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Abstract

The selectivity of catalyst is an essential factor in direct methanol fuel cells (DMFCs) and plays an important role to improve their performance.
To this end, platinum (Pt)-based low-cost trimetallic catalysts have been developed. The catalyst comprising ultra-low Pt-decorated NiCu
bimetallic alloys nanoparticles fabricated on reduced graphene oxide (rGO). The series of Pt-NiCu/rGO nanocomposites were synthesized
with different compositions to obtain the optimal conditioned material. The electrochemical results showed good performance for the
electro-oxidation of methanol at anodic end of DMFCs. These outcomes opened up a broad avenue for developing lower cost-active catalysts

with better performance for DMFCs.

Introduction
Renewable energy devices attracted huge attention to overcome
the depletion of fossil fuels and mitigate the faced energy chal-
lenges for present and upcoming human societies. Among
those, direct methanol fuel cells (DMFCs) are one of them to
produce clean energy with environmentally safe nature.
Plenty of work had been done to improve the DMFCs anodes
for achieving enhanced and durable performance.!'* The plat-
inum (Pt) or Pt-based catalysts were extensively used as anode
materials for electro-oxidation of methanol in DMFCs.™! Later
on, due to the poisoning and degradation issues of monometal-
lic Pt, other noble metals were incorporated with Pt to develop
bimetallic or trimetallic electrocatalysts with enhanced perfor-
mance.™*>! These strategies also faced challenges, as the cata-
lysts cannot balance the overall cost of DMFCs at industrial
levels, where the reason is that the high cost and the low-
abundant noble metals are unable to resolve these problems. !
In particular, the past research also proved that the dispersion of
active catalysts on conductive support materials is also impor-
tant to obtain maximum performance of the whole catalyst
materials, such as on carbon black, carbon nanotubes, and
reduced graphene oxide (rGO). Hence, the rGO can be widely
used as a promising candidate among them, to fabricate the
metallic catalysts in DMFCs, due to its unique properties,
i.e., the enhanced mechanical and electronic properties.”-*!
Earth-abundant transition metals remained an auspicious
choice to use in a combination with precious metals to over-
come the cost effects in large-scale industries. In a family of
transition metals, nickel (Ni)*'? incorporated with other

noble and non-noble metals such as Pt, palladium (Pd)!'''?
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copper (Cu),!'* manganese!'*! as electrocatalysts is considered

as a promising approach. These transition metals favorably
work for chemisorptions of methanol owing similar behavior
related to noble metals. The major concerns for enhanced meth-
anol oxidation reactions (MOR) consist of adsorption of metha-
nol molecules and their conversion into active intermediates,
simultaneous dissociation of water molecules to mitigate the car-
bon monoxide (CO) poisoning issue during MOR.!' '~ The ele-
ments like Cu can facilitate the adsorption of methanol molecules
similarly as Pt/Pd and their oxidation into active intermediates.!' )
Whereas, the presence of Ni can highly promote the Ru- and
Pd-like behavior for dissociation of water molecules and produce
—OH,q species to react with adjacent —CO, 4 present at Pt-active
sites.”'” This so-called bi-functional mechanism can highly
enhance the performance of catalysts. Herewith, the faced
crucial challenges in DMFCs field have been considered, such
as the cost and the performance for developing active anode cat-
alysts. For the very first time, we have introduced a unique
nanocomposite-like material with relatively lower cost,
enhanced, and durable activity for MOR. The bimetallic alloys
of NiCu were synthesized on three-dimensional conductive car-
bon base rGO support material; afterwards, the ultra-low decora-
tion of Pt nanoparticles (NPs) were drawn on pre-synthesized
NiCu/rGO material to develop Pt-NiCu/rGO nanocomposite
following wet-chemical method, as anode catalyst for DMFCs.

Experimental

Reagents

NiCl,.6H,0, CuCl,.2H,0, cetyltrimethylammonium bromide
(CTAB), sodium borohydride (NaBH,), H,PtClg, ascorbic
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acid, CH;OH (99.9%) was purchased from J.T. Baker, and
potassium hydroxide (KOH). All reagents were of analytical-
reagent grade.

Characterizations

The crystallographic structure, morphology, and element com-
positions of the synthesized catalyst were studied by scanning
electron microscopy (SEM), x-ray diffraction (XRD), FTIR,
thermal gravimetric analysis (TGA), and x-ray photoelectron
spectroscopy (XPS). The XRD patterns of the samples were
collected on a Rigaku/Max-3A x-ray diffractometer with
Cu K, radiation (A = 1.54178 A); the operation voltage and cur-
rent were maintained at 40 kV and 200 mA, respectively. The
XPS was performed at a Perkin-Elmer RBD upgraded
PHI-5000C ESCA system.

Synthesis procedure for NiCu/rGO bimetallic
alloys

In the first step, disperse 0.5 mL of graphene oxide solution in
2 mL of distilled water or Mili-Q water. Dissolve 0.237 g of
NiCl,.6H,0 and 0.170 g of CuCl,.2H,0 in 2.5 mL of distilled
water or Mili-Q water. Mix both the above solutions together
with continuous stirring and then add 0.1 g of CTAB in this
solution. After some time, add NaBH, (0.010 g of NaBH, in
1.5 mL water). With continuous stirring of solution as the
color of solution turns black, stop the reaction. Then centrifuge
the solution mixture and wash the residue with water and etha-
nol three times. After washing, place the residue in vacuumed
oven for drying at 60°C.

Synthesis procedure for Pt-NiCu/rGO
bimetallic alloys

In the second step, disperse 0.5 mg of pre-synthesized NiCu/
rGO in 2 mL of distilled water or Mili-Q water. Then add
0.5 mL of 10 mM H,PtCl in it, then mix the above solution
with continuous stirring and heat it up to 80°C then add
80 uL of ascorbic acid with continuous stirring and heating
for 30 min. Then centrifuge the solution mixture and wash
the residue with water and ethanol three times. After washing,
place the residue in vacuumed oven for drying at 60°C.

Electrochemical measurements

Before each electrochemical experiment, a glassy carbon elec-
trode (0.196 cm? geometric surface are) was first polished with
alumina slurries (Al,O3, 0.05 mm) on a polishing cloth to
obtain a mirror finish, followed by sonication in 0.1 M
HNOs3, 0.1 MH,SO,, and pure water for 10 min, successively.
To prepare a catalyst supported working electrode, 10 uL of
2 mg/mL suspension in ethanol was drop-coated on the pol-
ished electrode surface by a micro liter syringe, with a catalyst
loading of 0.1 mg/cm?, followed by drying in vacuum at room
temperature. Afterwards, the catalyst was covered with a thin
layer of Nafion (0.1 wt.% in water, 5 puL) to ensure that the cat-
alyst was tightly attached to the electrode surface during the
electrochemical measurements. Voltammetry measurements

were carried out with a Gamry electrochemical workstation.
The electrode prepared above was used as the working elec-
trode. The Ag/AgCl (in 3 M KCl, aq.) combination, isolated
in a double junction chamber, and a Pt coil were used as the ref-
erence and counter electrodes, respectively. All the measure-
ments were performed in electrochemical experiments with
respect to the standard values of reversible hydrogen electrode.
Electrochemical experimental work was done by potential
cycling methods for MOR studies in 0.1 M KOH+1M
CH;OH solution with N, purging at a scan rate of 50 mV/s'.

Results and discussion
A combined wet-chemical and dry chemistry method have been
adopted to develop a highly efficient and active catalyst for
electro-oxidation of methanol in DMFCs. In the first step of
synthesis, CTAB capping agent was used to control the size
and spherical geometry of as-synthesized composite material
on the surface of rGO support. Bimetallic alloys of earth-
abundant metals, NiCu, were successfully incorporated on
rGO following the ultra-low fabrication of Pt NPs on NiCu
alloys in the second step via wet-chemical method. As it is
also documented that the capping agent is not favorable for elec-
trocatalytic performance of materials, in order to remove the
CTAB from catalyst surface, the Pt-NiCu/rGO catalysts were
experienced through pyrolysis at about 250°C. In the present
work, the series of electrocatalysts was synthesized and atomic
composition among NiCu bimetallic alloys was tuned and pre-
sented as Ni;Cus, Ni;Cuy, and Ni;Cu;; afterwards, the equal
ultra-low loadings of 2 wt.% of Pt was fabricated on all these
catalysts, forming the finally presented Pt-Ni;Cus/rGO,
Pt-Ni;Cu;/rGO, and Pt-Ni;Cu;/rGO nanocomposites. The real
Ni, Cu, and Pt loadings in all Pt-NiCu/rGO catalysts were
also analyzed by ICP-MS analysis to evaluate the difference
between actual and nominal metal loadings. Whereas, the actual
loadings are evaluated by ICP-MS analysis and the nominal
loadings represent the values assumed and were used during
the synthesis of catalysts. These measurements also confirm
the 1:3, 1:1, and 3:1 compositions of Ni:Cu, respectively, in
all the catalysts. The detailed Ni, Cu, and Pt molar and weight
percentage (wt.%) measurements for all the catalysts are pro-
vided in Table S1. The aim of the present work was mainly
focused on the synthesis of highly active, durable, and lower
cost material as anode catalyst for DMFCs. In line with the
aim, we only tuned the compositions of cheap transition metals
to obtain the maximum performance of catalyst and decorated
with a fixed amount of 2 wt.% Pt NPs. Whereas, the ultra-low
loadings of Pt in the present work can be defined as, in the pre-
vious studies the fuel cells electrocatalysts have been developed
up to 20 wt.%.['>'% Herein, we have been successful for devel-
oping an electrocatalyst for DMFCs with nearly roughly compa-
rable enhanced performance of catalysts in the literature.!'”)
The SEM was implied for morphology and structural anal-
ysis of the above synthesized nanocomposite materials,
shown in Fig. 1(a). The SEM images show sucessful synthesis
of nanocomposites on the surface of rGO; the spots of these
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Figure 1. (2) SEM image of Pt-Ni;Cu3/rGO catalyst with red-dotted circles representing Pt-Ni;Cuz nanocomposites on the surface of rGO. (b) Overlay image of
elemental mapping of all the elements included in Pt-Ni;Cus/rGO catalyst for the selected area of SEM micrograph. (c) EDX spectrum with signatures of all the
elements included in Pt-Ni;Cus/rGO catalyst for the selected area of SEM micrograph. (d—f) Individual images of elemental mapping of all the elements, such as

Cu, Ni, and Pt, respectively, included in Pt-Ni;Cus/rGO catalyst.

nanocomposites encircled with red-dotted lines in the figure to
show their presence. The disperssion of each metal inside the
nanocomposite material was further investigated by elemental
mapping characterizations. As shown in Fig. 1(b), the overlay
pattern of selected area element mapping [from Fig. 1(a)] all
the elements such as Ni, Cu, and Pt spots is uniformly inter-
mixed to constitute the composite structure. The energy-
dispersive x-ray (EDX) result of corresponding elemental
mapping area showed visible signatures of each contributing
element, as shown in Fig. 1(c). The individual element
mapping micrograph of highly active electrocatalyst strongly
supporting the stated claim that Cu is in higher proportions
than that of Ni in Pt-Ni;Cus/rGO catalyst [see Figs 1(d) and
1(e)], whereas, the ultra-low Pt loadings are also strongly
defended by rare Pt spots shown in Pt elemental mapping
micrograph [see Fig. 1(f)]. Furthermore, the uniform dispersion
of individual element inside nanocomposite exhibited by
element mapping is also giving the proof of intimate contact
of as-synthesized nanocomposite onto rGO support material.
The crystalline structural testing of prepared nanocompo-
sites was carried out by XRD patterns. Figure 2(a) shows the
characteristic reflections of Pt peaks of a polycrystalline face-
centered cubic (fcc) structure indexed to Pt (JCPDS, card no
04-0802) along with!'® fcc crystalline Ni corresponds to the
planes (111), (200), and (220) at 26 values of about 44.048°,
51.319°, and 75.683° respectively, intermixed with Cu peaks
at the roughly nearly regions as in-line with the literature.!'"]
The slight shift in the diffraction peaks designated for Cu indi-
cates that the Ni particles have incorporated into the Cu lattice
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resulting the formation of an alloy between Ni and Cu.'”) As
shown in Fig. 2(a), the characteristic peaks of Cu (111) are neg-
atively shifting toward lower 6 values and Cu (220) are shifting
toward Ni (220) forming the bimetallic geometries. These shifts
in peaks are also presented with dotted lines inside the XRD
spectra, where the shifting of peaks can be ascribed by peak
intensities and as well the location of peaks.**?!'! The XRD
patterns also show the characteristic peaks of (002) planes of
the graphite-like structure at 260=25.374° that came from
GO support material.**** To compare the apparent difference
in XRD pattern before and after the decoration of Pt entities, the
XRD results for NiCu alloys with and without Pt NPs are
shown in Fig. 2(b). These results are clearly showing the reduc-
tion of Pt NPs on NiCu alloys along with the fcc lattice of these
alloys forming a composite material consisting of three
elements sharing the lattice.

FTIR analysis was performed to investigate and confirm the
reduction of oxygenated/oxygen-containing groups on the sur-
face of GO after the fabrication of metallic nanocomposite on
its surface; these fabrications of Pt-NiCu on GO also lead to
its reduction into rGO. Figure 2(c) shows a typical FTIR behav-
ior of the whole prepared series of Pt-NiCu catalysts on rGO.
Whereas, the precise analysis of oxygenated groups reduction
could be seen in Fig. 2(d); these results provide information
about the effective reduction of GO in to rGO after the incorpo-
ration of nanocomposites on graphene oxide surface leading to
the synthesis of Pt-NiCu/rGO. The two peaks with intensity at
1734 and 1050/cm correspond to the C=0O and C—O—C bonds,
which are reduced for Pt-Ni;Cus/rGO catalyst. Similarly, the
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Figure 2 (a) XRD spectra of all the prepared catalysts in a series, (b) XRD spectra of Pt-Ni;Cus/rGO in comparison with Ni;Cus/rGO, (c) FTIR spectra of all the
prepared catalysts in a series, (d) XRD spectra of Pt-Ni;Cuz/rGO in comparison with Ni;Cus/rGO and GO, (e) TGA curves of all the prepared catalysts in a series,

and (f) TGA curves of Pt-Ni;Cuz/rGO in comparison with Ni;Cuz/rGO.

broad peak at about 3300/cm correspond to —OH, predicting to
be vanished as after Pt-NiCu fabrication on GO and showing
the as-required reduction of GO into rGO at the sites with an
intimate supported nanocomposites onto them. TGA was also
performed under air atmosphere for all the catalyst materials
and also compared with the TGA behavior before and after
the Pt NPs fabrication on NiCu alloys for more confirmation
about incorporation of nanocomposite material and decoration
of Pt NPs with NiCu alloys in a Pt-Ni;Cu;/rGO catalyst. The
TGA trends are presented in Fig. 2(e), showing the consistent

weight loss in a linear relation for the whole series of
Pt-NiCu/rGO materials. In contrast, the weight loss behavior
is visibly very different between NiCu/rGO and Pt-NiCu/rGO
due to the presence of Pt NPs on NiCu surface; the successfully
reduced Pt NPs on bimetallic NiCu alloys surface made them
stable and heat resistant up to an extent of 500°C, afterwards,
stabilizing the nanocomposite material via protecting the
outer surface of nanocomposites [see Fig. 2(f)].

The XPS analysis was also done to confirm the reduction of
metallic species such as Pt, Cu, and Ni in the nanocomposite
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Figure 3. XPS analysis of Pt-Ni;Cua/rGO catalyst, (a) high-resolution C1s spectrum of carbon, (b) high-resolution Cu2p spectrum of copper, (c) high-resolution
Ni2p spectrum of nickel, and (d) high-resolution Pt4f spectrum of copper platinum.

and also to investigate the characteristic surface oxidations. In
addition, the presence of rGO as support material was also
strongly verified by XPS spectra of high-resolution Cls scan
[see Fig. 3(a)]. The Cls scan displaying a major peak domain
at about 284.7 eV correspond to the C—C groups, showing
that C—C groups are dominated over other minor proportions
of domains nearly about 286.1 and 288.0 eV, which correspond
to C—0O and C=0 functionalities. These results verified the pres-
ence of 1GO in Pt-Ni,Cus/rGO catalyst.?*! The signatory peaks
of Cu were found at 934.18 and 953.36 eV, whereas the broad-
ening of these region indicates the presence of Cu'" and Cu*",
and the presence of higher proportion peak area ascribed to Cu?
" coinciding mainly at 934.18 and 953.36 eV is a further evi-
dence on forming Cu®" in nanocomposite material [see Fig. 3
(5)].2%1 The split orbit peaks of Ni 2p3, and Ni 2p;, at
853.80 and 870.66 eV, respectively, were formed in a mixed
form on the surface of catalyst. Whereas, the presence of satel-
lite shakeup peaks indicates the two oxidation states of Ni, such
as Ni” and Ni*", existing [see Fig. 3(c)].**) However, the Pt 4f
high-resolution spectrum consists two major domains related to
4fs,, and 415, with corresponding binding energies of 74.6 and
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71.8 eV, respectively, with an asymmetric nature. This XPS
behavior revealed the metallic Pt® oxidation state of Pt, in the
form of Pt NPs decorated on NiCu alloys in a composite mate-
rial [see Fig. 3(d)].['™

The electrocatalytic anodic behavior for DMFCs of all the
prepared materials was carried out by electro-oxidation of
methanol in basic medium by potential cycling method. The
CV curves for MOR suggest oxidation of methanol by all the
catalysts. In order to isolate the obtained current from methanol
oxidation, the cyclic voltammogram was also taken in the
absence of methanol in the same base medium and protocol.
As the composition of ultra-low Pt remained same in all the cat-
alysts to control the cost of material and NiCu compositions
were tuned to get optimal performance catalyst, hence, obtained
current from methanol electro-oxidation was expressed in terms
of current densities derived from geometric surface areas. The
role of Pt interactions with different compositions of NiCu
was also expressed by presenting mass activities via current
densities derived from mass loadings of Pt for all the catalysts.

As shown in Figs 4(a)—4(c), the oxidation of methanol hap-
pened with two characteristic anodic peaks at about after —0.40
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Figure 4. Electrochemical CV results taken in the presence and absence of methanolin 0.1 M KOH and 0.1 M KOH + 1 M CH30H, respectively, for the analysis of
electrocatalytic MOR performance of (a) Pt-Ni;Cus/rGO catalyst, (b) Pt-Ni;Cu4/rGO catalyst, (c) Pt-NizCu+/rGO catalyst, (d) onset potential of electrocatalytic
MOR curves for all the prepared catalysts, (e) peak current density in terms of both specific activities and mass activities for all the prepared catalysts, (f)
accelerated durability test results for Pt-Ni;Cus/rGO catalyst with first and 1000th cycle of MOR activities. Inset: The chronoamperometry results for Pt-Ni;Cua/
rGO catalyst in the same environment and medium at a constant potential of —0.45 V versus Ag/AgCl also exhibit the long-time stability in the obtained current

value.

and —0.25 V. According to the chemistry of present materials,
the first peak ascribed mainly to the methanol electro-oxidation.
Herein, the methanol molecules are adsorbed on the surface of
active Pt and Cu alliance sites,*”! whereas, the simultaneous
dissociation of water molecules proceeded on nearby Ni sites.
This phenomenon processed the oxidation of methanol at
lower potential values to produce the final product CO,.1**]
Afterwards, the second MOR peak may ascribe with the phe-
nomenon, i.e., the Pt-active sites also become blocked by
CO,qs species that appeared during MOR. These blocked Pt
sites are further unblocked by the presence of adjacent OH, 4,
species produced during dissociation of water molecules. The
reactions between CO,4s and OH,4s produce the final product
CO, within MOR electrocatalysis.!?*"]

The performance of methanol oxidation electrocatalysts can
be screened out by two major factors, such as onset potential
and current densities. Therefore, we have presented a precise
analysis of MOR activities by both of these parameters. The
onset potential of MOR significantly moved to the lower poten-
tial values in case of Pt-Ni;Cus/rGO [see Fig. 4(d)]. Similarly,
the current density values showed increasing trends as
Pt-Ni3Cu;/rGO<Pt-Ni; Cu;/rGO<Pt-Ni; Cu3/rGO [see Fig. 4
(e)]. These can be explained as, in bimetallic alloys of NiCu,
Cu is mainly considered to be taking part in the oxidation of
methanol molecules as an alliance form along with both Pt
and Ni and it can also adsorb methanol molecules for their

chemisorptions. Whereas, Ni is associated with dual factors,
i.e. methanol chemisorptions and dissociation of water mole-
cules.?”') Therefore, decreasing the composition of Ni in
bimetallic alloys positively enhanced methanol electro-
oxidation. The strong Pt and Cu interactions mainly adsorb
the methanol molecules and their intermediate species on
their active sites for getting quick and higher oxidation of meth-
anol following the so-called bi-functional mechanism.** The
low-content of Pt compensated by the presence of higher pro-
portion of Cu and highly conductive rGO support lead to
smooth six electrons transfer phenomenon for successful meth-
anol oxidation. Moreover, the comparison of methanol electro-
oxidation with a without Pt loading has also been derived and
the results proved enhanced performance of NiCu bimetallic
alloys after low-content decoration of Pt NPs in association
with both the metals (see Fig. S1).

The durable nature of an electrocatalyst is another important
and key parameter for their applications in practical fuel cells.
Herewith, to evaluate the durability of catalyst, accelerated
durability tests (ADTs) was also run in the same medium and
environment for MOR, by applying a cyclic potential sweep
at a scan rate of 100 mV/s up to 1000 cycles. The catalyst
Pt-Ni;Cuz/rGO with higher activity experienced a loss of
approximately 1.2% with respect to its highest current density
values after 1000 cycles [see Fig. 4(f)]. This ADTs result
along with electrocatalytic MOR suggests enhanced and
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durable performance of Pt-Ni; Cus/rGO catalyst for its practical
applications in DMFCs at the anodic end. Moreover, the stabil-
ity and durability in the obtained current value were also tested
by chronoamperometry analysis at a constant potential value.
The obtained current has shown stability in its nature and has
shown superior performance than already reported results
with higher loadings of Pt in methanol electro-oxidation cata-
lysts.l'®2%3%1 Hence, enhanced and durable MOR activities
attributed to the mutual presence and electrons transference
among NiCu alloys with low-content Pt NPs dispersed on
rGO support constituting overall low-cost anode catalyst for
DMECs.

Conclusions

In conclusions, for the first time, we have developed relatively
active and economically low-cost anode catalysts for the appli-
cations of DMFCs. Earth-abundant elements with superior elec-
trocatalytic behavior replaced un-abundant or precious metals
with satisfactory performances. Lower cost NiCu bimetallic
alloys with tuned compositions were successfully synthesized,
leading to the decoration of low-content Pt NPs on NiCu bime-
tallic alloys. These Pt-NiCu nanocomposites were highly dis-
persed on the surface of rGO and characterized by means of
several important physical characterizations to confirm the suc-
cessful synthesis of as-designed materials. The characteristic
results from structural and crystallite analysis revealed intimate
contact among elements in nanocomposite material and as well
with conductive support. These features strongly favor the
mutual transference of electrons from support to the nanocom-
posite and among the composite members to facilitate enhanced
electrocatalysis on their surfaces. The prepared catalyst materi-
als were tested for the electro-oxidation of methanol in basic
medium and shown highly active and durable performance for
MOR. These facile strategies may open up green routes for
developing lower cost electrocatalysts materials and can replace
or minimize the consumption of un-abundant or precious metals
with alternative earth-abundant elements in the field of renew-
able and sustainable energy applications.
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