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Abstract
Palladium nanoparticles in the form of a layer on the surface of an electrode are shown
to be electro-catalytic in respect of the four-electron oxidation of hydrazine to form di-
nitrogen. Quantitative voltammetry shows that the reduced over-potential in
comparison with both carbon and bulk palladium electrodes partly arises from the
increased surface area of the interface and partly from an increased catalytic activity of
the nanoparticles relative to the bulk material. The relative catalytic activity per unit
surface area of the nanoparticles as compared to the bulk material is shown to be ca. 35
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The voltammetry of hydrazine oxidation varies with the deposited coverages of
palladium nanoparticles onto the glassy carbon surface, revealing the effects of both the
roughness and chemically enhanced catalytic ability of palladium nanoparticles

towards the reaction in comparison to bulk palladium.



The search for electro-catalysts unpins vast areas of current research in electrochemistry
driven by demands for new or improved energy transformation devices and for better
selective and more sensitive chemical sensors!™. In both areas investigations of an
extraordinarily diverse range of nano-particulate materials are ubiquitous and
extensively reported as can be judged from some recent reviews’®. Whilst the
generation of new nano-materials is seemingly boundless as judged merely from the
diversity of reported shapes - cauliflowers’, raspberries'’, sea-urchins!! and hollow
spheres'? - and sources of origin - metals'?, blood!*, seaweed!®, pomegranate peel'® - as
recently insightfully lampooned by Pumera et al.!” - even before the diversity of
chemical composition is considered. Whilst candidate electro-catalysts abound the
criteria by which electro-catalysis is judged is limited, relying primarily on
voltammetric methods to probe the potential at which electrochemical reactions occur
on different surfaces with a lowering of over-potential indicating and measuring
successful catalysis with the ultimate catalyst requiring to merely slightly exceed the
thermodynamic potential for the sought (electro)chemical transformation. In practice
however for many processes of interest such as the reductions of carbon dioxide, of di-
oxygen, of nitrogen or the oxidation of carboxylic acids the electrochemistry is far from
near reversible and improvements in electro-catalysts are simply benchmarked via
lowered oxidation or reduction potentials.

It 1s usually implicit in voltammetric studies of electro-catalysts that the origin of a
reduced over-potential is a change in the rate of the electrochemical reaction,

specifically the rate of electron transfer at the solution-electrode interface. However



voltammetric half-wave potentials and peak potentials reflect not solely the
heterogeneous electron transfer rate but also the prevailing mass transport conditions.
Thus for example a peak potential reflects roughly the potential at which the rates of

mass transport and electron transfer balance'®!

. Consequently a change in a
voltammetry can, and indeed often is, caused by a change in the rate of mass transport
alone. Most familiarly this is seen in the shift observed in voltammetry of
electrochemically irreversible processes between macro- and micro- electrodes with the
enhanced local rates of diffusion to the latter creating a greater over-potential at
electrodes made of the same material. The change simply reflects the physical size of
the electrode, not the chemistry. More subtly, Kitelhon et al.?® recently described the
simulation of an electrode reaction at a macro-electrode which was constrained to show
reversible (Nernstian) electron transfer behaviour. It was shown that if entirely inert
particles showing no adsorption or electrochemistry of their own were immobilised on
the surface of the electrode so altering the mass transport to the interface that
voltammetric waves were obtained consistent with shifts of potential which would be
consistent with either positive or negative electro-catalysis depending on the size of the
spheres and the voltage scan rate despite the simulation pinning the electron transfer to
be Nernstian. The shifts were related to the altered mass transport to the electrode
surface as a result of the presence of the porous layers of particles and the observed
responses reflected the extents to which the diffusion layer extended into or beyond the

layer of particles. Clearly the voltammetry reflected physical not chemical effects

despite at first sight the shifts in the voltammetric waves signalling electro-catalysis.



Similarly a simulation by Ward?! of electrochemically irreversible processes at smooth
and rough or highly porous electrodes under conditions of semi-infinite diffusion
showed that a rough or porous surface could enhance the apparent electron transfer rate
as compared to a smooth surface with a same intrinsic electrochemical rate constant by
providing a greater surface area for reaction before the onset of diffusional limitations
where the rate of mass transport becomes controlled by the geometric electrode area
rather than the ‘true’ electrochemical surface area. Again this revealed a manifestation
of physical not chemical catalysis.

In the present paper we explore the use of palladium nanoparticles to alter the electro-
oxidation of hydrazine, N>Hs, as explored voltammetrically. The reaction and its

22,23

electro-catalysis are of considerable importance for fuel cells and as a basis for

chemical sensors®*?>

given the considerable toxicity of hydrazine. In particular we
consider the electrochemical responses seen at glassy carbon electrodes, at bulk
palladium electrodes and at palladium nanoparticle modified electrodes of both types.
The addition of the palladium particles to the electrode surface is seen to markedly
lower the potentials required for the oxidation which leads to the formation of di-
nitrogen. We seek to identify the cause of the potential shift and ask if this is due to
altered chemistry at the nanoscale, to electrode roughness, to electrode porosity or to
some combination of these.

The oxidation of hydrazine was first investigated voltammetrically in 0.1 M phosphate

buffer solutions (PBS) of pH 7.0 containing 1.5 mM hydrazine, at Glassy Carbon (GC)

and Pd macrodisc electrodes respectively. The cyclic voltammetry was recorded as a



function of voltage scan rate. The experimental details are presented in the Supporting
Information (SI) Section 1. A typical voltammogram is shown in Figure 1A for the scan
rate of 50 mV/s where an electrochemically and chemically irreversible oxidative wave
(solid curve) was observed at Pd macrodisc with a peak potential of ca. 0.18 V vs. SCE
and a peak current of ca. 67 pA, whereas there were no voltammetric features in the
absence of hydrazine (dash curve) confirming that the wave arises from the oxidation
of hydrazine. At the GC surface (dot curve), an irreversible oxidative wave of hydrazine
was also seen but with a peak potential of ca. 0.85 V vs. SCE and a peak current of ca.
27 pA. Evidently a much higher overpotential is required for the oxidation at the GC
surface as compared to the bulk Pd surface, suggesting Pd is in comparison an effective
electro-catalyst towards hydrazine oxidation. Then Tafel analysis was conducted upon
the solid curve at the Pd surface so to extract the Butler-Volmer transfer coefficient. The
plot of the natural logarithm of peak current Inl versus the applied potential E is
displayed in the inset of Figure 1A. Note that only 10% ~ 30% of the peak current was
selected for analysis to exclude the significant mass transport effect at high
overpotentials.?® The anodic transfer coefficient B was calculated to be 0.48 = 0.01
based on the equation B =Tafel slopexRT/F , where R is the gas constant, T the
temperature and F the Faraday constant. The variable scan rate data at the Pd
macroelectrode was then analysed and it was found that the peak current was directly
proportional to the square root of scan rate as shown in Figure 1B. This suggests the
reaction be diffusion-controlled, and meanwhile the diffusion coefficient D of

hydrazine was estimated to be 1.0 x 10®° cm?/s according to the irreversible Randles-



Seveik equation 1, =2.99x10°ng"*cADYV"* | where n is the number of electrons
transferred, c the analyte concentration, A the geometric area and v the scan rate. Note
that hydrazine oxidation is a four-electron transfer reaction, hence n = 4 and that the

first electron transfer has been assumed rate-determining®’28.
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Figure 1. (A) Voltammograms in 0.1 M PBS of pH 7.0 at a scan rate of 50 mV/s: with
1.5 mM hydrazine at a Pd macrodisc electrode (solid curve), with 1.5 mM hydrazine at
a GC macrodisc electrode (dot curve) and without hydrazine at a Pd macrodisc
electrode (dash curve). (B) Voltammograms at the Pd macrodisc electrode in 0.1 M PBS
of pH 7.0 with 1.5 mM hydrazine at variable scan rates (10/50/100/300/600/1000 mV/s).
Note that the oxidative current values were obtained after baseline correction. The
transverse arrows indicate the start and direction of the voltammetric scans. The vertical
arrow indicates the increasing scan rates.

Having shown that bulk Palladium is electro-catalytic towards hydrazine oxidation, at
least in comparison with carbon we next investigated whether this catalysis was
changed at the nanoscale and work focused on the hydrazine oxidation at the GC
electrode modified with variable coverages of Pd NPs in 1.5 mM hydrazine supported
by 0.1 M PBS of pH 7.0. The characterisations of the drop-casted Pd nanoparticles via
scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are
reported in the SI Section 2. The different coverage corresponded to 2/6/7/8/12/15/18
layers of nanoparticles where the number of layers is estimated by assuming that the Pd
NPs are spherical with a radius of 12.4 nm (from the TEM image) and arranged in a

close packed hexagonal structure. The estimation of coverage and roughness is shown
7



in the SI Section 3. For the higher nanoparticle coverages, as shown in Figure S1, the
drop-casted layers are essentially continuous over the electrode surface and have a high
degree of porosity. The corresponding voltammograms at the voltage scan rate of 50
mV/s are plotted in Figure 2A. Significant cathodic peak potential shifts are seen for
Pd NP/GC (solid curves) in comparison with Pd bulk (dash curve), suggesting a
possible superior catalytic ability of Pd NPs towards hydrazine oxidation, since the peak
potential at bulk Pd of 0.18 V vs. SCE shifts to -0.20 V vs. SCE for the maximum
coverage studied. Note that as reported above the GC surface has a negligible response

at the potentials studied.
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Figure 2. (A) Voltammograms at a Pd NP modified GC macrodisc electrodes with
variable coverage (2/6/7/8/12/15/18, solid curves) and Pd macrodisc electrode (dash
curve) in 0.1 M PBS of pH 7.0 at 50 mV/s. The transverse arrow indicates the start and
direction of the voltammetric scans. (B) Plot of the peak potentials E, obtained at Pd
NP modified GC macrodisc electrodes versus the logarithm of the modification
coverage lgy. (C) The extrapolation upon the fitting line in Figure 2B.

Interestingly the average baseline-corrected peak current density J calculated using the
geometric area of the electrode as reported (9.22 £ 0.20 A/m?) in Table 1 seen on the
drop-casted electrodes is very close to that seen at Pd bulk (9.48 + 0.07 A/m?)
suggesting that the voltammetric response again corresponds to that of semi-infinite
diffusion with an electrochemical reaction which is overall four-electron and with the

first electron transfer rate-determining. Note that the peak current data for variable
8



coverages shows that full coverage (from a diffusional perspective) was only realised
for more than 2 layers, corresponding to the values in the table. The inference of the
rate-determining step was confirmed via Tafel analysis of the voltammograms obtained
for different coverages of Pd nanoparticles. The measured anodic transfer coefficients,
B, are summarised in Table 1 which shows that the values are, within experimental error

the same as for bulk Pd.

Table 1. Peak current density and anodic transfer coefficient of hydrazine oxidation at
the bulk Pd and the Pd NP/GC of variable drop-casting coverages

Layers 6 7 8 12 15 18 Bulk

J (A/m?) 9.12+0.10 9.19+0.09 9.24+0.08 9.34+0.09 9.19+0.09 9.25+0.11 9.48+0.07

B 0.47+0.01 048=+0.01 047001 049=+0.01 049+001 049001 0.48=+0.01

Significantly the peak potentials of the voltammograms seen at the drop-casted
electrode surfaces can be seen in Figure 2A to systematically move cathodically with
an increase in the coverage of Pd nanoparticles leading to a value more negative than
ca. -0.2 V vs. SCE for coverages in excess of 12 layers. The variation of peak potential
and the essential invariance of the peak current to coverage together with the close
similarity of the peak current density to the bulk Pd signal suggest that although the
hydrazine oxidation reaction has reached the full electrochemically irreversible limit*!,
the effective electrochemical rate constant of the oxidation seemingly increases with the
loading of the drop-casted Pd NPs at the GC surface.

As discussed above the peak potential in a voltammogram reflects a balance between
the mass transport and the rate of the electrochemical reaction. The similarity of the

peak current densities as measured relative to the geometric area of the electrode

9



indicates that the mass transport is controlled by semi-infinite diffusion. The effective
electrochemical rate constant for an electrochemically irreversible electrode reaction at
a rough/porous surface has been studied by Ward et al.?*° via detailed simulation who
considered both the electrochemical rate constant and the effective area of the particles

forming the conductive porous layer. Ward established the following equation

E, =E 4+ 1L 0.780 - 2.303lg(k°) + In |PFDV
BF RT

where Ef is the formal potential, k° the standard electrochemical rate constant and y

the roughness factor (¢ = total surface area of electroactive nanoparticles/substrate
geometric area). The total surface area of the nanoparticles used to modify the electrode
for each coverage was calculated assuming spherical particles of radius 12.4 nm (from
the TEM image) and a plot of experimental E, vs. Igy was then made and analysed as
shown in Figure 2B giving a slope of -0.12 + 0.01, from which 3 can be deduced to be
0.49 = 0.03. This value is in good agreement with that extracted from the
voltammogram via Tafel analysis, suggesting that the cathodic potential shift resulting
from the coverage change is (at least partially) controlled by the physical surface
roughness leading to an enhanced total surface area of electro-catalytic Pd. Figure 2C
displays the extrapolation of the fitting line in Figure 2B, from which notably as lgy =
0 (v = 1) theoretically corresponding to bulk Pd, the peak potential is ca. 0.02 V vs.
SCE. This is less than the experimentally measured one (0.18 V) in Figure 2A (dash
curve). The results suggest that the modification of the GC electrode with Pd
nanoparticles creates a surface which is electro-catalytic towards hydrazine oxidation

partly because of a surface area effect and additionally partly because the Pd
10



nanoparticles are more chemically catalytic than bulk Pd.

Next the standard electrochemical rate constants for the nanoparticles and for the bulk
Pd were considered and the rate constant ratio kpa npiac’/kpd® was introduced to
quantitatively describe the enhanced catalytic ability from Pd NPs, in contrast to Pd

0 are the

bulk, on the electrochemical rate constant. Herein, kpa np/gc? and kpq bulk
electrochemical rate constants of hydrazine oxidation at the Pd NP/GC and Pd
macrodisc electrode respectively. Comparison of the two rate constants indicates the
relative electro-catalytic activity of the two types of palladium, bulk and nano-
particulate. By measuring potential variation with coverage as plotted in Figure 2B and
comparing with the peak potential for bulk Pd where the electrochemical surface area
is approximated by the geometrical area multiplied by a surface roughness, it is possible
to estimate the ratio of kpa np/oc/kpdbui” of 43 £ 11, suggesting the electrochemical rate
constant was increased by around 43 times due to differences in chemical reactivity at
the nanoparticles as compared to the bulk Pd. Note that by using Ward’s equation as the
basis for the plot in Figure 2B the changes in area are accounted for so that the ratio of
electrochemical rate constants reflects the changed chemical catalysis separate from the
physical effects of the altered area. Note that the error of the ratio results from the
possible surface roughness of Pd bulk (y = 1.6 £ 0.4)*33, The details in the estimation
of the electrochemical rate constant ratio are given in the SI Section 4.

To further confirm the above insights we next investigated Pd electrodes modified with
Pd nanoparticles where microscopy again indicated the evolution of
agglomerates/aggregates of Pd nanoparticles developing on the surface with an

11



increased coverage of nanoparticles. Figure 3 shows that modifying a bulk Pd electrode
with 6 layers of Pd NPs leads to a very similar shift of potential as seen on the GC
electrode thus ruling out substrate effects and allowing a measure of the ratio kpq
nppd/kpa bui’ Which was found to be 32 + 8 in good agreement with the ratio kpa
np/Ge/kpd bui’ determined above, where kpq nppd is the standard electrochemical rate

constant of hydrazine oxidation at the Pd NP/Pd.
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Figure 3. Voltammograms in 0.1 M PBS of pH 7.0 at the scan rate of 50 mV/s at the Pd
NP modified Pd macrodisc electrode of 6 layers (solid curve) and Pd macrodisc
electrode (dash curve).

Last it is interesting to look at the voltammetry of hydrazine oxidation for sparse
coverages of nanoparticles. Specifically we considered 0.02, 0.1 and 0.2 layers of the
Pd NP/GC. As illustrated in Figure 4, three types of peaks were observed as labelled 1,
2 and 3 where Peaks 1 and 2 emerged on the addition of increased Pd nanoparticles to
the surface and Peak 3 was related to the response of the unmodified GC electrode in
the absence of hydrazine (see SI Section 5). Noting that the scanning electron
microscopy images in Figure S1 showed that the low coverage surfaces were comprised
of individual nanoparticles or tiny agglomerates together with larger agglomerates with
the latter evolving into the porous structures noted above, Peak 1, absent at very low

coverages, was assigned to the response of large aggregates whilst peak 2, dominant at
12



very low coverages was assigned to individual Pd NPs or tiny agglomerates. It is
interesting that two voltammetric peaks result from one simple modification of the
(inactive) electrode surface and this further confirms the above inference that both
physical and chemical effects can cause catalysis. Thus the small shift in peak potential
seen relative to bulk Pd for Peak 2 confirms the chemical catalysis whereas the larger
shift from Peak 1 reflects both the changed catalysis and the increased surface area of
the surface agglomerates as they grow with increased coverage into the layers which
can once of a sufficient size be analysed according to Ward’s equation. Interpretation
of the relative sizes on Peaks 1 and 2 is governed at least in principle by the overlap of

the different diffusional fields of the electrochemical heterogeneous surface.'®

—— Pd NP/GC - 0.02 layers
—— Pd NP/GC - 0.1 layers
—— Pd NP/GC - 0.2 layers
— — Pd macrodisc
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Figure 4. Voltammograms in 0.1 M PBS of pH 7.0 at 50 mV/s: (black curve) Pd NP
modified GC macrodisc electrode of 0.02 layers, (red curve) Pd NP modified GC
macrodisc electrode of 0.1 layers, (blue curve) Pd NP modified GC macrodisc electrode
of 0.2 layers and (green curve) Pd macrodisc.

In conclusion, the catalysis of the electro-oxidation of hydrazine by palladium has been
investigated both at the macro- and nano-scales. Specifically the response of layers of
nanoparticles deposited on an electrode surface have been studied and the voltammetric
responses analysed quantitatively. In this way it is revealed that both surface area effects

and changes of chemical catalytic behaviour contribute to the reduction in over-

13



potential noted at the modified electrodes in comparison with bulk Palladium. The
results have specific importance for the case of hydrazine and also generic significance
in highlighting the essential need to dissect physical and chemical effects in

electrochemical catalysis.
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