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Facilitated Electro-Oxidation of Formic Acid at Nickel Oxide
Nanoparticles Modified Electrodes
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This study addresses the electrocatalytic oxidation of formic acid (FA) at nickel oxide nanoparticles (nano-NiOx) modified Pt, Au,
GC anodes. FA oxidation proceeds at the unmodified Pt electrode with the appearance of two oxidation peaks at 0.25 and 0.65 V
corresponding to the direct oxidation of FA to CO2 and the oxidation of the poisoning intermediate, CO, to CO2 with a current ratio
of the two peaks less than 0.2. Interestingly, this ratio jumps up to more than 50, upon modifying Pt with nano-NiOx. This highlights
the essential role of NiOx in enhancing the direct oxidation of FA (at 0.25 V) at Pt substrate. On the other hand, unmodified GC and
Au anodes as well as those modified with nano-NiOx exhibit no catalytic response toward FA oxidation. This highlights the essential
role of the underlying substrate and depicts also that nano-NiOx behaves as a catalytic mediator which facilitates the charge transfer
during the oxidation of FA at Pt anode. Optimization of the surface coverage of nano-NiOx at Pt is achieved, aiming at maximizing
the rate of the direct oxidation pathway of FA while suppressing the indirect oxidation route producing the poisoning CO. Moreover,
nano-NiOx/Pt anode maintains its high catalytic activity for a prolonged time of continuous oxidation of FA.
© 2012 The Electrochemical Society. [DOI: 10.1149/2.043207jes] All rights reserved.
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Fuel cells represent a unique entry into the field of clean, noiseless,
eco-friendly and efficient energy sources. They are expected to replace
the fossil fuel-based energy sources to meet the growing unlimited
needs of electric power in industry and daily live activities. Of these,
the direct formic acid fuel cell (DFAFC) is a promising candidate, in
view of its higher theoretical open-circuit potential (1.40 V) than that
of the direct methanol fuel cells, DMFCs, (1.21 V). Moreover, FA (as
a fuel) has a smaller crossover flux through Nafion membrane than
methanol, which permits using a higher concentration of the fuel and
thinner membranes. Platinum is considered among the best electro-
catalysts for FA oxidation. However, its catalytic activity deteriorates
with time due to the accumulation of the poisoning CO intermediate
produced as a result of the “non-faradaic” dissociation of FA. This,
eventually, blocks the active sites of Pt and lowers the kinetics of FA
electro-oxidation. The search for efficient and catalytically active an-
odes for FA oxidation is the incentive behind several investigations.
Most of these investigations have targeted the CO poisoning of the
Pt-based electrodes in a way to reduce the amount of adsorbed CO or
to facilitate its oxidative removal away from the electrode surface at
low anodic potential. Interestingly, Pt-based alloys and composites,1–7

and modified Rh, Pd and Au electrodes8–10 have been suggested as
possible anodes for FA oxidation which could successfully shift the
reaction pathway toward the direct oxidation of FA to CO2.11–18

In fact, the mechanism of FA oxidation at Pt-based electrodes
adapts a dual-pathway.6,19,20 The first involves the dehydrogenation
of FA to CO2, with the formation of formate anion as the reactive
intermediate.17,19,21 The second path involves the generation and ad-
sorption of the dehydration product of FA (i.e., CO) at low potential
domain and its oxidation to CO2 at higher anodic potentials com-
pared to the direct oxidation. The generation of CO accounts for the
degradation of the catalytic activity of Pt with time.

The current study is concerned with the investigation of the electro-
oxidation of FA at Pt, Au, and GC anodes modified with nano-NiOx,
aiming at increasing the life time of the Pt catalyst by imparting
a marked tolerance against CO poisoning to enhance the fuel cell
efficiency. Fortunately, the modification of Pt with minute amounts of
nano-NiOx results in a significant enhancement of the direct oxidation
pathway of FA to CO2 with a concurrent depression of the indirect
pathway as well as a significant long term stability. This enhancement
was not observed at the nano-NiOx modified GC and Au electrodes.
The influence of the loading level of nano-NiOx on the catalytic
activity of the modified Pt anodes is addressed herein as well.
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Experimental

Electrodes.— Glassy carbon (d = 3.0 mm), polycrystalline Au
(d = 1.6 mm) and polycrystalline Pt (d = 1.6 mm) electrodes served
as the working electrodes. An Ag/AgCl/KCl (sat) and a spiral Pt wire
were used as reference and counter electrodes, respectively. Conven-
tional procedure was applied to clean the Pt, Au and GC electrodes as
described elsewhere.6,20,22

Preparation of the modified electrodes.— The electrode’s modi-
fication with nano-NiOx was achieved in two sequential steps. The
first involved the electrodeposition of metallic nickel on the working
electrode (i.e., Au, Pt and GC) from an aqueous solution of 0.1 M
acetate buffer solution (ABS, pH = 4.0) containing 1 mM Ni(NO3)2

by a constant potential electrolysis at −1V vs. Ag/AgCl/KCl (sat.) for
various durations. These durations were set to control the amount of
the electrodeposited Ni. On the second step, the metallic Ni was pas-
sivated (oxidized) in 0.1 M phosphate buffer solution (PBS, pH = 7)
by cycling the potential between −0.5 and 1 V vs. Ag/AgCl/KCl(sat)
for 10 cycles at 200 mV/s.23,24 It is worth to mention that, the surface
coverage (θ) of the thus-fabricated nano-NiOx on the Pt electrode de-
pends inherently on the time employed during the electrodeposition
step. The values of θ are listed in Table I for various deposition times.

Table I. Variation of surface coverage (θ) of the nano-NiOx
electrodeposited onto Pt electrode with deposition time.

Dep. time of
nano-NiOx/s

Real surface
area(S)a/cm2 NiOx/Pt

Surface Coverageb

(θ %)

0 0.096 0
30 0.092 4
60 0.067 20
90 0.059 40
120 0.038 60
150 0.038 62
180 0.021 76
240 0.023 78
360 0.008 92

aAs estimated from the charge consumed during the reduction of the
surface oxide monolayer (at ca. 0.5 V, Figure 5B) using a reported
value of 420 μC cm−2.6,22

bThe values of surface coverage (θ = 1 – Smodified/Sunmodified) were cal-
culated for the various nano-NiOx/Pt electrodes. Smodified and Sunmodified
refer to the real surface area of the modified and the unmodified Pt elec-
trodes, respectively.
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The real surface areas of the unmodified (Abare) and nano-NiOx mod-
ified (Amod) Pt electrodes were estimated from the charge associated
with the reduction of the surface Pt-oxide monolayer (cf Fig. 5) at ca.
500 mV in 0.5 M H2SO4 and at ca. −250 mV in 0.5 M KOH using
a reported value of 420 μC/cm26,22 and the corresponding values are
shown in Table I.

Measurements.— The electrocatalytic activity of the nano-NiOx
modified electrodes toward FA oxidation was examined in an aqueous
solution of 0.3 M formic acid (pH = 3.5). The pH was adjusted
by adding a proper amount of NaOH. As, the use of highly acidic
solutions would diminish the stability of nickel oxide (albeit at slow
kinetics), the current study is conducted at slightly acidic pH, which
lies within the stability domain of nickel oxide.25 Moreover, at this
pH an appreciable amount of FA is ionized to formate anion (about
one third). This would enhance the ionic conductivity in the solution,
thus reduces the resistance polarization, in addition to compressing
the thickness of the diffusion layer.

Cyclic voltammetry (CV) was performed in a conventional two-
compartment three-electrode glass cell. All measurements were per-
formed at room temperature (25 ± 1◦C) using an EG&G potentiostat
(model 273A) operated with Echem 270 software. A field emission
scanning electron microscope, FE-SEM, (QUANTA FEG 250) cou-
pled with an energy dispersive X-ray spectrometer (EDS) unit was
employed to evaluate the electrode’s morphology and surface compo-
sition. X-ray diffraction, XRD, (PANalytical, X’Pert PRO) operated
with Cu target (λ = 1.54Å) was used to identify the crystallographic
structure of the nano-NiOx. Current densities were calculated on the
basis of the real surface area of the working electrodes.

Results and Discussion

Electrochemical and morphological characterization.— Fig. 1A-
1C compares the CVs of the unmodified (solid lines) and the nano-
NiOx modified (dashed lines) (A) Pt, (B) Au, and (C) GC electrodes
in 0.5 M KOH. Fig. 1A (solid line) depicts clearly a typical charac-
teristic CV of a clean polycrystalline Pt electrode in 0.5 M KOH.26

Interestingly, upon modifying the bare Pt electrode with nano-NiOx
(Fig. 1A, dashed line) a noticeable decrease in the intensity of the
reduction peak of the Pt oxide (at ca. −0.26 V) is observed along with
a decrease in the current of the hydrogen adsorption/desorption peaks
(in the potential region from −0.6 to–0.9 V vs. Ag/AgCl/KCl (sat)).
Moreover, a redox couple is observed, at ca. 0.4 V, which corresponds
to the Ni(OH)2/NiOOH transformation.27 Similar redox responses for
the Ni(II)/Ni(III) transformation are obtained at nano-NiOx modified
Au and GC electrodes, respectively shown in Fig. 1B and 1C. The sur-
face coverage (θ) was estimated as 76% and 70% for the nano-NiOx
modified Pt and Au electrodes, respectively. This reveals the partial
coverage of the underlying substrates with nano-NiOx.

The morphological characterization of the modified electrodes is
disclosed by SEM imaging. Fig. 2 shows typical SEM micrographs
of nickel before (A) and after passivation (B). It reveals that the
electrodeposited Ni has a dendritic nanostructure with an average
particle size of 80 nm that partially covers the surface of GC electrode
(image A). Similar morphology is observed after passivation, with a
larger average particle size (150 nm, see image B).

Fig. 3 shows XRD patterns of NiOx fabricated at (A) GC, (B) Au
and (C) Pt substrates. In Fig. 3A, the signals observed at 2 Theta equal
to 25.2, 37.9 and 43.1◦ are assigned to the NiOOH phase (PDF card
00-006-0075). The other peaks located at 2 Theta of 62.2 and 78.6◦

are assigned to lower Ni-Oxide phase (PDF card 01-071-4750).28

Fig. 3B and 3C shows similar diffraction patterns of the NiOOH
phase (at 2 Theta of 37.9 and 42.8◦) along with the diffraction signals
of polycrystalline Au and Pt substrates, respectively.

Effect of substrate.— The catalytic activity of nanoparticle-based
electrodes is shown to depend markedly on several factor including
the nature of the substrate.6,29 In this context, the electrocatalytic
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Figure 1. (A-C) CVs of unmodified and nano-NiOx modified (A) Pt, (B)
Au and (C) GC electrodes in 0.5M KOH solution at 100 mV s−1. Note that
nano-NiOx was electrodeposited onto the various electrodes as described in
the Experimental section using a deposition time of 3 min.

activity of nano-NiOx toward FA oxidation is investigated at three
different (nano-NiOx modified GC, Au and Pt) electrodes and the
corresponding CVs are shown in Fig. 4. In Fig. 4A (solid line), two
oxidation peaks (marked as Ip

d and Ip
ind) were observed at ca. 0.25

and 0.6 V in the forward direction (i.e., anodic-going potential scan)
at unmodified Pt electrode, similar to previous reports.6,20,30 The first
peak (Ip

d), located at ca. 0.25 V, is assigned to the direct oxidation
of FA (i.e., dehydrogenation pathway) to CO2. Whereas, the second
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Figure 2. FE-SEM images of (A) metallic nickel and (B-D) nano-NiOx mod-
ified (A,B) GC and (C) Pt and (D) Au electrodes. N.B. Ni metal was elec-
trodeposited as described in the experimental section by a constant potential
electrolysis at −1V vs. Ag/AgCl/KCl (sat.) for 3 min. Scale bar = 10 μm for
images A and C, = 2 μm for image B and = 3 μm for image D.
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Figure 3. XRD pattern for the fabricated NiOx at (A) GC, (B) Au and (C) Pt
substrates.
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Figure 4. CVs for formic acid oxidation at unmodified (solid lines) and nano-
NiOx modified (dashed lines) (A) Pt, (B) Au and (C) GC electrodes in 0.3 M
HCOOH solution (pH 3.5) measured at 100 mV s−1.

oxidation peak (at ca. 0.6 V) corresponding to the oxidation of the ad-
sorbed CO to CO2 commences. Upon modifying the Pt electrode with
nano-NiOx (Fig. 4A, dashed line), a significant increase in the first
peak intensity, Ip

d, is observed concurrently with a noticeable de-
pression of the second oxidation peak intensity, Ip

ind. The depression
of the indirect oxidation peak, Ip

ind, means that less CO are formed
at the modified surface, i.e., the presence of nano-NiOx seems to
retard the non-faradaic dissociation of FA. Alternatively, it can be
the catalytic role of nano-NiOx that facilitates the CO oxidation at
a lower potential.31,32 The ratio of the two oxidation peaks (Ip

d and
Ip

ind) reflects the preferential oxidation pathway of FA at a particular
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electrode. The ratio between the two oxidation peaks, Ip
d/Ip

ind is ca.
0.2 at unmodified Pt and jumps up to ca. 50 at nano-NiOx modified Pt
electrode (i.e., about 250 times higher). This enhancement is also man-
ifested if one considers the increase of the charge consumed during
the direct oxidation of FA at the unmodified and nano-NiOx modified
Pt electrodes, which amounts to 10.6 and 67.5 mC cm−2, respectively,
i.e., by ca. 6 times. Interestingly this oxidation charge (67.5 mC cm−2)
is higher than the sum of charges consumed for the direct (10.6 mC
cm−2) and indirect oxidation (26.1 mC cm−2) pathways of FA at the
unmodified Pt electrode. This fact reflects three points:

(i) The oxidation of FA is shifted towards the direct pathway at the
modified electrode,

(ii) The nano-NiOx/Pt electrode (albeit with a lower accessible
surface area of Pt) oxidizes more FA molecules, i.e., it has a
higher activity compared to the unmodified Pt, (N.B. the surface
coverage issue is discussed below), and

(iii) Moreover, the direct oxidation of one FA molecule to CO2

(requires two electrons) proceeds at a higher rate at the modified
Pt electrode than the oxidation of CO to CO2 (requires two
electrons) at the unmodified Pt electrode.

Another catalytic probe is given by the Ip
d/Ib ratio (Ib is

the oxidation peak current intensity measured during the reverse
(cathodic-going) potential scan. That is a low Ip

d/Ib ratio indicates poor
oxidation of FA to CO2 - during the forward potential scan - and
accumulation of incompletely oxidized carbonaceous species (e.g.,
CO) at the electrode surface prevails. In the present case, a value
of Ip

d/Ib close to unity is obtained at nano-NiOx/Pt (Fig. 4A, dashed
line), which is much higher than that observed at the unmodified Pt
(Fig. 4A, solid line). Both measurements indicate the high electrocat-
alytic activity of the modified electrode toward FA oxidation in the
cathodic as well as the anodic potential scan directions.

On the other hand, the unmodified and nano-NiOx modified Au
(Fig. 4B) and GC (Fig. 4C) electrodes did not show any significant
catalytic response toward FA oxidation. This obviously depicts that FA
oxidation is a substrate dependent reaction, and it further highlights
the importance of the chemisorption step of FA at the substrate as
a prerequisite for its subsequent oxidation.19,21,33 This chemisorption
step is feasible at Pt substrates due to the favorable heat of adsorption
of FA at Pt surface compared with Au and GC substrates.34 However,
Pt (albeit a crucial component) does not support the direct oxidation
of FA at a reasonable rate. Thus, nano-NiOx is believed to act as a
catalytic mediator (possibly through a reversible Ni(II)/Ni(III) redox
system, see Eq. (1) below) which facilitates the charge transfer during
the direct oxidation of FA to CO2 (see Eq. (2)). On parallel, nano-
NiOx might facilitate the oxidation of the poisoning CO intermediate
at a reasonably low potential (see Eq. (3)). Recent reports provided
arguments supporting the catalytic enhancement of CO oxidation (to
CO2) by manganese oxide nanostructures in similar media.32

In this context, the following set of equations is proposed as a
plausible explanation of the observed enhancing role of nano-NiOx
through a reversible transformation between lower (II) and higher (III)
oxidation states of Ni oxides as follows:

Ni(OH)2 ↔ NiOOH + H+ + e− (1)

Thermodynamically, the above reaction is feasible under the prevail-
ing conditions of pH and potential. The electrogenerated NiOOH
species react with FA (and formate anions) as follows:

Pt . . . HCOOHads + NiOOH → Ptfree + CO2 + Ni(OH)2 + H+ + e−

(2a)

Pt . . . HCOO−
ads + NiOOH → Ptfree + CO2 + Ni(OH)2 + e− (2b)

and/or

Pt . . . COads + NiOOH + H2O → Ptfree + Ni(OH)2 + CO2 + H+ + e−

(3)
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Figure 5. (A) CVs obtained in 0.5 M KOH at the unmodified (solid black
line) and nano-NiOx modified Pt (broken lines) electrodes with various loading
levels of the nano-NiOx (deposition time: 1, 2, and 4 min) at 100 mV s−1. (B)
CVs obtained in 0.5 M H2SO4 at the unmodified (solid black line) and nano-
NiOx modified Pt (broken lines) electrodes with various loading levels of the
nano-NiOx (deposition time: 1, 2, and 4 min) at 100 mV s−1.

Addition of Eq. (1) to (2a) and (2b) gives:

Pt . . . HCOOHads → Ptfree + CO2 + 2H+ + 2e− (4a)

Pt . . . HCOO−
ads → Ptfree + CO2 + H+ + 2e− (4b)

Also, addition of Eq. (1) and Eq. (3) gives:

Pt . . . COads + H2O → Ptfree + CO2 + 2H+ + 2e− (5)

Eq. (4a) and (4b) displays that the observed oxidation current is solely
supported by the oxidation of FA, and nickel oxide functions as a cat-
alytic mediator. Moreover, Reactions 2 and 3 indicate the regeneration
of Ni(OH)2

27 which is believed to start new cycles of catalytic medi-
ation through the above set of equations. In all cases, NiOOH helps
the retrieval of Pt active sites for the further oxidation to proceed.

Effect of nano-NiOx loading level.— Optimization of the loading
level of nano-NiOx (i.e., surface coverage) onto Pt electrode toward
the electrocatalytic oxidation of FA has been investigated. Several sets
of CVs are measured. Fig. 5A and 5B shows the characteristic CVs
obtained at the nano-NiOx modified Pt electrode with different load-
ing levels of the nano-NiOx measured in alkaline and acidic media,
respectively. This figure shows a gradual decrease of the intensity of
the reduction peak of Pt oxide and the hydrogen adsorption/desorption
peaks with the loading of nano-NiOx. On parallel, it depicts a system-
atic increase in the intensity of the redox peak couple at ca. 400 mV,
which corresponds to Ni(OH)2/NiOOH surface transformation.23,35–37
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Figure 6. The variation of (A) Ip
d, (B) Ip

ind and (C) Ip
d / Ip

ind with surface
coverage (θ) of nano-NiOx onto Pt electrode.

Figure 5 indicates the successful and feasible control of nano-NiOx
surface coverage on Pt substrate.

Fig. 6A-6C shows the variation of the oxidation peak currents
(Ip

d and Ip
ind) and ratio between the two oxidation peaks (Ip

d / Ip
ind)

of FA with surface coverage (θ) of nano-NiOx. The direct peak cur-
rent, Ip

d, increased up to a certain limit with θ and then decreased
(Fig. 6A). This makes sense as the catalytic activity of the nano-
NiOx/Pt electrode is expected to increase with the loading of the
catalytic mediator, as long as the accessible surface area of Pt is suffi-
cient. Beyond certain coverage, the decrease in the accessible surface
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Figure 7. (A) the current transients obtained during formic acid oxidation
at (a) Pt and (b) nano-NiOx/Pt in 0.3 M HCOOH (pH 3.5) at a potential of
+300 mV vs. Ag/AgCl/KCl (sat.). (B) CVs response obtained nano-NiOx /
Pt before (solid line-black) and (b) after aging (dashing lines) for 6, 12 and
15 hours in HCOOH solution with pH 3.5 at + 300 mV in 0.5 M KOH with
scan rate 100 mV s−1.

area of Pt becomes a controlling factor in the rate of direct oxidation
process. Concurrently, a monotonic decrease of the indirect peak cur-
rent Ip

ind, with θ is observed (Fig. 6B). In other words, the increase
of the loading level of the catalytic mediator (i.e., nano-NiOx) de-
creases the possibility of the indirect oxidation of FA by decreasing
the amount of CO generated at the surface and/or facilitating its ox-
idation at such a low potential similar to that observed for the direct
oxidation of FA to CO2.

Interestingly, Fig. 6C shows that the ratio Ip
d/ Ip

ind always increases
with θ, over the whole range of surface coverage. This indicates that
the decrease of Ip

ind is much faster than the increase of Ip
d, beyond the

optimum θ value. Again this emphasizes the catalytic enhancing role
of nano-NiOx in favoring the FA direct oxidation.

Stability of nano-NiOx/Pt electrode.— The stability of the pro-
posed catalyst has been investigated by chronoamperometry at a po-
tential of 300 mV vs. Ag/AgCl/KCl (sat.) which is close to the anodic
peak potential of direct FA oxidation. Fig. 7 depicts that the current
density of FA oxidation at nano-NiOx/Pt electrode is by 11 times
higher than that observed at the unmodified electrode, at early stage
of electrolysis. After a prolonged electrolysis time up to 6 h, the ox-
idation currents amount to ca. 4 mA cm−2 at nano-NiOx/Pt electrode
which is by 8 times larger that that measured at the unmodified Pt
electrode (0.5 mA cm−2). Moreover, the decay in oxidation of FA is
higher at bare Pt than that observed at nano-NiOx/Pt electrode. This
demonstrates a noticeable stability as well as a high CO tolerance of
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nano-NiOx/Pt electrode. However, a partial dissolution and/or deacti-
vation of nano-NiOx may account for the observed decay in current
at the nano-NiOx/Pt electrode. This urged us to probe the catalytic
redox response of the nano-NiOx/Pt electrode after a prolonged time
of electrolysis.

Fig. 7B shows CVs for the nano-NiOx/Pt (used in Fig. 6) mea-
sured in 0.5 M KOH before (solid black line) and after a prolonged
oxidation of FA for 6, 12 and 15 h (dashed colored lines). This figure
depicts insignificant change in the surface coverage of nano-NiOx at
Pt substrate after the prolonged electrolysis of FA. This reflects a good
mechanical stability and good adhesion of nano-NiOx on the Pt elec-
trode. However, a significant decrease, albeit to different extents, in
the current intensities of the redox couples was observed correspond-
ing to the Ni(OH)2/NiOOH transformation. This decrease in the peak
currents of the Ni(OH)2/NiOOH redox can reasonably account for the
observed gradual decay of FA oxidation current. It may arise from
the reversion of the active β-NiOOH phase to an inactive phase of Ni
oxide (γ-NiOOH)38 at the surface as a result of the excessive oxidation
of FA.

Conclusions

A novel nano-NiOx modified Pt catalyst for the direct electrooxi-
dation of formic acid (FA) was developed. This modification resulted
in a superb enhancement of the direct oxidation pathway of formic
acid to CO2. The ratio Ip

d/Ip
ind increased about 250 times upon

modifying the Pt substrate with a minute amount of nano-NiOx. This
reflects that the direct dehydrogenation pathway has become preferen-
tial for the FA oxidation. The ratio between the two oxidation peaks,
Ip

d/Ip
ind, depended on the surface coverage of nano-NiOx. Nickel

oxide (in the NiOOH phase) is believed to mediate the oxidation
scheme of FA in such a way that facilitate the charge transfer and/or
remove the poisoning CO. On the other hand, modified Au and GC
electrodes did not show any significant activity toward FA oxidation.
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