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formic acid (HCOOH) oxidation reaction (FAOR). Palladium decorated multi-walled carbon nanotubes
(Pd/MWNTs) were successfully synthesized and employed as nanocatalysts to explore the effects of
formic acid, sulfuric acid (H,SO4) concentration and temperature on FAOR. Both the hydrogen adsorption
in low potential range and the oxidation of poisoning species during the high potential range in cyclic
voltammetry were demonstrated to contribute to the enhanced electroactivity of Pd/MWNTs. The as-
synthesized PA/MWNTs gave the best performance under a condition with balanced adsorptions of
HCOOH and H,SO4 molecules. The dominant dehydrogenation pathway on Pd/MWNTs can be largely
depressed by the increased dehydration pathway, leading to an increased charge transfer resistance (R.¢).
Increasing HCOOH concentration could directly increase the dehydration process proportion and cause
the production of CO,4s species. H,SO, as donor of H" greatly facilitated the onset oxidation of HCOOH in
the beginning process but it largely depressed the HCOOH oxidation with excess amount of H". Enhanced
ion mobility with increasing the temperature was mainly responsible for the increased current densities,
improved tolerance stabilities and reduced R values, while dehydration process was also increased
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simultaneously.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Dramatic attentions have been paid to direct liquid fuel cells
such as direct alcohol fuel cells (DAFCs) and direct formic acid fuel
cells (DFAFCs) due to their promising applications in energy-
related devices [1-3] and scientific attracting merits such as high
energy conversion efficiency, low environmental pollution, and
low operating temperature [4,5]. For DFAFCs, renewable formic
acid (FA) as a potential micro-power liquid fuel owes high
theoretical open circuit potential (1.45V) and is environmental-
friendly when dissolved in water [6-8]. Less effects of crossover
through the proton exchange membrane and easy oxidization at
less positive potential with faster kinetics are also obtained
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comparing with that of methanol [9-11]. Therefore, FA as an
alternative fuel choice has become increasingly competitive due to
its potential advantages compared with other fuels.

In order to reach wide commercialization of fuel cells, highly
active electrocatalysts with acceptable low price are continuing
pursued in anode materials for fuel oxidation and in cathode for
oxygen reduction [12]. Platinum (Pt), well known for its excellent
catalytic activity for electrooxidation of methanol, exhibits less
satisfactory performance for FA oxidation, the surface of Pt is easily
poisoned by the strong adsorbed CO.q4s Species produced during
the oxidation of FA to have a further lowered catalytic performance
[13-15]. Furthermore, the high cost and limited world supply also
motivate extensive researches to the development of non-Pt
catalysts [16,17]. Palladium (Pd) with similar properties to Pt (same
group in the periodic table, same fcc crystal structure, similar
atomic size) and certain advantages compared to Pt (lower price,
greater resistance to CO, and inherently faster kinetics in alkaline
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medium) is emerging as a suitable substitute for Pt in fuel cells
[18-20]. In order to make full usage of Pd atoms, substrates are
usually introduced to facilitate the dispersion of Pd nanoparticles
(NPs) and to endow new properties to the final nanocomposites
without causing any “pollutants” [21-24]. Carbon nanotubes
(CNTs) have emerged as a promising candidate due to their
excellent electronic properties, good physicochemical stability,
and large specific surface area [25,26]. In addition, some oxygen
containing groups are also introduced on the tube wall surface in
order to facilitate the dispersion and deposition of the specific
active materials [27,28].

Simple dual pathways are well-recognized for the decomposi-
tion of FA, i.e. dehydrogenation and dehydration pathways. The
former may proceed via HCOOH — CO, +H, or HCOOH — CO, +2
H"+2e~ and the latter via HCOOH — CO,q+H,0 [29,30]. The
adsorbed CO species on electrode largely blocked the oxidation of
fresh HCOOH molecules and could be only oxidized at higher
oxidation potentials [31]. Whether dehydrogenation or dehydra-
tion pathway is predominated mainly depending on the nature of
catalyst or the electrode potential, the dehydrogenation pathway is
definitely highly desired in designing new catalysts for its better
utilization of chemical energy stored in FA [32]. However, the
raised amount of HCOOH produces increased poisoning species
which conversely depress the dehydrogenation pathway and
increase the dehydration pathway proportion [33].

FAOR primarily depends on the electrodes, electrolytes and
operating conditions. Nowadays, numerous studies are focusing on
the effects of structure and composition of the electrode materials,
as well as the type of electrolyte on FAOR [34-37]. However, the
practical operating conditions such as the electrolyte concentra-
tion and temperature are also important for the improvement of
catalytic efficiency. Since the carbon supported Pd catalysts usually
exhibit a well-defined performance for FAOR in acidic electrolyte
[38-40]. Sulfuric acid (H,SO4) as a strong acid is widely employed
to facilitate both electronic and proton transports within the anode
compartment of DFAFCs [41]. A proper combination of H,SO4 and
HCOOH concentrations would probably contribute to the highest
electro-activity of the corresponding catalysts due to the provided
favorable environment. In addition, temperature as an inevitable
factor should also be taken into account since different regions on
the earth experience distinct climate conditions. For example, the
temperature of frigid winter in some European countries is always
below 0°C while some Asia and Africa regions need to go through
the ablaze of the summer that may reach up 40°C. Since the
performances of catalysts toward FAOR reported nowadays are
mostly focused on the room temperature which is not applicable in
the above-mentioned extreme environment conditions, a study of
the temperature effect on FAOR is of great significance in
consideration of practical applications.

In this work, the as-synthesized Pd decorated multi-walled
carbon nanotubes (Pd/MWNTs) were used as nanocatalysts to
investigate the electrolyte concentration and temperature effects
on FAOR. The catalytic performances in different combinations of
HCOOH and H,SO,4 concentrations were investigated to explore
the variation of dual pathway of FAOR and to probe the optimal
combination of HCOOH and H,SO4 concentrations. Three temper-
atures, i.e., 2, 22, and 40°C represent cold, normal and hot
weather were selected to investigate the temperature effects on
FAOR. The electrochemical characterizations such as cyclic
voltammetry (CV) with different scan ranges, chronoamperom-
etry (CA) with different set-voltages, electrochemical impedance
spectroscopy (EIS) at various potentials and slow linear sweep
voltammetry (SLV) were employed to comprehensively charac-
terize the oxidation process and poisoning effect. The inherent
dual pathway process of FAOR was also proposed based on the
above experimental results.

2. Experimental
2.1. Materials and Nanocatalysts Preparation

Solvent xylene (laboratory grade, p=0.87 g/cm?), sulfuric acid
(H3SO4, 95.0%-98.0%) and formic acid (HCOOH, reagent grade,
>95%) were purchased from Fisher Scientific. Palladium (II)
acetylacetonate (Pd(CsH,0;),, 99%, Mw =304.64 g/mol) and etha-
nol (anhydrous, C;HsOH, >99.5%) were purchased from Sigma
Aldrich. Acetone (CH3COCHs5;, ACS Grade, assay >99.5%) was
purchased from VWR International. Carboxylic group functional-
ized multi-walled nanotubes (MWNTs-COOH) (Stock#: 1272Y]F,
95% purity, content of —COOH: 0.47-0.51 wt%, 50-80nm
diameter, 10-20 wm length) were provided by Nanostructured &
Amorphous Materials, Inc. All the chemicals were used as-received
without any further treatments.

The Pd/MWNTSs nanocatalysts were synthesized using a method
reported previously [42]. Briefly, 100.0 mg MWNTs-COOH were
dispersed in 60 mL xXylene in a 100-mL beaker under sonication for
one hour. It was transferred to a 250-mL 3-neck flask and heated to
reflux (~140°C) in ~20 min. 0.304 g palladium (II) acetylacetonate
(Pd(acac),) with a well sonicated dispersion in 20 mL xylene was
added to the refluxing MWNTs-COOH/xylene solution. The whole
solution was refluxed continuously for additional 3 hours to
complete the reaction. Finally, the solution was cooled down to
room temperature naturally, filtered under vacuum and rinsed
with ethanol and acetone 3 times, respectively.

2.2. Preparation of PA/MWNTs working electrode

Prior to each experiment, the working glassy carbon electrode
with a diameter of 3 mm was successively polished with 1 and
0.05 pm alumina powders on a microcloth wetted with DI water to
provide an electrode with a mirror-like surface. For the preparation
of a catalyst coated electrode, 1.0 mg catalyst was added to 1.0 mL
ethanol solution of Nafion (the content of Nafion is 0.1 wt %), then
the mixture was treated for 30 min with ultrasonication to form a
uniform suspension. The obtained suspension (5 L) was dropped
on the surface of the well-treated glassy carbon electrode. Finally,
the resultant modified glassy carbon electrode was dried naturally
at room temperature.

2.3. Characterizations

X-ray diffraction (XRD) analysis of the nanocatalysts was
carried out on a Bruker D8 ADVANCE X-ray diffractometer
equipped with a Cu Ka source (A=0.154nm) at 40kV and
30 mA. The 26 angular region between 20 and 70° was explored
at a scan rate of 1°min~% A transmission electron microscope
(TEM, JEOL 2010F) was used to characterize the morphology of the
as-prepared nanocatalysts at a working voltage of 200kV. The
samples were prepared by drying a drop of ethanol suspension on a
400-mesh carbon-coated copper grid (Electron Microscopy
Sciences). Raman spectra were obtained using a Horiba Jobin-
Yvon LabRam Raman confocal microscope with 785nm laser
excitation at a 1.5cm™! resolution at room temperature. X-ray
photoelectron spectroscopy (XPS) measurements were performed
on a Kratos AXIS 165 XPS/AES instrument. The samples were
scanned with a monochromatic Al X-ray source at the anode of
10kV and beam current of 15 mA. The Pd peaks were deconvoluted
into the components on a Shirley background. Thermogravimetric
analysis (TGA) was conducted using a TA instruments Q-500 at a
heating rate of 10 °C min~' and an air flow rate of 60 mL min~ from
30 to 700°C.

The electrochemical experiments were conducted in a conven-
tional three-electrode cell. The as-prepared glassy carbon



454

electrode deposited with catalyst was used as the working
electrode, platinum wire was employed as the counter electrode,
and saturated calomel electrode (SCE) (0.241 V vs. SHE) connected
to the cell through a Luggin capillary serving as the reference
electrode. All the potentials were referred to the SCE. All the
electrochemical measurements were performed on an electro-
chemical working station VersaSTAT4 potentiostat (Princeton
Applied Research). Cycle voltammogram (CV) curves were
recorded after sweeping potential cycles in specific potential
region until CV curve was stable. The chronoamperometry (CA)
was performed at 0, 0.2, 0.4 and 0.6 V for FAOR each for a duration
of 300 s, respectively. The electrochemical impedance spectrosco-
py (EIS) was carried out in the frequency range from 100 000 to
0.1 Hz with a 5mV amplitude at various potentials (vs. SCE, from
—0.2 to 0.9V) for FAOR. Slow linear sweep voltammetry (SLV) was
measured from —0.8 to 0.2 V with a scan rate of 1.0mV s~ ! and the
current density was normalized to the area of coated nano-
catalysts.

3. Results and discussion
3.1. XRD, Raman, XPS, and TGA analysis

In order to characterize the crystalline structure, thermal
property and the inner relationship between Pd NPs and MWNTSs of
the synthesized Pd/MWNTs, Common techniques such as XRD,
Raman spectra, XPS and TGA are performed and shown in Fig. 1
(A-D) compared with the as-received MWNTs. For the XRD
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patterns, Fig. 1(A), pure MWNTs only exhibit one peak, belonging
to C (002), however, three peaks belonging to Pd (111), Pd (200)
and Pd (2 2 0) are clearly seen in PdA/MWNTs as confirmed from the
standard Pd card (JCPDS # 05-0681) at the bottom, indicating the
successful deposition of Pd on the tube wall surface [43]. For the
Raman spectra, Fig. 1(B), both pure MWNTs and Pd/MWNTSs exhibit
similar D and G bands, arising from the defect sites and sp’
hybridization of carbon materials [44]. In addition, in contrast to
the perfect honeycomb lattice of graphite, the G band is splited into
the G~ and G* bands due to the curvature of the CNTs [45]. The
intensity ratio of D to G bands (Ip/Ig) provides information about
the degree of structural defects on the tube wall. Specifically, the
higher the ratio, the larger the degree of defects. An increased Ip/Ig
value is calculated for PdA/MWNTs (1.85) vs. pure MWNTs (1.52),
suggesting an interaction between Pd NPs and MWNTSs due to the
functionalized carboxyl groups and further confirming the
successful deposition of Pd NPs [46]. The relationship between
Pd NPs and MWNTs is also confirmed by the curve fitting of C 1s in
XPS (Fig. 1(C)). The obvious area decreases of deconvoluted oxygen
containing groups are clearly noticed after the deposition of Pd NPs
on MWNTS due to the occupation of defects. Finally, the thermal
stability of PA/MWNTs and Pd loading is determined by TGA
conducted in air atmosphere, Fig. 1(D). A slight weight decrease
around 200 °C is due to the continue decomposing of acac and the
following weight up is attributed to the oxidation of Pd. The Pd
loading is obtained from the final residue (PdO) as 41.13 % after the
total burn of MWNTs.
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Fig. 1. (A) XRD pattern with standard card of Pd, (B) Raman spectra, (C) XPS curve fittings of the C1s and (D) TGA curves of (a) pure MWNTs and (b) Pd/MWNTs.
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Fig. 2. TEM image of the synthesized Pd/MWNTs nanocatalysts, inset is the HRTEM
image with clear lattice space.

3.2. TEM characterizations

The microstructure of the synthesized PA/MWNTs is character-
ized by TEM (Fig. 2) and inset HRTEM image with clear lattice
spacing. The Pd NPs are observed to be evenly distributed on the
tube wall surface without obvious agglomeration due to the
dispersion and anchoring role of functionalized carboxylic groups
[42]. The microstructure of Pd NPs is further illustrated in the
HRTEM image, the Pd NPs are uniformly distributed and anchored
on the tube wall surface with an average size of 10 nm. The crystal
structure is a key parameter that affects the catalytic activity of Pd
toward FAOR. It is demonstrated by Nagahiro Hoshi et al. [47] that
the catalytic activities of Pd with different crystal structures follow
the order of Pd(110)<Pd(111)<Pd (100). In the synthesized
Pd/MWNTSs, a lattice space of 0.238 nm, characteristicof Pd(111) in
the form of thin film and platelet due to 1/3(422) reflections, is
observed from the HRTEM image [48]. Therefore, it can be inferred
that the Pd in Pd/MWNTs is mostly (111) oriented.

3.3. Electrocatalytic evaluations

3.3.1. Electroactivity toward FAOR

Pd as a hydrogen storage material is well known to absorb
massive quantities of hydrogen [49]. Fig. 3(a) shows the
voltammetric behavior of the Pd/MWNTs electrode in 0.5M
H,SO, at a scan rate of 50mVs~! with potential ranging from
—0.4 to 1.0V. The CV curve exhibits a single broad anodic peak
(peak I) around —0.1V due to the oxidation of both absorbed and
adsorbed hydrogen on the Pd/MWNTs electrode. The cathodic peak
(peakII) at —0.25V during the reverse scan is assigned to reductive
absorption and adsorption of hydrogen [50]. During the high
potential range, Pd is oxidized to Pd(II) oxide and exhibits a broad
peak around 0.8 V (peak III), the corresponding cathodic peak (peak
IV) centering at 0.5V is explained by the reduction of PdO. The
electrochemically active surface area (ECSA) related with the active
sites of catalyst and the conductive pathways available to transfer
electrons from and to the catalyst surface is calculated to be
74.8 m?gpy ! from integrating peak IV using Eq. (1).

ECSA = Q/SL (1)

where “Q” is the charge associated with PdO stripping, “S” is the
proportionality coefficient as 405 .C cm~2, which is used to relate
charges with area under an assumption that a monolayer of PdO
covers on the surface, ‘L’ is the Pd loading in ‘g’.

CV towards FAOR is conducted on the same Pd/MWNTs
electrode in 0.5M H,SO4 containing 0.2 M HCOOH ranging from
—0.4 to 1.0V, Fig. 3(b). The pair of hydrogen oxidation and
reduction (centered at —0.1 and —0.25 V) is still observed when the
potential ranges from —0.4 to 0V, indicating that the correspond-
ing hydrogen reactions are not fully depressed by the oxidation of
HCOOH molecules. A further potential increase from 0V leads to an
obvious increase of current density, indicating the onset oxidation
of HCOOH molecule. However, the increasingly produced CO,qs
poisoning species are absorbed on the Pd surface and largely block
the further oxidation of fresh HCOOH molecules causing a decline
of the current density [51]. In addition, the oxidation of Pd to PdO
during the high potential range also largely limits the electro-
catalytic activity of Pd. The main oxidation peak observed at 0.23V
is assigned to the oxidation of fresh HCOOH and the minor hump at
about 0.5V indicates the oxidation of Pd [52,53]. The peak current
density (jp) of the PA/MWNTs electrode is 0.65 A/mg pq after the
normalization to Pd mass. In addition, the CV curves with current
density normalized to catalysts area are also provided in
Fig. 3(c&d) to comprehensively evaluate the catalysts performance.
During the negative scan, the sharp peak around 0.45V is assigned
to the oxidation of fresh HCOOH on the reduced clean Pd surface.
This CV pattern is observed to be consistent with the typical CV of
Pd (111) [47], also confirming the lattice space analysis in TEM.

3.4. Poisoning of Pd/MWNTs for FAOR

In order to further understand the poisoning mechanism of
FAOR on the Pd-based catalysts, CV with different potential scan
ranges on the PA/MWNTs electrode are conducted in 0.5M H,SO4
solution containing 0.2M HCOOH at a scan rate of 50mVs~.
Fig. 4(A) shows the CV curves scanned from increased lowest
potentials as (a) —0.4, (b) —0.1, (c) 0 and (d) 0.1V to constant
highest potential as 1.0V. j, as an important index to evaluate the
activity of FAOR is observed to decrease first from 0.86 to 0.59 A/mg
pa When increasing the lowest potential from —0.4 to —0.1V.
However, further increasing the lowest potential to 0 and 0.1 V lead
to an unchanged j, value as 0.71 A/mg p4. The adsorbed hydrogen is
well acknowledged to be essential for the commence of FA
oxidation because it can facilitate the conversion of HCOOH
molecules to a series of intermediates species such as (COH),4s and
[CH(OH),]aqs [40]. Since the hydrogen adsorption mainly proceeds
before —0.1V as confirmed from Fig. 3(a), it is deduced that the
decreased j, value is probably arising from the absence of the
hydrogen adsorption in the low potential range, confirming the
importance of adsorbed hydrogen in facilitating the FA oxidation.
In order to investigate the role of high potential scan ranges during
the FAOR, CV conducted with constant lowest potential as —0.4V
and increased the highest potential as (a) 0.3, (b) 0.4, (¢) 0.6 and (d)
1.0V are performed in Fig. 4(B). The j,, value is observed to decrease
monotonously from 0.66 to 0.62A/mg pq when increasing the
highest potential from 0.3 to 0.6 V. This can be explained from the
aspect of CO,q4s poisoning species. Since the adsorbed poisoning
species are the main reason causing the decrease of current density
and can only be oxidized during the high potential range, the CO,qs
poisoning species will keep accumulating on the Pd surface and the
increasingly serious poisoning phenomenon can't be alleviated
due to the omission of high potential oxidation process. In contrast,
a further increase of the potential to 1.0 V contributes to an obvious
increase of j, value from 0.59 to 0.68 A/mg pq, since the poisoning
species have been totally oxidized in the high potential range, the
produced clean Pd surfaces are responsible for this increased j,
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Fig. 3. CV of PdA/MWNTs in (a&c) 0.5 M H,SOy4 solution, and (b&d) 0.5 M H,SO, solution containing 0.2 M HCOOH. The scan rate is 50 mV/s, the current density is normalized to

(a&b) Pd mass and (c&d) catalysts geometric surface area, respectively.

value. The positive roles of hydrogen adsorption at lower potentials
and oxidation of CO,qs poisoning species at higher potentials are
both confirmed again by a continuous 40 CV curves with different
sweeping potential ranges as ten cycles each from 0.1 to 1.0V, from
—0.4 to 1.0V, from —0.4 to 0.4V and from —0.4 to 1.0V. During
these 40 CV cycles, overlapped curves are obtained during each 10
cycles within specific potential range, every tenth cycle of the
corresponding potential range is recorded and shown in Fig. 4(C).
The j, value first increases from 0.47 to 0.53 A/mg pq when
expanding the potential range from 0.1 - 1.0 to —0.4 - 1.0V, while a
following decreased j, value as 0.42A/mg pq is observed as the
potential range is narrowed to —0.4 - 0.4 V. Finally, an increased j,
value as 0.46 A/mg Pd appears when the potential range is back to
—0.4 - 1.0V. However, it is clearly seen that the 40th j, value
(0.46 A/mg pq) is much lower than that of the 20th cycle (0.53 A/mg
pa) with the same sweeping potential range (—0.4 to 1.0 V). In order
to obtain detailed information about the decreased j, value, CV was
re-conducted in 0.5M H,SO,4 after performing all the above CV
tests and compared with that in Fig. 3(a). The CV comparison is
provided in Fig. 4(D), a largely decreased area of peak I is clearly
seen after performing all the CVs due to the serious poisoning
effect on the nanocatalysts. However, the unchanged peak IV
implies a negligible effect of the detachment of Pd during the FAOR.

3.5. HCOOH concentration effect on FAOR

Fig. 5(A) displays the CV curves conducted in 0.5M H,SO4
solution containing different HCOOH concentrations ranging from
0.2 to 12.0M at a scan rate of 50mVs~". The forward j, value is
observed to first increase from 0.65 to 1.38 A/mg pg with increasing
the HOOCH concentration from 0.2 to 4.0 M. However, further
increasing HCOOH concentration to 12.0 M leads to an obviously
decreased j, value as 0.77 A/mg pq. Since HCOOH is the main
electron donator during the oxidation process, it is reasonable that

the j, value will first increase with increasing the HCOOH
concentration, however, as more and more poisoning species
are produced and accumulated on the Pd surface when further
increasing the HCOOH concentration, the continuous oxidation of
HCOOH molecules will be largely blocked thus causing a decreased
Jjp value as indicated by the 12.0 M HCOOH. In addition, another
important effect of increasing HCOOH concentration is on the
difference between j, values obtained from the forward and
reverse scans. For 0.2 M HCOOH, Fig. 5A(a), the forward jj, value is
almost the same as the reverse j, value (0.65 A/mg pq), indicating an
equivalent oxidation activity during the forward and backward
sweeping. The reverse j,, is mainly related to the oxidation of fresh
HCOOH molecules after the reduction of PdO to Pd, this reverse j,,
value largely excludes the effect of CO,qs species in a very short
period of time since CO,qs species have been totally oxidized
during the high potential ranges. Therefore, it is deduced from the
almost same forward and reverse j, values that the CO,45 poisoning
species are not playing a major role in decreasing the current
density during the forward scan with low HCOOH concentrations.
The less produced CO,4s poisoning species during forward scan are
also consistent with the previous reports that FAOR is mainly
proceeded through dehydrogenation pathway on Pd-based cata-
lysts [54,55]. However, for 4.0 and 12.0 M HCOOH, Fig. 5A(b&c), the
observed reverse j, values (1.95 & 1.47 A/mg pq) greatly exceed the
forward j, values (1.38 & 0.779A/mg pq) and the difference
between them increases with increasing the HCOOH concentra-
tion. As the HCOOH molecules increase to a certain extent, the
accumulated CO,q45 poisoning species will influence the forward j,
significantly rather than the reverse j, due to the full oxidization of
poisoning species after sweeping through the high potential range.
Therefore, the larger reverse j, value can be probably attributed to
the oxidation of fresh HCOOH molecules without the CO.qs
poisoning effect in a short time. In summary, the enlarged j,
difference clearly indicates a worse poisoning phenomena and the
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to 1.0V, (D) Comparison of CV curves in 0.5M H,SO,4 solution before and after all the above CV tests with current density normalized to Pd mass at 50mVs~".

dehydration pathway plays an increasing role during FAOR when
increasing the HCOOH concentration.

Slow linear sweep voltammetry (SLV) as a useful tool to
investigate the inner oxidation mechanism of FAOR was also
conducted from —0.2 to 0.8V at a scan rate of 1.0mVs~! in the
corresponding electrolytes, Fig. 5(B). For 0.2 M HCOOH, only one
dominant peak is clearly seen around 0.1V, suggesting that the
HCOOH molecules are mainly oxidized through the dehydrogena-
tion pathway in low HCOOH concentration electrolytes, which is
also consistent with the CV results. However, two peaks observed
around 0.1 and 0.7 V representing dehydrogenation and dehydra-
tion pathways are clearly seen with 4.0 M HCOOH, indicating a
clear variation of the oxidation mechanism. i.e., from main
dehydrogenation pathway for low HCOOH concentration to
combined dehydrogenation with dehydration pathways for high
HCOOH concentration. Furthermore, the second peak is observed
to become relatively dominant with increasing the HCOOH
concentration from 4.0 to 12.0 M. The increased peak II/I ratio
demonstrates that increasing the HCOOH concentration can direct
increase the proportion of dehydration pathway to dehydrogena-
tion pathway. In addition, it's clearly seen from Fig. 5(B) that the
peak current potential (E,) of peak I negatively shift with
increasing the HCOOH concentration, indicating an easier dehy-
drogenation process due to the increased availability of fresh
HCOOH molecules, however, the positive shifted onset potential of
peak Il of 12.0 M HCOOH is probably due to the relatively decreased
H*. Finally, an obvious intensity decrease of peak I is clearly

-1

observed for 12.0M HCOOH, suggesting an largely decreased
dehydrogenation process by the increased CO,q4s poisoning species
and a shift from dehydrogenation process to dehydration process
with increasing the HCOOH concentration. The kinetics of FAOR at
different HCOOH concentrations were also studied via Tafel
analysis, Fig. 5(C). All of the curves were fitted and divided into
two parts representing dehydrogenation and dehydration pro-
cesses. It is clearly seen that at the lowest concentration of HCOOH,
0.2 M, the Tafel plot exhibits the lowest slope (102.6 mV/dec) for
dehydrogenation process and a negative slope for dehydration
process, implying a dominated dehydrogenation pathway and a
negligible dehydration pathway at low HCOOH concentrations. The
slope of dehydrogenation increases to 134 and 184.5 mV/dec with
increasing the HCOOH concentration to 4.0 and 12.0 M, respec-
tively, suggesting a deteriorated dehydrogenation pathways due to
the increased poisoning species. In addition, enhanced dehydra-
tion pathway with increasing the HCOOH concentration from 4.0
to 12.0M is also obtained from the decreased slope, confirming
again that increasing the HCOOH concentration can directly
increase the dehydration proportion.

In order to further probe the tolerance stability and the inherent
kinetics variation with different HCOOH concentrations, CA and EIS
characterizations of the PA/MWNTs electrode were conducted in
0.5 M H,S04 solution containing a HCOOH concentration of (A&D)
0.2, (B&E) 6.0 and (C&F) 12.0 M, Fig. 6. CA was carried out at a
potential of (a) 0, (b) 0.2, (c) 0.4 and 0.6 V each for a duration of 300
s. The selected potentials represent four regions, i.e., the onset
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Fig. 5. (A) CV at 50mVs~', (B) LSV at 1.0mV s~ and (C) Tafel of the Pd/MWNTs electrode in 0.5 M H,SO, solution containing HCOOH concentration as (a): 0.2, (b): 4.0 and

(c):12.0M.

oxidation of HCOOH through dehydrogenation pathway, the peak
of HCOOH dehydrogenation pathway, the onset oxidation of
HCOOH through dehydrogenation pathway and the peak of
HCOOH dehydration pathway. For 0.2M HCOOH, Fig. 6(A), the
CA at 0.2V maintains the lowest decay rate and the highest
extreme current density, suggesting a dominant dehydrogenation
pathway. However, for CA curves of 4.0 and 12.0M HCOOH,
Fig. 6(B&C), fast decays are both observed at 0.2 V, implying serious
CO.qs poisoning effects during the dehydrogenation process. In
contrast, the extreme currents at 0.4 and 0.6V are observed to
maintain relatively higher values and lower decay rates, suggesting
the shift of reaction pathway from dehydrogenation to dehydration
pathway with increasing the HCOOH concentration.

EIS as a useful technique providing valuable information about
the inherent kinetics of electro-transfer process was carried out in
the frequency range from 100 000 to 0.01Hz with a 5mV
amplitude for different HCOOH concentrations. Nyquist imped-
ance plots of different HCOOH concentrations with potential
varying from —0.2 to 0.9V (shown as Figure legends) are provided
in Fig. 6(D-F). For 0.2 M HCOOH, Fig. 6(D), the impedance arcs from
—-0.2 to 01V (all located in the first quadrant) decrease
monotonously with increasing the potential. The observed
monotonously decreased impedance arcs from —0.2 to 0.1V is
an indicator of onset oxidation of HCOOH [56]. A rapid slope

increase of the liner portion part is observed as the potential is
increased to 0.2V, indicating the appearance of an increasingly
dominant diffusion-controlled component due to the potential-
enhanced electron-transfer kinetics [57]. The arcs begin to bend to
the second quadrant and increase monotonously with the
potential sweeping from 0.3 to 0.6V. The negative faradaic
impedance suggests the presence of an inductive component as
a consequence of the oxidative removal of the adsorbed CO,qs
species on the Pd surface by the chemisorbed OH,4s which is
regarded as the rate-determining step during this potential range
[57]. The arcs begin to return to the first quadrant when the
potential is higher than 0.5V, suggesting a variation of the rate-
determining step, since the electro-oxidation of surface adsorbed
CO,qs Will be drastically accelerated during this potential region,
the formation of CO.qs through dehydration pathway appears to
become the rate-determining step [57]. This interesting imped-
ance pattern variation has also been reported by numerous works
[58-60]. For HCOOH oxidation with higher HCOOH concentrations,
i.e, 6.0 and 12.0 M, similar patterns to that of 0.2 M HCOOH are
observed, Fig. 6(E&F), the arc diameters decrease first when the
potential increases within the range from —0.2 to 0.1V, the arcs
then bend to the second quadrant and finally back to the first
quadrant. However, the arcs are observed to reach the forth
quadrant within the potential range at 0.2V for 6.0 M HCOOH and
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Fig. 6. CA and EIS of the Pd/MWNTs electrode in 0.5 M H,SO, solution containing HCOOH concentration as (A&D) 0.2, (B&E) 4.0 and (C&F) 12.0 M. CA (A-C) was conducted at a
potential of (a) 0, (b) 0.2, (c) 0.4 and (d) 0.6V, EIS (D-F) was conducted at various electrode potentials (—0.2 - 0.9V) as shown in the Figure legends.

0.1V for 12.0 M HCOOH, respectively, indicating the presence of a
small pseudoinductive component due to the oxidative removal of
adsorbed CO.qs species [57]. The early appearance of this
pseudoinductive component demonstrates the easier oxidation
of the produced CO,qs Species with increasing HCOOH concentra-
tion. Based on the impedance results and above analysis, two
equivalent circuits, Fig. S1, are used to fit the EIS positive and
negative impedances, respectively. The fitting circuit of positive
impedance part is provided in Fig. S1(A), normal components as R
represents the solution resistance, CPE for constant-phase element
and R, for the charge-transfer resistance evaluating how fast the

charge transfer during the oxidation process. However, a more
complex model, Fig. S1(B), is employed for the fitting of negative
impedance part, where newly employed Cp and R, represent the
capacitance and resistance of the electrooxidation of adsorbed
CO,qs intermediates [59]. The R, fitting results are provided in
Fig. S2. Both rough increase trends of R, value are clearly observed
in negative and positive ranges with increasing the HCOOH
concentration. The observed harder oxidation process is caused by
the increased poisoning effect, indicating an increased proportion
of dehydration pathway to dehydrogenation pathway with
increasing the HCOOH concentration.
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3.6. H,S0,4 concentration effect on FAOR

Similar to the HCOOH concentration effect on FAOR, H,SO4
concentration effect on FAOR was also studied in order to provide a
favorable environment for FAOR. Fig. 7 illustrates the CV and LSV
curves of the Pd/MWNTs electrode in 4.0M HCOOH aqueous
solution with varying H,SO,4 concentration from O to 4.0 M. The
observed forward j, value in Fig. 7(A) first increases from 0.92 to
1.38 A/mg pq with increasing the H,SO4 concentration from O to
0.5M and a great decreased j, value (0.37 A/mg pq) is observed
when further increasing the H,SO4 concentration to 4.0 M. The first
increased j, value confirms the positive role of H" in facilitating the
FAOR in low H,SO4 concentration solution, which is probably due
to the reactant role of H* during FAOR [61]. However, the declined
Jjp value in the electrolyte with 4.0 M H,SO,4 demonstrates that an
excessive amount of H,SO,4 can reversely depress the HCOOH
oxidation. Since H* has to be extracted from HCOOH molecules
during the FAOR in spite of dehydrogenation or dehydration
pathway, it is reasonable the excess H" will make the oxidation
process hard to proceed due to the extremely unbalanced
equilibrium of H'. In addition, the increased adsorption of bisulfate
anions can also inhibit the reaction [62,63]. An obvious negative
shift of E, with increasing H,SO4 concentration is also clearly seen
in Fig. 7(A), indicating an easier onset oxidation of HCOOH
molecules with increased H*. For FAOR in 4.0 M HCOOH solution
without H,SOy4, Fig. 7A(a), a slow current increase trend is clearly
seen when increasing the potential from —0.2 to 0.6V, a sharp
current decrease is following observed starting around 0.6 V due to
the Pd oxidation which results a much higher E, value compared
with the electrolytes containing H,SO4. The extremely positive

shifted E, value indicates a sluggish kinetics and the decrease of
current density is mainly attributed to the oxidation of Pd. In
addition, a sharp increase of current density is also observed at
0.55V during the negative scan, different from the electrolytes
with H,SO4. The sharp increase is explained by the preliminary
oxidation of fresh HCOOH molecules on the total re-cleaned Pd
surface without further oxidation in the absence of H* [41]. The
potential where the sharp increase occurs is also consistent with
the Pd reduction potential during the negative scan. In contrast, for
electrolyte with H,SO,4, gradual increases of current density during
the reverse scan are observed due to the further oxidation of the
produced intermediates on the re-cleaned Pd sites in the presence
of abundant H*.

In order to gain an insight into the inherent mechanism
variation, LSV of the Pd/MWNTs electrode were also performed in
0, 0.5 and 4.0 M H,SO, solution containing 4.0 M HCOOH ranging
from —0.8 to 0.2V at a scan rate of 1 mVs~! as shown in Fig. 7(B).
Similar peaks as I and II are assigned to the dehydrogenation and
dehydration pathways, indicating the existence of dual pathways
regardless of the variation of H,SO,4 concentration. For electrolyte
without H,SOy, Fig. 7B(a), peak Il is comparable with that of peak I,
suggesting that the dehydration pathway plays a comparable role
to the dehydrogenation pathway during the FAOR. However, for
electrolyte with 0.5M H,SO,4, Fig. 7B(b), the ratio of peak II/I is
largely decreased, implying that the main pathway is shift to
dehydrogenation when increasing H*. However, both peaks are
largely depressed when the H,SO, concentration increased to
4.0 M due to the excess H" and largely adsorbed bisulfate anions,
which is also consistent with the CV results. The Tafel curves were
also provided in Fig. 7(C) to study the kinetics at different H,SO4
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concentrations. It is clearly seen that at 0 M, the Tafel curve exhibits
the highest slope for dehydrogenation process and the lowest slope
for dehydration pathways, indicating a suppressed dehydrogena-
tion pathway and an enhanced dehydration pathway without
H,S0,4. When increase the H,SO,4 concentration to 0.5 M, the slope
for dehydrogenation process is decreased to 134 mV/dec, suggest-
ing a positive role of H* in promoting dehydrogenation pathway at
low H,S0,4 concentrations. Interestingly, the slope is increased to
200.8 mV/dec when further increasing the concentration of H,SO4
to 4.0 M, implying a negative effect of high H,SO, concentrations,
which agrees well with the CV and LSV measurements. Finally, the
slope of the dehydration process is observed to decrease when
continue increasing the H,SO,4 concentration from 0.5 to 4.0 M,
implying a facilitating role of H" in oxidizing poisoning species.
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Similar to the characterization of HCOOH concentration effect,
CA and EIS techniques were also employed to investigate the
variations of tolerance stability and inherent reaction kinetics with
varying H,SO4 concentration. Fig. 8(A-C) displays the CA
conducted at a potential of (a) 0, (b) 0.2, (¢) 0.4 and (d) 0.6V for
a duration of 300s in (A) 0, (B) 0.5 and (C) 4.0 M H,SO,4 solution
containing 4.0 M HCOOH. For the CA without H,SOy, Fig. 8(A), the
current density at 0.2 and 0.4V exhibit relatively quick decays
compared with that of 0.5 and 4M H,SO,4, indicating a bad
tolerance stability and a largely depressed dehydrogenation
pathway. However, the CA curve at 0.4V exhibits a relatively
low decaying rate and maintains the highest extreme current
density after introducing 0.5M H,SO,, Fig. 8(B), the observed
increasingly dominant dehydrogenation pathway confirms the

2500 | °
(A) —a D)
_ ° = .02V
2 06 2000 - o 01V
%‘J . ° a0V
= 21500 i *, ° v 01V
L]
> = - <« 02V
.*E 04 91000 - ** e° » 03V
< N so0f 2;-" amEEEEag MM
- ; #* . " . 05V
5 ty L L7 3"'
E 02 0 _:4._ . .« 06V
5 * < * 07V
sk o o 08V
> 09V
0.0 L L L
0 -500 0 500 1000 1500
Z' (Ohms)
*
14 00F ) E
. = 202V
12 : 5 e -0.1V|
o0 eo o4 . 4 0V
5 10 soor ‘:‘ G W 01V
~ [2) L A X3 Je
Z 08 R S ) (. ‘“';U. NP
= O 3 ¢ » 03V
g S P a1 * s 04V
S 06 L' F —
- N o e 05V
2 04 « c 06V
2 “ ‘ * 07V
© 02 -500 | o 08V
< < <= 09V
0.0 , [ , ,
-500 0 500 1000
Z' (Ohms)
06 3000 (F) e
~ 2500 | * = 02V
£ N o o -0.1V|
g 2000 o 4 0V
< 04 = en v 01V
2 E 15000 .‘ oo . * - <« 02V
z :O, 1000 Fes, o oo e, °l ;‘oo > 03V
= N o o F ¢ 04V
- Y500 e o L BRAL § Iy e 05V
K .
g 02 ob—" % PR,
5 v * 07V
-500 - v ° 08V
-1000 } v 09V
0.0 L - 1 L T L " " " N
0 50 100 150 200 250 300 1500 -1000 -500 0 500 1000 1500
t/s Z' (Ohms)

Fig. 8. CA (A-C) at a potential of (a) 0, (b) 0.2, (c) 0.4 and (d) 0.6 V as well as EIS (D-F) at various electrode potentials ranging from —0.2 to 0.9V conducted on the Pd/MWNTs
electrode in different electrolytes containing 4.0 M HCOOH with H,SO,4 concentration as (A&D) 0, (B&E) 0.5 and (C&F) 4.0 M.
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facilitating role of increasing H" to dehydrogenation pathway.
Finally, it is observed from Fig. 8(C) that all the current densities for
4.0 M H,S0,4 is much lower than that of 0.5 M H,SO,, indicating a
low tolerance stability in the solutions at high H,SO, concen-
trations.

The EIS curves conducted at various potentials ranging from
—0.2t0 0.9V in 0, 0.5 and 4.0 M H,SO, solutions containing 4.0 M
HCOOH are provided in Fig. 8(D-F). For the EIS curve without
H,SO,4, Fig. 8(D), the potential range from —0.2 to 0.2V where the
arc diameter decrease happens is observed to be much wider than
that with H,SO4 in electrolyte (from —0.2 to 0.1V for 0.5M H,SO,4
and from —0.2 to 0V for 4.0 M H,SO,). The wider potential range
where the onset oxidation of HCOOH happens indicates a sluggish
kinetics caused by the absence of H,SO4 within the low potential
ranges. Furthermore, the intercept of the EIS curve with x-axis
represents the equivalent series resistance (ESR), which mainly
arises from the electrolyte resistance since the catalyst effect is
excluded [64]. It is clearly seen from Fig. 8(D-E) that the ESR value
of 0M H,SO4 (245()) is much higher than that of 0.5 and 4.0M
H,S0, (0()), indicating a higher electrolyte resistance without
H,S0O,4. For HCOOH oxidation in 0.5 and 4.0 M H,SO4, the minimum
arcs are observed at 0.1 and 0V, respectively, both lower than that
without H,SO, (0.2V) and decrease with increasing H,SO4
concentration, demonstrating a facilitating role of increasing H*
to the onset oxidation of HCOOH. In addition, the small
pseudoinductive component representing the removal of CO,qs
species which is determined from the extension of arc to the fourth
quadrant appears more negative with increasing the H,SO4
concentration, i.e., 0.3V for OM H,SO4 0.2V for 0.5M H,SO4
and 0.1V for 4.0M H,SO,4. The decreased potential indicates an
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earlier removal of CO,4s poisoning species with increasing the
H,S0,4 concentration, demonstrating a promotion effect of H" on
the removal of CO,4s sSpecies and also consistent with Tafel results.
The EIS curves are also curve fitted using the two equivalents
presented in Fig. S1 and the obtained variation trends of R, with
potential results are given in Fig. S3. Similar trends of R, v.s.
potential with different H,SO, concentrations are observed.
However, a clear negative shift of the trend is clearly seen with
increasing H,SO,4 concentration, implying that the onset oxidation
of HCOOH can be made easier when increasing H*. In addition, the
absolute R, values after 0.2 V increase largely with increasing the
H,S0, concentration, indicating a slow charge transfer reaction
kinetics due to the excess H" and bisulfate anions and also
consistent with the CV and LSV analysis.

3.7. Temperature effect on FAOR

Three temperatures of 2, 22, and 40°C representing cold,
normal and hot weather were selected to probe the temperature
effect on the catalytic activity and inherent reaction kinetics of Pd/
MWNTs for FAOR. Fig. 9 depicts the similar characterizations of the
Pd/MWNTs electrode applied with different temperatures in 0.5 M
H,S0,4 solution containing 0.2 M HCOOH at scan rates of 50 and
1.0mV s, respectively. For the CV characterization, Fig. 9(A), the
observed largely increased j, value indicates the positive role of
increasing the temperature in facilitating the oxidation of HCOOH.
The j, value is observed to increase almost seven times (from 0.19
to 1.24 A/mg pq) as the temperature increases from 2 to 40°C. In
addition, the onset potential of the HCOOH oxidation is also
observed to negative shift with increasing the HCOOH
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Fig. 9. (A) CV at 50mV s, (B) LSV at 1.0mV s, (C) Arrhenius plots of log i versus 1/T at different potentials and (D) Tafel of Pd/MWNTs electrode in 0.5 M H,SO, solution

containing 0.2 M HCOOH at (a) 2, (b) 22, and (c) 40°C.
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concentration, suggesting a much easier oxidation with increasing
the temperature. Fig. 9(C) shows the relationship between log i and
1/T for FAOR at five selected potentials. The rough linear
relationship suggests that the reaction mechanism at each
potential does not change with varying temperature. The apparent
activation energies, E,, is also calculated and provided correspond-
ingly at each potential in Fig. 9(C). The E, at 0.1 and 0.3V was
calculated to be 15.26 and 15.46 kJ/mol, much higher than that of
other potentials, indicating high sensitivity of dehydrogenation
process to temperature. For the LSV characterization, Fig. 9(B), a
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CV results. For HCOOH oxidation at 2 and 22°C, peak I is only
observed, implying the dominant dehydrogenation pathway.
However, peak Il assigned to the dehydration pathway appears
when the temperature is increased to 40 °C, indicating an increased
role of dehydration pathway when increasing the temperature.
Since the reaction kinetics of HCOOH oxidation can be greatly
increased at high temperatures, the CO,qs Species are more easily
produced through dehydration pathway thus contributing to
the appearance of peak II. The kinetics study of temperature
effect toward FAOR was also performed through Tafel, Fig. 9(D).

similar current density increase is clearly seen, consistent with the Pd/MWNTs exhibit the largest slope (181.4mV/dec) for
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Fig.10. CA (A-C) at a potential of (a) 0, (b) 0.2, (c) 0.4 and (d) 0.6 V as well as EIS (D-F) at various electrode potentials ranging from —0.2 to 0.9V conducted on the Pd/MWNTs
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dehydrogenation pathway at 0°C, indicating a sluggish reaction
kinetics. The slopes of the dehydrogenation pathway lower to 134
and 112.1 mV/dec with increasing the temperature to 22 and 40 °C,
respectively, can be explained by the enhanced ion mobility.
Besides, negative slopes of dehydration pathway are observed at all
these three temperatures, nevertheless, the decreased slopes with
increasing the temperature confirm an increased dehydration
pathway.

Detailed study about the temperature effect on the tolerance
stability and reaction kinetics were performed through CA and EIS
characterizations similarly. Fig. 10 depicts the CA curves conducted
at a potential of 0, 0.2 0.4 and 0.6V and the EIS Nyquist plots
performed at various potentials ranging from —0.2 t0 0.9V in 0.5 M
H,S0,4 solution containing 0.2 M HCOOH at (A&D) 2, (B&E) 22 and
(C&F) 40°C. For the CA characterization, Fig. 10(A-C), the general
extreme current densities follow an order as 2 <22 <40°C,
confirming the positive effect of increasing the temperature on
tolerance stability. In addition, the increasingly dominant role of
dehydration pathway at 40°C is also demonstrated by the
relatively faster and slower decay rates at 0.2V and 0.4V as well
as the roughly equal extreme current densities for 0.2 and 0.4V at
300s. For EIS characterization, Fig. 10(D-F), the arc diameter
decreases first with increasing the potential in the first quadrant,
then the pseudoinductive component appears as further increas-
ing the potential, the arc diameters increase with increasing the
potential in the second quadrant and finally return to the first
quadrant. However, for HCOOH oxidation at 2 °C, Fig. 10(D), a slight
arc diameter increase representing CO species removal is first
observed with increasing the potential from —0.2 to 0.1V as
illustrated by the enlarged part inset of Fig. 10(D) [57,59]. This
newly appeared arc diameter increase phenomenon is different
from the arc diameter decrease trends for 22 and 44 °C, indicating
sluggish reaction kinetics of PdA/MWNTs at low temperatures. For
HCOOH oxidation at 22 and 40°C, Fig. 10(E&F), the minimum arcs
during the diameter decrease trend are obtained at 0.1 and 0V,
however, no comparable value is found for 2°C due to the
disappearance of diameter decrease trend in the first quadrant,
suggesting that the production and removal of CO,qs is more easily
proceeded when increasing the temperature. Finally, the R, values
obtained from the fitted EIS curves are also provided in Fig. S4, For
FAOR at 2°C, Fig. S4(a), the absolute R values of 2°C are much
higher than that of 22 and 40 °C during the low potential range due
to the sluggish reaction kinetics. Since the mobility of ions is
greatly facilitated at higher temperatures, the reaction kinetics are
greatly enhanced as confirmed by the decreased R.; values for 22
and 40°C in Fig. S4(b&c).

4. Conclusions

Pd/MWNTs nanocatalysts were employed as a representative
Pd-based catalyst to investigate the FAOR mechanism and
poisoning effect on the PA/MWNTs electrode in H,SO4 solution.
The hydrogen adsorption in low potential range and the oxidation
of poisoning species during the high potential range both
contribute to the enhanced electroactivity of Pd/MWNTs. The
dual pathway mechanism is comprehensively studied by CA and
EIS, indicating that the oxidation of HCOOH through dehydroge-
nation pathway only proceeded in conditions with relatively lower
HCOOH and H,SO4 concentrations. Increasing HCOOH concentra-
tion can directly increase the dehydration process proportion and
cause the increase of CO,qs species. H,SO4 as donor of H" can
greatly facilitate the onset oxidation of HCOOH in the beginning
process, but it will largely depress the HCOOH oxidation with
excess amount of H". Finally, increasing temperature can boast the
mobility of ions and thus enhance the reaction kinetics as well as
cause the appearance of dehydration process.
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