at 37° and 43° are
related to Cu,O impurities, but their intensities are very
low related to main peaks of the MOF-199, which confirm
that the purity of the MOF is reasonable. Figure 3B shows
the XRD pattern of the PA/SWCNT@MOF-199. In this
pattern the main peak of Cuz(BTC), at 11.68° corresponds
to plane (2 2 2) reflection is not changed after modification,
which indicates that the crystal structure of MOF-199 after
modification has not changed. The peaks at 40.2° and 46.5°
with the relative intensity of 10-15 % are related to the
reflection of cubic unit cells of Pd.

Thermogravimetric analysis

Thermal stability of MOF-199 in the air atmosphere was
analysed with thermal gravimetric analysis (TGA). Figure 4a
illustrates that this compound is stable up to 300 °C. The weight
loss is observed in two stages. The first stage (25-240 °C) is
related to removal of water molecules from pores, and the
solvent molecules trapped in the MOF structure during syn-
thesis. In this stage a 22.15 % weight loss was observed. At the
second stage degradation of OH groups and portion of organic
frameworks at 300-350 °C occurred, which is responsible for a
46.50 % weight loss. Copper oxides are probably the final
remaining products at higher temperatures. Figure 4b shows
the TGA diagram for the Pd/SWCNT@MOF-199. As
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illustrated in this figure the thermal stability of the composite is
slightly better than MOF-199, which may be due to the presence
of hydrophobic carbon nanotubes in its structure.

Determination of nitrogen adsorption—desorption
isotherms

Figure 5a shows the N, adsorption—desorption isotherm of
MOF-199, which according to IUPAC classification corre-
sponds to type I isotherm. This isotherm indicates that the
available porosity is in micrometer dimensions. Achieving to
level off conditions and saturation at relatively low pressures
emphasizes that the sample is microporous. At partial pres-
sures near 1 atm some increase in adsorption is observed,
which is related to accumulation of the existing porosities in
the framework at relatively high pressures. Initial filling of
porosities at low pressures in logarithmic scales represents
that the porosities are small and there is an effective inter-
action between MOF and N,. In addition, negligible hys-
teresis loop in adsorption/desorption isotherm shows that
most of holes are in the microporous range.

Figure 5b shows the N, adsorption—desorption isotherm
of PA/SWCNT@MOF-199. Results show that MOF modi-
fication with Pd does not change the microporous structure of
MOF, but as expected the surface area is slightly decreased.
Table 1 summarizes the results of these experiments.

Electrochemical hydrogen evolution reaction on Pd/
SWCNTs@MOF-199 modified CPE

Electrochemical studies showed that PA/SWCNTs@ MOF-
199 is a good electrocatalyst for HER. Therefore, for
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Fig. 3 XRD pattern of MOF-199 (A) and Pd/SWCNT@MOF-199
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Fig. 4 TGA thermograms of
MOF-199 (solid line), and Pd/
SWCNT@MOF-199 (dashed line)
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Fig. 5 Adsorption-desorption analysis at 77 K for MOF-199 (a), and
Pd/SWCNT@MOF-199 (b)

A Table 1 The structure data of the pores for MOF-199 and Pd/
SWCNT@MOF-199 with adsorption—desorption analysis

90

Sample Vo d spacing ABgT
(em’ g™  (nm) (m* g™
MOF-199 0.573 1.67 1370.0
Pd/SWCNTs@MOF-199 0.555 1.98 1125.8
50 100 150 200 250 300 350 400 450 500

Temperature (°C)
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further study, some important parameters including elec-
trocatalyst amounts in the electrode composition, paraffin
binder and electrolyte pH were optimized.
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Fig. 6 The effect of catalyst amount on the HER performance. At
each composition 20 successive CVs were applied and the j value at
the last cycle was measured at —1 V (scan rate 100 mV s, 15 %
binder and 2 M sulphuric acid as supporting electrolyte, each point is
the average of 3—5 measurements)
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Fig. 7 The effect of oil binder amount on the HER performance. At
each composition 20 successive CVs were applied and j at the last
cycle was measured at —1 V (scan rate 100 mV s™', 30 % catalyst
and 2 M sulphuric acid as supporting electrolyte, each point is the
average of 3 or 5 measurements)

The catalyst amount

For optimization of the catalyst amount, various percentages
of PA/SWCNTs@MOF-199 were added to the paste com-
position, while the paraffin percent was kept constant at
15 %. At these compositions 20 successive cyclic voltam-
mograms (CVs) with the scan rate of 100 mV s™' at the
potential range of 1.2to —1 V were applied on the electrodes
in 2 M sulphuric acid solution. At potential of —1 V the
current density of the HER (j), which could be interpreted as
the hydrogen production rate, was measured. The result of
this study is summarized in Fig. 6. According to Fig. 6 it is
obvious that the j value increasing is a direct consequence of
increasing amount of catalyst. However, for catalyst
amounts greater than 30 % the paste consolidation
decreased, so 30 % was used for the rest of experiments.

Optimization of the paraffin binder amount

The conductivity and active surface area of the electrode
can be affected by the amount of paraffin which is a non-
conductive binder. According to this fact, the amount of
binder was changed, while the catalyst percentage was kept
at 30 % and the electrolyte was 2 M sulphuric acid, and the
HER was investigated by applying 20 successive CVs on
the electrode surface with the scan rate of 100 mV s~ in
the potential range of 1.2 to —1 V. Figure 7 illustrates the
plot of j at 1 V vs. paraffin oil percent under the mentioned
conditions. Figure 7 clearly demonstrates that when the
amount of binder is decreased, it favorably affected on the
performance of the HER which can be related to the
increase in electrode conductivity. Amounts lower than
12 % were not used, because at these compositions the
paste consolidation was very poor.

pH effect

The effect of pH on HER efficiency on the Pd/
SWCNTs@MOF-199-CPE~ was studied in 0.1 M

Fig. 8 The effect of supporting 700 A
electrolyte pH on the HER
performance for PA/SWCNTs@ 600
MOF-199-CPE. At each 500 4
solution 20 successive CVs -
were applied and j at the last Q‘E 400 -
cycle was measured at —1 V. <
(scan rate 100 mV s~ ', 30 % E 300 A
catalyst and 15 % Oil, each = 200 4
point is the average of 3 or 4
measurements) 100 A
o J P I e N e N s .
5 7 9 11 1MH2S04 2MH,S04
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Fig. 9 Chronoamperometry on CPE (a), MOF-199-CPE (b) and Pd/
SWCNTs@MOF-199-CPE (¢) in 2 M H,SO, with —0.6 V applied
potential

phosphate buffer (pH =5, 7, 9 and 11) and 1 and 2 M
sulphuric acid solutions. The results of these experiments
are illustrated in Fig. 8. By increasing the hydronium
concentration, the current of hydrogen production increa-
ses, therefore, in this study the largest j was observed in
2 M sulphuric acid solution, so this solution was selected
for the rest of experiments. More concentrated sulphuric
acid, or other types of strong acids such as HNO; and HCl
were not used because of their corrosive effects.

Chronoamperometry study

The electrode response stability was evaluated with
chronoamperometry technique. In this experiment a con-
stant potential (—0.6 V) was applied on CPE, MOF-199-
CPE and Pd/SWCNTs@MOF-199-CPE under optimal
conditions (Fig. 9). According to this figure the highest
j for HER is observed for PA/SWCNTs@MOF-199-CPE.
Also the results of modified electrodes show that j does not
decrease, but increases with time, and compare to CPE the
current densities of HER on modified electrodes are con-
siderably greater.

EIS studies

In this study before and after applying 20 successive CVs
on the CPE, MOF-199-CPE and Pd/SWCNTs@MOF-199-
CPE, the EIS test was done in 2 M H,SO, in the frequency
range of 5 x 1072 to 1 x 10° Hz and at —0.25 V DC
potential. Figure 10 shows that after applying CVs the
wave height in the Bode plots, which is related to charge
transfer resistance (R.), decreases. This observation con-
firms that successive CVs improve the rate of electron
transfer. This improvement may be due to the activation of
SWCNT and graphite surface.

>
=)

log Z(Q)
w
f)

log f (Hz)

logZ(Q)

log Z(Q)

0 Il Il 1 J
2 0 2

log f (Hz)

Fig. 10 Bode plots in 0.1 M KClI containing 10 mM K;Fe(CN)g in
the frequency range of 5 x 1072 to 1 x 10> Hz before (a) and after
(b) applying 20 successive CVs in the HER process for CPE (a),
MOF-199-CPE (b), and Pd/SWCNTs@MOF-199-CPE (c)

Steady-state polarization curves for HER at bare
and modified CPEs

To evaluate electrocatalytic activities of CPE and modified
CPEs, steady-state polarization curves for HER at elec-
trodes were measured by linear sweep voltammetry (LSV)
at a very low scan rate (1 mV sh (Fig. 11). There is a
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Fig. 11 LSV on CPE (¢, &), MOF-199-CPE (b, b') and Pd/
SWCNTs@MOF-199-CPE (c, ¢’) in 2 M H,SO, with the scan rate
of 1 mV s~" before and after (') applying 20 successive CVs in 2 M
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H,SO,. The right panel is the magnification of the LSVs after
applying CVs for better vision of the HER onset potential

Table 2 Tafel slopes (b),

—1 . -2
exchange current densities (j,) Electrode b (mV decade™ ') Jjo (mA cm™") o
and transfer coefficients (o) for Before After Before After Before  After
HER at CPE, MOF-199-CPE
and Pd/SWCNTs@MOF-199- CPE 147 185 641 x 107°  6.09 x 107> 0.40 0.32
CPE MOF-199-CPE 135 164 948 x 107> 5589 x 107* 036 0.44
Pd/SWCNTs@ MOF-199-CPE 172 208 973 x 107*  1.19 x 107! 0.34 0.28

linear relation between 5 and log j under steady-state
condition and large cathodic overpotential (7), (Tafel
equation),

23RT 23RT
"= "aF oF

where R is the ideal gas constant (8.314 J mol™' K™, j,
is the exchange current density, 7 is the absolute temper-
ature and F is the Faraday constant. For these three elec-
trodes the values of Tafel slope (b), j, and transfer
coefficient («) are summarized in Table 2.

The value of j, increases for all three electrodes after
applying CVs, which confirms again that the applied CVs
improve the electron transfer rate (or decreases R). The j,
values are in this order: Pd/SWCNTs@MOF-199-
CPE > MOF-199-CPE > CPE. In right panel of the
Fig. 11, the LSVs after applying CVs are magnified.
According to these LSVs it is obvious that the lowest onset
potential is for Pd/SWCNTs@MOF-199-CPE (about 0 V
vs. RHE).

logj, — logj (Tafel equation),
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The results obtained from polarization and EIS studies
both showed that the PA/SWCNTs@MOF-199-CPE has the
best performance related to CPE and MOF-199-CPE. The
reason of this observation may be related to the presence of
Pd and SWCNT in the composite structure. There are
several reports which have used Pd as a catalyst for elec-
trochemical hydrogen production [35, 36], but this metal is
expensive, therefore, in this work the loaded Pd on the
catalyst is low. Also there are some reports which have
used carbon nanotubes in the electrode composition for
electrochemical HER [37-39]. In addition, there are sev-
eral reports which have applied the MOF [22-25], Pd
[40, 41] and SWCNT [37, 38] as adsorbent for hydrogen,
and one of the famous mechanisms for electrochemical
HER in acidic media is based on hydrogen adsorption on
the electrode surface in the rate determining step (Volmer
reaction) [42]. Therefore, these materials by improving
hydrogen adsorption can facilitate the HER progress.

In comparison with the first report for electrochemical
HER with polyoxometalate-based metal organic
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frameworks (POMOFs) [29], although the onset potential is
relatively higher, but it seems that the j value for the pro-
posed electrode is greater. Also compared to two recently
published reports for electrochemical HER on MOF-5
modified CPE [31] and Ni-based MOF modified GCE [30],
the proposed modified CPE electrode has better current
densities or onset potential for HER.

Conclusion

In this study, a nanocomposite of MOF-199 with SWCNT
and Pd was synthesized and its characteristics was evalu-
ated by XRD, BET, TGA and SEM. According to the rare
reports for application of MOFs in electrochemical
hydrogen generation, the performance of this composite as
an electrocatalyst in CPE was studied, and some important
parameters were optimized. The results show that this
modifier has a good performance for HER, which com-
pared to MOF-199 and bare CPE has the best performance.
Also electrochemical studies showed that applying suc-
cessive CVs or a constant potential on the electrodes sur-
face does not decrease the electrode performance, but
improves the electrocatalytic properties.
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