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Abstract: Direct liquid fuel cells are the energy conversion devices which utilize formate and methanol as the fuels. These 

systems are alleviated from the problem of H2 transport and storage, making them highly desirable for various practical 

applications. However, the low stability and activity of the carbon supported catalysts such as Pt/C both in the anode and 

cathode is a critical hindering factor towards their further development. As a practical solution to overcome this issue, in 

this work, we are reporting on the development of phosphorus-doped palladium (PdP) nanoparticle-supported tungsten 

oxide (WO3) nanorods (PdP/WO3) as a versatile multifunctional catalyst for facilitating the oxidation of formate and 

methanol in the anode and oxygen reduction reaction (ORR) in the cathode. Strong metal-support interactions and 

electronic modifications incurred by the doped phosphorus help this system to achieve desirable property characteristics to 

enable it to effectively function both for the anode and cathode applications. PdP/WO3 showed 16-times higher mass activity 

compared to Pt/C even after 3000 start/stop cycles for ORR. For formate and methanol oxidation, PdP/WO3 exhibited 

current densities of 0.50 and 0.734 A mg-1
Pd, respectively, outperforming the state-of-the-art catalysts. With these 

bifunctional features, PdP/WO3 stands out as a potential system to be used as an anode and cathode catalyst in direct liquid 

fuel cells, all the while offering an opportunity for the development of the carbon-free electrocatalysts.

a. Physical and Materials Chemistry Division, CSIR-National Chemical Laboratory, Dr. 
Homi Bhabha Road, Pune 411 008, India. 

b. Academy of Scientific and Innovative Research, Ghaziabad, 201002, India. 
c.  Laboratory for Chemistry and Life Science, Institute of Innovative Research, Tokyo 

Institute of Technology, 4259, Nagatsuta, Midori-ku, Yokohama 226-8503, Japan. 
*mail for S.K.: k.sreekumar@ncl.res.in. 
ORCID Sreekumar Kurungot: 0000-0001-5446-7923  
d.  

Electronic Supplementary Information (ESI) available: [FE-SEM EDS mapping; 

kinetic current density vs. voltage plot; H2O2 and No. of electrons, mass activity 

plot; mass-activity comparison, CV comparison;  

]. See DOI: 10.1039/x0xx00000x 

mailto:k.sreekumar@ncl.res.in


ARTICLE Journal Name 

2 

 

Please do not adjust margins 

Please do not adjust margins 

Introduction   

Hydrogen (H2) as the fuel for Polymer Electrolyte Membrane 
Fuel Cells (PEMFCs) requires sophisticated transportation 
and storage technologies compared to its conventional 
liquid-state counterparts. As an alternative to the direct 
hydrogen-based fuel cells, Direct Formic Acid/Formate Fuel 
Cell (DFAFC/DFFC) and Direct Methanol Fuel Cell (DMFC), 
which utilize formic acid/formate and methanol respectively 
as the liquid fuels, have tremendous potential. Even though 
these systems can alleviate the problems associated with the 
H2 storage and transport, on a kinetic perspective, unlike the 
very fast oxidation of H2, the methanol and formate oxidation 
processes are comparatively sluggish.1 The slow kinetics of 
methanol and formate oxidation imposes the use of a highly 
active catalyst to facilitate the concerned reactions. Pt/C is 
the most active catalyst for the methanol/formate oxidation, 
but the CO poisoning of Pt during the operation demands its 
CO-tolerant alternatives for DFFC/DMFC.2,3 Pd/C is one of the 
potential catalysts for carrying out the electrocatalytic 
oxidation of formic acid/formate and methanol as it is cost-
effective, highly active and significantly resistant to CO 
poisoning.4 However, Pd supported over the carbon 
substrates generally show performance degradation during 
long-term operation due to the potential induced carbon 
corrosion/dissolution under the working potential window of 
the systems.5 Like in the anode of DFFC and DMFC, the carbon 
corrosion is a serious issue in the cathode of these systems as 
well since the corrosion resistance of the state-of-the-art 
Pt/C catalysts for ORR is relatively low.   

To counter or address the carbon corrosion of the catalysts in 
the system as a whole, the coupling of the active metals with 
suitable metal oxides to provide the necessary electronic 
modulations has been extensively pursued.6,7,8 The electronic 
interaction between Pd and the metal oxide not only 
stabilizes the Pd but it also provides benefits in terms of 
increased electrochemically active surface area, resistance 
towards agglomeration, and favorable electronic structural 
modification of Pd. Therefore, a properly designed catalyst 
consisting of an appropriate metal oxide supported with Pd 
nanoparticles has the anticipated potential to evolve as a 
highly stable electrocatalyst for methanol/formate oxidation.  
As previously mentioned, since carbon corrosion is a common 
issue in both the anode and cathode of PEMFC, DMFC, DFFC 
and DFAFC, replacement of carbon with a suitable metal 
oxide will provide additional benefits in terms of enhanced 
durability and reduced carbon footprint. If a Pd-metal oxide-
based multifunctional catalyst possessing the ability to 
catalyze the anode (methanol and formate oxidation) and the 
cathode (oxygen reduction) can be designed, additional 
benefits on the cell fabrication process of having a single 
catalyst based electrode for both the anode and cathode can 
be achieved. Electrodes for the anode and cathode based on 
the same catalyst will simplify the electrode fabrication 
protocols. Also, Pd has half the cost of Pt; therefore, the 
replacement of Pt with Pd will have significant cost benefits 
on a device level. 

  TiO2 and WO3 have been extensively explored as the metal 
oxide support for dispersing different metal nanoparticles. 
These metal oxides are stable in acidic medium and they 
exhibit good oxidation resistance. Owing to the earth`s 
abundance of WO3 and the intrinsic properties such as 
hydrogen spillover effect9,10,11,12, resistance to CO 
poisoning13, and strong metal-support interaction (SMSI) 
effect14,15, it is regarded as one of the promising supports for 
the nanoparticles. SMSI effects are well known to enhance 
the catalytic properties of the supported metal nanoparticle 
due to the electronic and strain effects. In one report, Pd 
nanotetrahedron deposited over tungsten oxide (W18O49) 
nanosheets showed enhanced activity for ORR in the alkaline 
medium.16  Also, Pd coupled to WO2.7 exhibited enhanced 
stability and activity, which was attributed to the electronic 
effects and modifications in the lattice parameters of the Pd 
lattice.11 For formic acid oxidation, the alloy of PdCu coupled 
to the WO2.7 has demonstrated 2.65 times enhanced activity 
compared to the uncoupled PdCu.10 Also, Pd-B-P alloy has 
shown to exhibit multi-functional activity for the oxidation of 
ethanol and ethylene glycol, and also for the reduction of 
oxygen. Nevertheless, these systems need to be further 
supported over the Vulcan carbon, which limits their utility 
for long-term operation in the fuel cells. Apart from SMSI and 
induced electronic modifications in the supported metal 
nanoparticles, WO3 is also resistant to corrosion at the high 
operating voltages of the systems. Thus, WO3 comes as a 
promising alternative as a carbon-free support material. 
Moreover, it is well known that incorporation of non-metals 
such as B and P in the Pd lattice improves the catalytic 
activity.17,18,19,20,21,22 P can be easily incorporated in-situ into 
the Pd lattice using sodium hypophosphite, which acts 
simultaneously as the reducing agent and a source of P.23 
Incorporation of P  in the Pd can help to restrict the size of 
the nanoparticles of PdP within small range while ensuring 
their homogenous distribution along the substrate.24 In 
addition to these benefits, the incorporated P can induce low-
crystallinity in the Pd particles; Pd nanoparticles of low 
crystallinity are known to have superior specific and mass 
activities for ORR compared to their crystalline 
counterparts.25 

Considering the abovementioned advantages of having WO3 
as a carbon-free support and P as a dopant, in this work, we 
are introducing PdP nanoparticle-supported WO3 nanorod 
(PdP/WO3) as a multifunctional electrocatalyst for ORR, 
methanol oxidation and formate oxidation. The electronic 
properties of the Pd nanoparticles are found to be tuned by 
incorporating P in the lattice which causes modification in the 
d-band by inducing strain in the Pd lattice.  Also, the 
developed synthesis strategy for preparing PdP/WO3 ensured 
concomitant doping and dispersion of P and Pd, respectively, 
in a single step.  The prepared material has been thoroughly 
investigated for its unique multifunctional properties for 
facilitating ORR, methanol oxidation and formate oxidation 
along with its corrosion resistance characteristics under 
potential induced conditions.  
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2.0 Experimental Section  

Preparation of the WO3 nanorod support: WO3 nanorods 
were synthesized by the modified procedure presented 
elsewhere.26 Briefly, 0.825 mg of sodium tungstate and 0.560 
mg of sodium chloride were added to 19 ml of water. 
Subsequently, the pH of the solution was adjusted to around 
2.0. The solution was stirred for 1 h for homogenization and 
the obtained solution was transferred to a 25 ml 
hydrothermal autoclave, which was kept at 180-200 °C for 3 
h. The product obtained after the hydrothermal treatment 
was filtered, washed with ethanol and water, and dried at 80 
oC for 12 h in an oven. The dried product was further calcined 
at 400 oC under air atmosphere for 3 h.  

Preparation of PdP/WO3: In order to accomplish the 
simultaneous doping of P and decoration of 10 wt.% Pd on 
the WO3 nanorod, 30 mg of WO3 nanorod was dispersed in 
20 ml of de-ionized water through sonication for 30 min. In 
the above solution, 10 mg/5 ml of disodium 
tetrachloropalladate (Na2PdCl4) was added and sonicated for 
30 min., followed by overnight stirring.  To this mixture, 0.106 
g of sodium hypophosphite and 0.113 g of sodium 
borohydride were added drop-wise. Afterwards, PdP/WO3 

was obtained through filtration and washing with water and 
ethanol.  The obtained PdP/WO3 was dried overnight at 80 °C  

Preparation of Pd/WO3: To prepare Pd/WO3 composite 
containing 10 wt.% loading of Pd, the abovementioned 
procedure for the preparation of PdP/WO3 was followed 
except for the addition of sodium hypophosphite.   

Electrochemical Characterization: For the electrochemical 
characterization of the catalyst for formate oxidation, 
methanol oxidation and oxygen reduction reaction, a slurry 
was prepared by dispersing 5 mg of PdP/WO3 in a mixture of 
1.0 ml each of water and ethanol through sonication. 
Subsequently, 20 µl of the slurry was drop-coated on the 
glassy carbon rotating disc electrode (RDE) (geometric area 
of 0.196 cm2) as the working electrode (WE), and dried under 
an IR lamp. Comparatively, the surface area of the WO3 was 
lower than that of the Vulcan carbon/carbon black.37 The 
electrodes based on WO3 were prepared by directly coating 
the ink of the respective catalysts, without adding any 
ionomer, on the electrode. However, the Pd/C (10 %) and 
Pt/C (20 %)  slurries were prepared by sonicating 5 mg of the 
catalyst in a mixture of 0.75 ml of DI water and 0.25 ml of 
isopropyl alcohol along with 20 µl of Nafion as a binder. For 
the       analysis, 10 µl of the slurry was drop-coated on the 
glassy carbon surface of the rotating disc electrode (RDE), and 
subsequently dried under an IR lamp. For evaluating the 
methanol and formate oxidation activities of the different 
catalysts, the corresponding electrochemical tests were 
performed in an electrolyte containing 0.1 M KOH + 1.0 M 

methanol and 0.3 M KOH + 0.1 M formic acid, respectively. 
On the other hand, evaluation of the ORR activity was 
performed in 0.1 M KOH solution.  Hg/HgO was used as the 
reference electrode (RE) and a graphite rod was employed as 
a counter electrode. All the potential values are converted to 
the  V vs RHE scale using the equation E(RHE) = E(Hg/HgO) + 
0.878 V (Figure S1). All electrochemical experiments were 
performed on a Biologic potentiostat (SP-300) in combination 
with a Pine RDE/RRDE unit.  

Carbon Corrosion: For studying carbon corrosion, a start-stop 
cycle was performed by scanning the potential in the range 
of 1.0 to 1.5 V (scan rate: 100 mV/s) under nitrogen-enriched 
conditions for 3000 cycles and comparing the results before 
and after the cycles. The mass activity of the catalysts for 
oxygen reduction reaction was calculated using the kinetic 
current density (jk) at 0.90 V. The jk value corresponding to a 
potential of 0.90 V was computed using the K-L equation 

i.e.,
1

j
=

1

jd
+

1

jk
, or jk =

 jd×j

jd−j 
 , where j is the observed current 

density, jd is the limiting current density, and jk is the kinetic 
current density. The mass activity was calculated using jk 
normalized to the mass of the active component (Pt/Pd) in 
the system. For methanol oxidation, the mass activity was 
obtained by normalizing the peak current to the active mass 
component (Pd/Pt). A long-term stability test of PdP/WO3 
was carried out by potential cycling within a potential range 
of 0.0 to 1.2 V in N2 saturated 0.1 M KOH and 1.0 M methanol 
for 1000 cycles. For formate oxidation, the mass activity was 
obtained by normalizing the obtained current at 0.60 V to the 
active mass component. A long-term stability test of 
PdP/WO3 was carried out by potential cycling within a 
potential range of 0.0 to 0.80 V in N2 saturated 0.3 M KOH and 
0.1 M formic acid for 1000 cycles. 

 

Physical Characterization X-ray diffraction (XRD) analysis was 
performed on a PANalytical X'Pert PRO instrument. Field 
emission scanning electron microscopy (performed on FEI 
Nova Nano SEM 450) and transmission electron microscopy 
(carried out on FEI TECNAI G2 F20 instrument) analyses were 
performed to gain information related to the morphological 
features of the prepared materials. A Quanta 2003D FEI 
instrument in combination with a TEAM TM EDS analysis 
system was used for performing the energy dispersive X-ray 
spectroscopy (EDS) elemental mapping and a JEM-F200 
instrument was used for performing the  HAADF-STEM 
analysis. For examining the electronic properties of the 
different catalysts, X-ray photoelectron spectroscopy (XPS) 
was carried out on the Thermo Scientific K-Alpha + machine 
with a fully integrated monochromated small-spot X-ray 
photoelectron spectrometer (XPS) system.
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Scheme 1. Schematic representation of the various steps involved in the synthesis of PdP/WO3 and its application as an electrocatalyst for facilitating 

both oxidation of methanol/formate and reduction of oxygen.  

3.0 Results and Discussion  

Scheme 1 shows the graphical representation of the 
procedure ivolved in the synthesis of PdP/WO3 nanorod 
catalyst and its utilization as an electrocatalyst for facilitating 
ORR and methanol/formate oxidation. Firstly, the WO3 
nanorod was prepared through the hydrothermal method,  
which was then calcined to obtain a more crystalline, and a 
greenish-white powder indicating the creation of the oxygen 
vacancies. These types of surface defects in the metal oxides 
are known to subsequently lead to the improvement in the 
properties such as the charge transference.27 Afterward, P-
doped Pd nanoparticles were deposited on WO3 through a 
colloidal method in a single step. Sodium hypophosphite 
added here acts as the reducing agent as well as the source 
of P. The  mechanism of the P incorporation into the Pd matix  
is shown below28: 

𝑃𝑑2+ +  𝐻2𝑃𝑂2
−  →   𝑃𝑑 + 𝐻3𝑃𝑂3

− 

                     𝐻2𝑃𝑂2
− + 𝐻−  →   𝐻2𝑂 + 𝐻2 + 𝑃  

                    𝑛𝑃𝑑 + 𝑃 → 𝑃𝑑𝑛𝑃    

To understand the crystal structure of the synthesized WO3 
and P-doped Pd nanoparticle-deposited WO3 (PdP/WO3), 
XRD analysis was performed; the corresponding data is 
shown in Figure 1.  In the figure, the diffraction peaks 

corresponding to the 2 values of 23.03, 24.46, 27.04, 28.34, 
33.78, 63.93, 47.11, 49.83 and 56.14o are indexed to the 

(001), (110), (101), (200), (111), (201), (002), (220), and (202) 
planes of the hexagonal phase of WO3, which has been 
confirmed with the JCPDS Card No. 00-033-1387. Pd(111) 
peak in PdP/WO3, Pd/WO3, and Pd/C appear at 39.85, 40.07, 
and 40.46o. The P doping in PdP/WO3 shifts the Pd (111) plane 
by 0.22o and 0.61o negatively compared to Pd/WO3 and Pd/C, 
respectively, which indicates expansion in the Pd lattice. This 
lattice expansion can be explained in terms of the P-doping. 
Interestingly, we also find that WO3 does influence the Pd 
lattice; we observed a negative shift of 0.39o in the case of 
Pd/WO3 compared to Pd/C, which conforms with the other 
literature reports also, where the lattice expansion was 

observed for the supported Pd nanoparticles.11 The low 2 
value of Pd (111) in the case of PdP/WO3 compared to that of 
Pd/WO3 and Pd/C indicates crystal expansion of the Pd lattice 
which can be attributed to the incorporation of P in the Pd 
crystal.29 Since P is non-metallic and smaller in size compared 
to Pd, this size difference can induce strain in the crystal, 
resulting in crystal expansion.30,11, The lattice expansion is 
well known for having an effect on the d-band bandwidth, 
which tune the catalytic activity.31, It has been reported that 
there is a significant reduction in the oxidation current of 
formic acid due to lateral compression of the Pd (111) plane 
while more open Pd monolayer shows  high catalytic activity 
towards the reaction. 
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   Figure 1. Comparative XRD patterns of (a) WO3 nanorod and PdP coupled WO3 nanorod (PdP/WO3) and (b) Pd/C, Pd/WO3 and PdP 

 

 

 

Figure 2. FESM images of (a) WO3 calcined at 400o C and (b)-(c) PdP/WO3. 

Morphology of the WO3 was observed by recording FESEM 
images, which are presented in Figure 2a. It can be seen from 
Figure 2a-c that both WO3 and PdP/WO3 have acquired 
nanorod-like morphology.   Further, the EDS elemental 
mapping of PdP/WO3 shows the presence of the Tungsten 
(W), Oxygen (O), Palladium (Pd), and Phosphorous (P) (Figure 
S2). The EDS data thus stands out as a proof for P doping and 
supplements the XRD data, which provided a strong evidence 
for the lattice expansion of Pd in PdP/WO3 caused by the 
intervention of the doped P. Also, the elemental analysis 
clearly shows the even distribution of the doped P in 
PdP/WO3 and thus confirms the homogeneous coexistence of 
Pd and P in effectively facilitating the synergistic modulations 
mobilized by the electronic interactions between the 
systems.  

To gain more insightful information on the mosphological 
characteristics of the system, TEM analysis of WO3 and 
PdP/WO3 was performed. As can be seen in Figure 3a and b, 

WO3 nanorods display a highly smooth surface with the 
diameter ranging from 50-100 nm.  The images given in 
Figure 3c-e represent the TEM images recorded for the 
PdP/WO3 composite at three different magnifications. A 
fairly homogenious distribution of the PdP nanoparticles 
without any indication of agglomeration on the surface of the 
WO3 nanorods is the key feature of the PdP/WO3 system as 
revealed from the TEM images. Achieving an aggregation-
free dispersion of metallic nanoparticles on an oxide 
substrate like WO3 is challenging especially when the size of 
the active components needs to be restricted within few 
nanometers. Achieving such type of particle distribution will 
essentially enable the material to attain high 
electrochemically active surface area and subseqently 
improved performance in the targeted electrochemkcal 
processes. The size of the PdP nanoparticles measured from 
the TEM images is within the range of 4-5 nm. It should be 
noted that, as per some previouss reports, a particle size in 
the range of 5-7 nm is found to be favoring the electro-
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oxidation of the formic acid through the direct pathway 
leading to the CO2 generation without the intermediate 
pathway resulting into CO generation.32 These advantages 
can be related in terms of the sufficient availability of the –
OHads species on the surface of the Pd particles,  which act as 
intermediates for completing the CO oxidation process.   

Morphology of the WO3 was observed by recording FESEM 
images, which are presented in Figure 2a. It can be seen from 
Figure 2a-c that both WO3 and PdP/WO3 have acquired 
nanorod-like morphology.   Further, the EDS elemental 
mapping of PdP/WO3 shows the presence of the Tungsten 
(W), Oxygen (O), Palladium (Pd), and Phosphorous (P) (Figure 
S2). The EDS data thus stands out as a proof for P doping and 
supplements the XRD data, which provided a strong evidence 
for the lattice expansion of Pd in PdP/WO3 caused by the 
intervention of the doped P. Also, the elemental analysis 
clearly shows the even distribution of the doped P in 
PdP/WO3 and thus confirms the homogeneous coexistence of 
Pd and P in effectively facilitating the synergistic modulations 
mobilized by the electronic interactions between the 
systems.  

To gain more insightful information on the mosphological 
characteristics of the system, TEM analysis of WO3 and 
PdP/WO3 was performed. As can be seen in Figure 3a and b, 
WO3 nanorods display a highly smooth surface with the 

diameter ranging from 50-100 nm.  The images given in 
Figure 3c-e represent the TEM images recorded for the 
PdP/WO3 composite at three different magnifications. A 
fairly homogenious distribution of the PdP nanoparticles 
without any indication of agglomeration on the surface of the 
WO3 nanorods is the key feature of the PdP/WO3 system as 
revealed from the TEM images. Achieving an aggregation-
free dispersion of metallic nanoparticles on an oxide 
substrate like WO3 is challenging especially when the size of 
the active components needs to be restricted within few 
nanometers. Achieving such type of particle distribution will 
essentially enable the material to attain high 
electrochemically active surface area and subseqently 
improved performance in the targeted electrochemkcal 
processes. The size of the PdP nanoparticles measured from 
the TEM images is within the range of 4-5 nm and particles 
also shows the interconnected features. It should be noted 
that, as per some previouss reports, a particle size in the 
range of 5-7 nm is found to be favoring the electro-oxidation 
of the formic acid through the direct pathway leading to the 
CO2 generation without the intermediate pathway resulting 
into CO generation.32 These advantages can be related in 
terms of the sufficient availability of the –OHads species on the 
surface of the Pd particles,  which act as intermediates for 
completing the CO oxidation process.   

 

 

Figure 3. TEM images of  the bare WO3 (a and b) nanorods and PdP/WO3 (c-e) showing the distribution of the PdP nanoparticles on the surface of the WO3 nanorods;  

(f-h) HR-TEM images of PdP/WO3 showing the kinks (marked by the red curved line) and the inset representing the step edges (marked by the red arrows). 
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Further, kinks, steps, and edges of PdP can be seen in the 
HRTEM images ;  the kinks and steps are marked with the red 
curved lines while the step atoms are marked by the red 
arrows (Figure 3f-h & Figure S3). These kinks and edges 
possess atoms in the lower coordinating states, which are 
known to be displaying enhanced activity compared to the 
smooth surfaces.33 Undercoordinated surfaces are of high 
surface energy, enabling them to exhibit high catalytic 
activity. Further, the grain boundaries formed by the 
interweaving of the crystallites are also observed in the HR-
TEM images (inset of Figure 3f); these grain boundaries 
contribute to the creation of the overall defects in the 
nanoparticles. The high density of these defects is known to 
improve the electro-catalytic activity due to the open 
coordinated nature of the atoms.34 Atomic defects create 
more exposed step atoms, which  concomitantly help to 
redefine the intrinsic activity characteristics and is being 
practiced as an effective strategy to fine tune performance of 
the catalysts for specific applications .35   Previously, the XRD 
results indicated that the incorporation of P in the Pd crystal 
causes the lattice expansion with the introduction of strain in 
the lattice.  

To gain more insightful information on the electronic 
modification, surface electronic structure and the effect of 
WO3 on the electronic properties of the supported 
nanoparticles, XPS analysis was performed on PdP/WO3, 
PdP/C, and WO3; the corresponding data is shown in Figure 
4. The XPS survey spectra of PdP/WO3, Pd/WO3, PdP/C and 
WO3  given in Figure 4a clearly show the signatures 
corresponding to the presence of W, O, Pd and P. Moreover, 
to get a better understanding of the effect of WO3 support on 
inducing the electronic structure modification of the 
supported PdP nanoparticles, we compared the XPS core 
spectra of Pd 3d in PdP/WO3 and its Vulcan carbon supported 
counterpart, viz., PdP/C (Figure 4b).  A shift in the electron 
binding energy of Pd 3d toward the lower energy region has 
been observed in the case of PdP/WO3 and Pd/WO3 

compared to that in PdP/C.  The Pd 3d peaks for PdP coupled 
to Vulcan carbon in PdP/C appear at 341.64 and 336.14 eV 
for the Pd3/2 and Pd5/2 states, respectively, whereas, the 
corresponding states in the case of the WO3 supported 
system (PdP/WO3) appear respectively at 339.68 and 334.38 
eV. Similarly, in case of Pd/WO3, the binding energies for Pd3/2 
and Pd5/2 appear at 339.92 and 334.52, respectively. The shift 
in the Pd 3d binding energies indicates the existence of strong 
electronic interaction between Pd and WO3, where the lower 
binding energy of the PdP and Pd supported on WO3 indicates 
charge transfer from WO3 to the Pd nanoparticles.36 This shift 
can be further substantiated by the changes in the binding 
energies of the W and O.37 The binding energies of W 4f5/2 
and W 4f7/2 are 37.26 and 35.16 eV, respectively, (Figure 4c) 
in WO3, which increased respectively to 37.63 and 35.43 eV, 
again inferring to the strong electronic interactions operating 
between the WO3 and PdP nanoparticles.  

Similarly in case of Pd/WO3, the binding energy values appear 
at 37.60 and 35.4 eV for W 4f5/2 and W 4f7/2, respectively. The 
comparative O 1s core spectra of WO3 and PdP/WO3 
presented in Figure 4d indicate that the binding energy for 
the O 1s in WO3 is 529.46 eV compared to 530.33 and 530.2 
eV recorded in the case of PdP/WO3 and Pd/WO3, 
respectively. Here, an increase in the binding energy of O in 
PdP/WO3 and Pd/WO3 is possible by the electron density 
transfer from the support material to the PdP nanoparticles. 
This is in conformity with the other metal oxides, which 
showed similar effects.37 XPS of P 2p measured in PdP/WO3 is 
given in Figure 4e; the binding energy indicates that the P at 
the surface is mostly in the oxidized form. The binding energy 
recorded at 129.73 eV confirms the presence of the P in the 
metallic state, which further substantiates with the XRD 
findings, while that recorded at 133.93 eV is ascribed to the 
P in the oxidized state.38 

 From the mechanistic point of view, the negative alternation 
in the binding energy exhibits a low barrier for the O2 
dissociation and thus increases the catalytic activity for 
oxygen reduction (Figure S4. a).39 In the case of methanol and 
formate, hydroxide(ads.) moieties (OH-(ads)) facilitate the 
electrochemical oxidation of the methanol and formate 
(Figure S4. a & b). Thus, in addition to the adsorption of the 
reactant and intermediates, the increased presence of OH-

(ads) on the Pd surface enhances the electrochemical oxidation 
of the methanol and formate. Sufficient hydroxyl ions are 
necessary for the dehydrogenation of the methanol and 
formate which promotes the electrochemical oxidation of the 
formate and methanol. Therefore, increased concentration 
of OH-(ads) on the Pd surface enhances the electrochemical 
oxidation of the methanol and formate. Hydroxyl ions are 
required to remove the hydrogen instantly.40   Hence, 
negative alternation of the binding promotes the adsorption 
of the hydroxyl ion on the Pd surface, which subsequently 
enhances the methanol oxidation and formate oxidation 
reactions. This enhanced hydroxyl adsorption can be 
explained in terms of the d-band center modulation. The d-
band center influences the OH-

  adsorption on the Pd surface. 
Higher d-band center adsorbs hydroxyl ion less strongly than 
the substrate with lower d-band center.41  

 The detailed physical characterization as given in the 
previous sections provided valid evidences on the electronic 
modulations incurred by PdP/WO3 as a result of the 
synergistic effects originated from the metal-support 
interaction and the effect of the doped P in  the Pd 
crystallites. A favorable interplay of such electronic 
modulations and synergetic interactions can induce 
significant influence on promoting the electrocatalytic 
activity of the system. To get insights on such activity 
modulations, the system has been investigated for 
electrochemical reduction of oxygen, followed by oxidation 
of methanol and formic acid. The electrochemical oxygen 
reduction reaction (ORR) has been performed in 0.1 M KOH; 
the corresponding  
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Figure 4. (a) XPS survey spectra of PdP/WO3, Pd/WO3, PdP/C and WO3, (b) comparative XPS core spectra of Pd 3d in PdP/WO3 , Pd/WO3 and PdP/C; (c) comparison of 

PdP/WO3 ,Pd/WO3 and the pristine WO3 nanorods with respect to the energy changes in the W 4f spectra; (d) O1s XPS core spectra of WO3, Pd/WO3and PdP/WO3; (e) 
P 2p spectrum of PdP/WO3. 

cyclic voltammograms (CVs) recorded under N2 and O2 
saturated conditions for PdP/WO3 and Pt/C are presented in 
Figure 5a and b, respectively. The CVs recorded in the O2 
saturated electrolyte show a sharp increase in the current 
unlike the N2 saturated condition, indicating the ORR activity 
of the systems when the electrolyte facilitates O2 supply to 
the active sites. A more insightful information on the intrinsic 
ORR activity characteristics of the systems can be gained from 
the recorded comparative linear sweep voltammograms 
(LSVs) as presented in Figure 5c. A comparison between 
PdP/WO3, Pd/WO3, Pd/C and Pt/C indicates that PdP/WO3 
with its onset potential of 1.04 V and a half-wave potential 
(E1/2) of   0.91 V outperformed both Pt/C (1.0 and 0.84 V, 
respectively), Pd/C (0.97 V and 0.78 V, respectively) and 
Pd/WO3 (1.03 V and 0.905 V).  This corresponds to 60, 120 
and 5 mV reduction in E1/2 for PdP/WO3 in comparison to 
Pt/C, Pd/C and Pd/WO3, respectively, implying to better 
intrinsic ORR activity incurred by PdP/WO3. The mass activity 
comparison shows that PdP/WO3 exhibits a performance of 
1.50 A mg-1 compared to Pd/WO3 (1.40 A mg-1), Pd/C (0.11 A 
mg-1) and Pt/C (0.11 A mg-1) as shown in Figure S5. The 
experimental error bar corresponding to the mass activity at 
0.90 V is shown in Figure S6. Cyclic Voltammograms for the 
ECSA calculation is shown in Figure S7. The ECSA of Pd has 
been calculated by using the equation:  ECSA =

Qh

424x Pd loading
, where 424 μC cm-2 is the charge associated 

with the PdO monolayer reduction. ECSA values of PdP/WO3, 
Pd/WO3 and Pd/C are found to be 36.84 m2gPd

-1, 13 m2gPd
-1 

and 44 m2gPd
-1 respectively. While, the ECSA value of Pt has 

been calculated using the equation: ECSA =
Qh

210 x Pt loading
, 

where 210  μC cm-2 is the charge associated with hydrogen 
desorption, ECSA of Pt/C is found to be around 56 m2gPt

-1. The 
enhanced ECSA value of PdP/WO3 compared to Pd/WO3 
clearly shows the influence of the P doping in PdP/WO3, 
having a much more exposed site of Pd. This favorable 

activity modulation can be explained in terms of the 
modification of the d-band center caused by the slight 
electron density shift from WO3 to the PdP nanoparticles and 
incorporated P, as evidenced from the XPS analysis.42,43,44 An 
increment in the electron density on PdP will cause increase 
in the orbital occupancy of the d-shell of Pd, leading to the 
lowering of the d-band center of Pd and favorable tuning of 
the binding energy of the interacting oxygen and formed 
reaction intermediates.45,46 The excess electron density on Pd 
in PdP/WO3 will subsequently lead to the weakening of the 
Pd-O bonding. This favors dissociation of the O from the Pd 
surface, assisting PdP to display enhanced ORR activity.39 This 
is further benefited from the P doping in the Pd by creating  
low coordination sites along the defects created on the kinks 
and edges, as shown by the HR-TEM analysis.47  

  As a means to understand the kinetics followed for the 
oxygen reduction, the number of electrons involved (n) in the 
process has been deduced by generating the Koutecky Levich 
plots (K-L plots) (Figure 5d). This involves plotting of the 
inverse of both the current density (1/j) and angular 

frequency of rotation (-1/2 ).  In this plot, j is related to the 
diffusion limiting current density (jd) and kinetic current 

density (jk) through the equation 
1

𝑗
=

1

𝑗𝑑
+

1

𝑗𝑘
. Here, jd = 

0.62nFAD2/3v-1/6ω1/2CO2, where n is the number of electron 
transfer, F is the Faraday's constant (96500 C), A is the 
electrode area (0.196 cm2), D is the diffusion coefficient of O2 
in 0.1M HClO4, v is the   kinematic viscosity of the electrolyte, 
ω is the angular frequency of rotation and CO2 is    the  
concentration of the molecular oxygen   in the electrolyte in 
0.1 M HClO4. In the present case, a straight line was obtained 

from the plot of 1/j vs -1/2 from which the number of 
electrons (n) involved in ORR could be deduced from the 
slope of the corresponding plots generated at different 
potentials.48 The measured ‘n’ value confirms the 
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involvement of 4 electrons in the process, inferring to the 
formation of H2O as the reduction product.   

      A further quantifiable performance indicator in 
understanding the intrinsic ORR activity is the Tafel slope, 
which can be obtained by plotting the log j (current density) 
vs voltage (V) under the extremely low current polarized 
conditions (Figure 5e).  The Tafel slopes measured are 56, 52, 
110 and 61 mV dec-1 for PdP/WO3, Pd/WO3 Pt/C and Pd/C, 
respectively. The distinct difference in the Tafel slope values 
for PdP/WO3 and Pt/C indicates the different mechanisms 
involved for ORR on these two systems. A low value of Tafel 
slope in the case of PdP/WO3 points towards faster reaction 
kinetics on this system compared to Pt/C.  

   Along the desired 4-electron reduction pathway for ORR 
leads to water as the final product, the involvement of the 

parasitic 2-electron reduction process giving H2O2 as an 
undesirable byproduct is a possibility in the case of the ORR 
catalysts. Along with the active sties, the substrate also can 
contribute towards such side reactions. Hence, as a means to 
more precisely quantify both the number of electrons 
transferred and the amount of H2O2 produced during the 
reduction process, rotating ring disk electrode (RRDE) 
analysis was performed. Accordingly, Figure 5f represents the 
ring and disk electrode polarization plots as a function of the 
applied voltage recorded for Pd-P/WO3. The % of H2O2 and 
the number of electrons involved in the reduction process (n) 

were evaluated using the equations H2O2 = 
200

𝑛
𝐼𝑟/(𝐼𝑑 +

𝐼𝑟

0.37
) 

and n = 4𝐼𝑑/(𝐼𝑑 +
𝐼𝑟

0.37
), respectively, where Ir is the ring 

current, Id is the disk current and 0.37 is the collection 
efficiency.  

 

Figure 5. Electrochemical analysis for the oxygen reduction reaction: (a-b) the CV profiles recorded for PdP/WO3 and Pt/C, respectively, in N2 and O2 saturated 0.1 M 
KOH at a scan rate of 50 mV sec-1, (c) comparative LSV profiles recorded for Pt/C, Pd/WO3, PdP/WO3 and Pd/C at a scan rate of 10 mV sec-1 and a rotation speed of 
1600 rpm of the working electrode, (d) the Kotuchey-Levich (K-L) plots recorded at different potentials for PdP/WO3,  (e) the Tafel plots constructed for Pt/C, Pd/C, 
Pd/WO3 and PdP/WO3, and (f) the RRDE ring and disk electrode polarization plots recorded for Pd-P/WO3. 
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Figure 6. (a) Comparative CV profiles for PdP/WO3 recorded before 
and after the 3000 start-stop cycles at a scan rate of  50 mV sec-1; (b) 
comparative CV profiles for Pt/C before and after the 3000 start-stop 
cycles recorded at a scan rate of  50 mV sec-1; (c) comparative LSV 
profiles for PdP/WO3 recorded before and after the 3000 start-stop 
cycles, and (d) comparative LSV profiles for Pt/C recorded before and 
after the 3000 start-stop cycles. 

 

The RRDE study confirms the dominance of the 4-electron ORR 
process for both Pt/C and PdP/WO3 with the estimated H2O2 
percentages of only 1.7 and 2.1 %, respectively (Figure S8).  

   In addition to the high catalytic activity, an ideal catalyst should be 
resistant to corrosion in the alkaline environment encountered in the 
direct liquid fuel cells. The corrosion of the support material has been 
a prevailing issue that limits long-term operation of the carbon-
supported electrocatalysts. To validate the comparative corrosion 
characteristics of PdP/WO3 and Pt/C, a start-stop cycle has been 
performed by cycling the potential in the region of 1.0 to 1.5 V (scan 
rate: 100 mV/s) under nitrogen enriched conditions considering the 
fact that the corrosion of the support material is higher in this 
potential range.  Initially, full CV and LSV were recorded before the 
3000 cycles. Subsequently, start-stop cycles was performed and the 
CV and LSV were recorded once more to understand the shift in the 
basic characteristics under the triggered conditions. 49 Figure 6a and 
b show the CV profiles of PdP/WO3 and Pt/C, respectively, recorded 
before and after the 3000 start-stop cycles. The benefit of having the 
carbon-free support in terms of its expected high corrosion 
resistance can be visualized by comparing the LSV profiles of 
PdP/WO3 and Pt/C recorded before and after start-stop cycles; the 
corresponding voltammograms are presented in Figure 6c and d, 
respectively. The onset potential and E1/2 for PdP/WO3 are observed 
at 1.04 and 0.91 V, respectively, while E1/2 was found to be dropped 
to 0.875 V, subsequent to the start-stop cycles. On the other hand, 
in the case of Pt/C, the onset and E1/2 values of 1.02 and 0.84 V, 
respectively, measured before the commencement of start-stop 

cycles have been dropped to 0.98 and 0.82 V after the test.  This 
means that, the Pt/C system incurred a shift in  

 Table 1. Comparison of the electrochemical characteristics measured for the 
different catalysts during the methanol oxidation reaction.  

 

 

 

 

 

 

 

E1/2 by 20 mV compared to 35 mV observed for E1/2 in the case of 
PdP/WO3. The shift in the E1/2 of Pt/C is slightly lower than that of 
PdP/WO3, but the observed lower current density (Figure 6.d) 
indicates the poorer performance of Pt/C for oxygen reduction, 
which might be due to the loss of carbon resulting in Pt detachment 
from the carbon surface.50,51 The observed value are much 
promising, considering the cycling stability of the Pd and Pt in the 
potential region of 1.0 to 1.5 V. This is especially important 
considering the fact that the standard reduction potential value of 
Pd (Eo = 0.951) is much lower than that of Pt (Eo = 1.18).52 Due to this, 
the potential window of 1.0 to 1.5 V is expected to make Pd much 
more susceptible to dissolution compared to the Pt. The superior 
performance observed here indicates the better structural 
endurance attained by PdP/WO3 due to the cooperative interactions 
operating in the system as detailed in the previous sections and 
lower corrosion rate with WO3 as the carbon-free substrate.  

  Further, the activity loss has been quantified by representing in 
terms of the mass activity (Figure S9) of the catalysts corresponding 
to before and after the start-stop cycles using the kinetic current 
density (jk) . The jk value at a potential of 0.90 V was calculated using 

the K-L equation i.e. 
1

𝑗
=

1

𝑗𝑑
+

1

𝑗𝑘
,  or 𝑗𝑘 =

 𝑗𝑑×𝑗

𝑗𝑑−𝑗 
 , where j is the 

observed current density, jd is the limiting current density, and jk is 
the kinetic current density.53 The mass activity was calculated using 
jk normalized to the mass of the active component (Pt/Pd) in the 
system. The mass activities calculated for PdP/WO3 and Pt/C before 
the start-stop cycles are ~ 1.5 A mgPd

-1 and ~ 0.114 A mgPt
-1 at 0.90 V, 

respectively. The 13 times higher mass activity recorded for 
PdP/WO3 is expected to be originated from the favorable activity 
modulations achieved from the lattice strain effects and the 
electronic modifications which resulted into the shift in the d-band 
center. After the start-stop cycles, the mass activity of PdP/WO3 and 
Pt/C are found to be decreased to ~ 0.596 A mgPd

-1 and 0.037 A mgPt
-

1 at 0.90 V, respectively, which corresponds to a 16 times lower 

Sample Peak 

Current 

Potential   
(V) 

Peak 
Current 
density  

(A mg-1
Pt/Pd) 

Onset 
Potential (V 
vs. RHE) 

Pd/C  1.23  612  0.56  

Pt/C  1.23  590  0.54  

Pd/WO3 1.03  505  0.55  

PdP/WO3 1.22  734  0.54  
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performance for Pt/C compared to PdP/WO3. The high loss of mass 
activity in the case of Pt/C after the cycling, as mentioned before, can 
be attributed to the detachment and agglomeration of Pt caused by 
the carbon corrosion.  On the other hand, PdP/WO3 shows better 
retention in mass activity compared to Pt/C. These results indicate 
the corrosion-resistant properties of WO3 and its applicability as an 
efficient support material for ORR electro-catalysts. TEM images 
recorded before and after the durability test are shown in Figure S10. 
The TEM images of Pt/C before and after the test clearly show the 
agglomeration of the nanoparticles and particle detachment from 
the carbon support Figure S10. (a-d). While in the case of PdP/WO3, 
interestingly, we observed that Pd forms an extended 
interconnected network of Pd nanoparticles instead of the 
agglomeration (Figure S10. (e-h)). This interconnected network of Pd 
is known to have enhanced performance for electrochemical 
oxidation of formic acid and methanol oxidation.54,28 This structural 
modulation may be explained in terms of the Pd interaction with the 
support. This clearly shows the influence of the substrate on the 
stability of the particles. 

Figure 7. Electrochemical study of the different catalysts for 
methanol oxidation:  (a) CV profiles recorded at a scan rate of 50 
mV/s in 1.0 M methanol + 0.1 M KOH, (b) the plot representing the 
ratio of the forward current density to the backward current density 
recorded on the different catalysts, (c) CV profiles corresponding to 
the reduction of the Pd-O peaks recorded for Pd/C and PdP/WO3 in 
0.1 M KOH at a scan rate of 50 mV/sec, and (d) CV corresponding to 
methanol oxidation in 1.0 M methanol + 1.0 M KOH and 0.1 M KOH 
and 1.0 M KOH for PdP/WO3. 

 

We found out the influence of methanol on ORR by recording LSV 
profiles in 0.1 M KOH and 1.0 M methanol at a scan rate of 10 mV 
sec-1in an O2 saturated environment (Figure S11).  The catalyst is 
found to be active for oxygen reduction, but with a shift in the onset 
potential by ~ 100 mV in the presence of methanol. 

       Since PdP/WO3 is found to be highly resistant against carbon-
corrosion, the catalyst has been further explored for its applicability 

for methanol and formate oxidation reactions. The methanol 
oxidation performance of PdP/WO3, Pt/C, Pd/C, and Pd/WO3 has 
been mapped in 1.0 M methanol containing 0.1 M of KOH and the CV 
profiles were recorded at a scan rate of 50 mV/s (Figure 7a). The 
onset potentials corresponding to methanol for Pd/C, Pt/C, Pd/WO3, 
and PdP/WO3 are estimated to be 0.56, 0.54, 0.55, and 0.54 V, 
respectively. The methanol oxidation peak current measured for 
PdP/WO3 is highest at 0.734 A mg-1 compared to 0.615 A mg-1 for 
Pd/C,   0.590 A mg-1 for Pt/C, and 0.505 A mg-1 for Pd/WO3. The 
extracted values of the peak current density and peak current 
potential corresponding to the different catalysts employed are 
compiled in Table 1. A plot representing the experimental error 
corresponding to the peak current density of different catalysts 
employed is shown in Figure S12.The superior performance 
displayed by PdP/WO3 in terms of both the peak current density  and 
peak current potential can be explained by the electronic 
modification of the d-band of Pd brought in by the tensile strain 
induced in the Pd lattice as revealed by both the XRD and XPS 
analyses.31 In addition to the d-band modification, P-doping in Pd 
creates lower coordination sites (defects, kinks, and edges), which 
also expects to be contributing towards the high catalytic activity. 
The P in the catalyst is present in the oxidized form as evident from 
the XPS results detailed in a previous section, which tends to provide 
necessary -OH species to oxidize the carbonaceous species.55 Thus, 
this controlled interplay helps the Pd to effectively oxidize CO (a 
reaction intermediate) to CO2, thereby making PdP/WO3 a more CO 
tolerant system. Moreover, the absorbed OH species present on the 
metal oxide acts as a source of oxygen to the carbonaceous species 
in facilitating their oxidation. 37,12,56 Thus, coexistence of multiple 
favoring factors in the case of PdP/WO3 makes it a more effective 
methanol oxidation catalyst with improved CO tolerance.  

When molar concentration of the KOH was increased from 0.1 M to 
1.0 M, increase in the peak current density with a concomitant 
negative shift in the peak potential has been observed (Figure 7.d).    
This enhancement in the activity can be explained in terms of the 
increased amount of OH- species.57 Further, to confirm the stability 
of PdP/WO3 for the methanol oxidation, potential cycling was 
performed in the region of  0 to 1.25 V. The peak current density is 
found to be decreased from 0.734 A mg-1 to 0.700 A mg-1 before and 
after the 100 potential cycling, respectively, compared to the drop 
from 0.590 A mg-1 to 0.501 A mgPt

-1 observed in the case of Pt/C 
(Figure S13). This further points towards the enhanced stability of 
PdP/WO3 towards methanol oxidation. Further, long-term stability 
test of PdP/WO3  was carried out by potential cycling between 0.0 to 
1.2 V for 1000 cycles (Figure S14). A 10.6 % decrement in the activity 
has been observed after the potential cycling. 

To verify the anti-CO poisoning performance during MOR, we have 
carried out the methanol oxidation on……in the presence and 
absence of CO saturated 0.1 M KOH and 1.0 M methanol. The 
positive shift in onset potential for the methanol oxidation is 
observed in CO saturated environment compared to the N2 saturated 
one (Figure….). The onset potential is positively shifted by around ~ 
0.25 V.  The positive shift in the onset potential can be explained in 
terms of the active site blockage by CO adsorption. As we sweep 
more toward the positive potential during the forward cycling, the 
absorbed CO gets oxidized from the Pd surface. Hence, after a 
potential of ~0.80-0.85 V, we observed the same peak current 
density as observed in the N2 saturated environment. This indicates 
the possibility that there is no CO poisoning happens during the 
methanol oxidation. However, the exact mechanism has to 
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understand through more focused and advanced investigation 
technologies. 

   Recently, the ratio of the forward peak current (If) and the 
backward peak current (Ib) has been revised through the through a 
detailed in-situ surface-enhanced IR absorption spectroscopy 
(SEIRAS) study of the MOR.58 So, accordingly, If and Ib shares the same 
chemical signature, i.e., the electrochemical oxidation of the 
methanol during the forward scanning and backward scanning.59 
Also, ratio of the forward peak current (If) and the backward peak 
current (Ib) can be used to define the oxophilic nature of the catalyst 
(Pt).60 Also, it has been shown in the case of Pd that the CO oxidation 
takes place in the same potential region of the methanol oxidation.61 
This suggests that in addition to the methanol oxidation for the 
forward peak, the backward peak is also an indicative of the 
methanol oxidation. Thus, a high ratio of the forward peak current 
(If) to the backward peak current (Ib) has been correlated to the 
oxophilic nature of the Pd/Pt catalysts. 61,58 As the surface becomes 
more oxidized during the forward scan, it becomes more inactive for 
the oxidation of methanol during backward scanning. If/Ib values for 
PdP/WO3 and Pd/WO3 are 0.905 and 0.798 (Figure 7b, respectively, 
which are lower than that measured for Pd/C. Moreover, the 
backward peak for PdP/WO3 for methanol oxidation appears at ~ 
0.80 V while that for Pd/C appears at ~ 0.70 V (Figure 7a). This 
signifies the surface modification or change in the oxophilic character 
of the Pd anchored over WO3 compared that decorated over the 
carbon. This is further validated by the shift in the oxidation peaks of 
Pd-O in PdP/WO3 compared to that in Pd/C, as evident from Figure 
7c. This shows that in case of PdP/WO3, the reduction of the Pd-O 
starts occurring at higher potential region, generating more surface 
for the methanol oxidation, therefore generating more current 
during the backward scan compared to the Pd supported over 
carbon. 

 

Figure 8. (a) CV profiles recorded for the formate oxidation for the 
various catalysts recorded in 0.1 M HCOOH + 0.3 M KOH and (b) 
comparison of the mass activity measured at 0.60 V and the onset 
potential recorded for the different catalysts.  

 

   Apart from the ORR and methanol oxidation activity, PdP/WO3 is 
also highly active and efficient for the formate oxidation; the 
electrochemical properties of the different catalysts for formate 
oxidation measured in 0.1 M HCOOH+ 0.3 M KOH electrolyte are 
presented in Figure 8. In alkaline medium, the formic acid gets 
deprotonated to form the formate ion (HCOO-), which acts as the 
main oxidizing species. Mechanistic insight of the formate oxidation 
shows that the formate oxidation occurs through dual pathway 
namely the “Indirect Pathway” in which CO is an intermediate, and 
the “Direct Pathway” where formate is directly converted into CO2 
without the formation of the reaction intermediates; the two 
pathways are given below:62 

Indirect Pathway (1):  

𝐻𝐶𝑂𝑂− → 𝐻𝐶𝑂𝑂(𝑎𝑑𝑠)  → 𝐶𝑂(𝑎𝑑𝑠) → 𝐶𝑂3
2−

 

Direct Pathway (2): 

𝐻𝐶𝑂𝑂−  → 𝐻𝐶𝑂𝑂(𝑎𝑑𝑠) → 𝐶𝑂3
2− 

                                                                                       

The direct pathway is favorable as it does not involve the CO 
intermediate which could poison the metal surface. Pd is the most 
effective catalyst for the formate oxidation because it follows the 
“Direct Pathway” mechanism. Zhang et.al, performed DFT 
calculations to examine the Pd –alloy catalyst for formate oxidation. 
Their study revealed that FOR prefers the direct dissociative pathway 
from a kinetic point of view, and the direct dissociative pathway from 
the thermodynamic point of view.63 Also, the mechanistic origin of 
the formate oxidation on Pd/C has been studied using H/D kinetic 
isotope effect studies and electrochemical experiments. It has been 
revealed that formate oxidation to CO2 occurs through a direct 
pathway.64 On the other hand, the reaction on the Pt surface 
proceeds via the “Direct” as well as the “Indirect Pathway”. 
Therefore, the Pt surface is easily blocked by the strongly adsorbed 
CO species.65 In the case of the CV profiles recorded in the present 
case (Figure 8a), the lowest formate oxidation activity has been 
measured for Pt/C among all the catalysts. In Figure 8a, Peak 1  
represented at ~ 0.56 V for Pt/C corresponds to the “Direct” 
oxidation of formate at the Pt sites while Peak 2 represented at  ~ 
0.90 V   corresponds to both the “Direct” and “Indirect” pathways of 
the formate oxidation, in which the active surface is blocked by the 
strongly adsorbed CO species.66 Figure 8a also points towards the 
better formate oxidation ability achievable on PdP/WO3 compared 
to the counterpart systems namely Pd/C and Pd/WO3 as evident 
from the low onset potential and high peak current obtained in the 
former case. The values of the onset potential and mass activity 
measured at 0.60 V equated for the different catalysts for the 
formate oxidation are presented in Figure 8b. Figure S16 represents 
the experimental error in the measurement of the different catalysts 
at a potential of 0.60 V for formate oxidation.  

Among the systems, PdP/WO3 shows the highest value for the mass 
activity of nearly 0.50 A mgPd

-1, which conforms with the more 
favorable onset potential. Phosphorous doping in the Pd lattice is 
known to create structural distortions. Due to this structural 
disorder, there are more accessible reactive sites with low 
coordination numbers. Defects, kinks, and edges represent such low 
coordination sites, and these low coordinated atomic centers are the 
highly active locations for facilitating the reaction.67 Also, P 
incorporation enhances the dispersion of the Pd nanoparticles and 
inhibits their aggregation. This further leads to a much more 
enhanced electro-catalytic performance of PdP/WO3 for formate 
oxidation.29 While, in the case of Pd/WO3, agglomerated Pd particles 
having lower ECSA are formed compared to PdP/WO3 and Pd/C, and 
also fewer defects due to the absence of P. This results into the low 
formate oxidation activity of Pd/WO3.   

 

During the formate oxidation,  the hydrogen adsorption usually 
occurs on the Pd surface, which can inadvertently reduce the number 
of the active sites.2 However, in the case of the WO3 supported Pd 
nanoparticles, hydrogen spillover68 may clean the Pd surface and 
regenerate the active sites in the process for the formate oxidation.  
Presumably, in the operating potential window, the surface blockage 
due to oxide formation is not sufficient to deactivate the formate 
oxidation in the case of  PdP/WO3 and Pd/C.69 Also, oxidation of the 
Pd surface and oxidation of the formate/methanol over Pd are the 
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two competitive processes.70 However, oxidation of the formate 
takes place much faster than the surface oxidation of the Pd within 
the potential range making Pd a highly active catalyst for the 
formate/methanol oxidation.  

We have carried out a study to understand the CO poisoning effect 
during the formate oxidation reaction by recording the 
voltammograms in CO saturated 0.3 M KOH and ~ 0.1 M formic acid 
and in the absence of CO in the reaction medium. In the case of the 
CO saturated environment, the site blockage by the CO adsorption is 
expected to reduce the formate adsorption on the active centers. 
This lead to a peak due to PdO formation. During the backward 
scanning in CO saturated environment, the PdO gets reduced and Pd 
becomes free from the adsorbed CO. Hence, a sudden high current 
density is observed due to the formate oxidation during the 
backward scanning (Figure S17). While in the case of the CO-free 
environment, the formate oxidation occurs at a greater pace than 
that of the Pd surface oxidation; thus, no peak is observed due to the 
PdO formation.70 Therefore, no mass-transfer issue associated with 
formate oxidation in the N2 saturated environment occurs.  

Further long term durability study of PdP/WO3 was carried out by 
subjecting potential cycling between 0.0 to 0.80 V for 1000 cycles 
(Figure S18). A 12.7 % decrement in the activity has been observed 
after the test, which points towards better structural endurance and 
activity retention by the system. 

 

Conclusion: We have developed a multi-functional material, 
PdP/WO3, in which P-doped Pd nanoparticles are supported on the 
WO3 nanorods. PdP/WO3 shows excellent activity for oxygen 
reduction, methanol oxidation, and formate oxidation reactions. 
Moreover, PdP/WO3 shows high stability and corrosion resistance at 
high potentials, retaining sixteen times higher activity than the state-
of-the-art Pt/C for ORR after 3000 potential cycles swept at a high 
scan rate. Also, the electronic structure of the Pd nanoparticles could 
be successfully modified by doping P in the Pd lattice; P-doping 
induces tensile strain which along with SMSI modulates the activity 
of Pd. Consequently, the highest activity for the formate and 
methanol oxidation could be achieved on the PdP/WO3. The study 
confirms that the addition of the P in Pd lattice and using WO3 as the 
support material have a significant beneficial effect on favorably 
modulating the electrochemical activity of the Pd.  This advantage 
makes PdP/WO3 as a versatile multi-functional catalyst which can be 
used in the liquid fuel cells as the anode catalyst for the formic acid 
oxidation and methanol oxidation as well as the cathode catalyst for 
facilitating oxygen reduction.  Thus, this work will make notable 
contributions towards the development of efficient and cost-
effective carbon-free electrocatalysts for fuel cells. Moreover, as a 
future prospective, since CO3

2- generated in the direct liquid fuel cells 
can be further converted to formate/formic acid and methanol using 
CO2 electrolyzer and chemical routes, the generation of carbon 
footprints can be mitigated, which also sorts out the issue associated 
with the cost of manufacturing.  

Notes 
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