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ABSTRACT: Fuel cells are a key new green technology that have applications in both transport and portable power generation.
Carbon supported platinum (Pt) is used as an anode and cathode electrocatalyst in low-temperature fuel cells fuelled with hydrogen
or low molecular weight alcohols. The cost of Pt and the limited world supply are significant barriers to the widespread use of these
types of fuel cells. Comparatively palladium has a three times higher abundance in the Earth’s crust. Here a facile, low temperature
and scalable synthetic route towards 3D nanostructured palladium (Pd) employing electrochemical templating from inverse lyotropic
lipid phases is presented. The obtained single diamond morphology Pd nanostructures exhibited excellent catalytic activity and sta-
bility towards methanol, ethanol and glycerol oxidation compared to commercial Pd black and the nanostructure was verified by
small-angle X-ray scattering (SAXS), scanning tunneling electron microscopy (STEM) as well as by cyclic voltammetry (CV).

INTRODUCTION

Nanostructured palladium (Pd) has applications in gas sen-
sors,2 electrochemical biosensors,® and supercapacitors.*®
However, one of the largest areas of interest are fuel cells which
are seen as a key green technology with applications in transport
and portable power generation. Currently fuel cells are electro-
catalysed by platinum (Pt) based materials, but the cost and lim-
ited supply of Pt makes this option far from ideal. Compara-
tively palladium (Pd) has a three times higher abundance in the
Earth’s crust at 0.015 ppm by weight compared to Pt at 0.005
ppm.8 Pd is similar in price to Pt, $906 per ounce and $814 per
ounce respectively (Kitco Gold Index, Aug 02, 2018), which is
still higher than acceptable for commercial applications. How-
ever, as a nanomaterial, the levels of Pd required can be low-
ered, making its use more appealing whilst simultaneously in-
creasing its catalytic activity.

Pd based nanomaterials have been used as catalytic layers for
direct alcohol fuel cells (DAFCs) and have been fabricated by
many techniques including sputtering,’”~%° ion or electron beam
deposition,**'? and laser ablation.®®* Hydrothermal tech-
niques,’>'7 and chemical reactions have also been used for pal-
ladium nanomaterial formation.’*-?2 Chen et al. summarizes
these techniques.® Another technique that can be used is elec-
trodeposition, which is a low-cost, mature, scalable industrial
technique compatible with high throughput continuous manu-
facturing processes.?24

Template-free synthesis of Pd nanomaterials has been
achieved electrochemically by cyclic voltammetry that pro-
duces nanomaterials with thicknesses of up to around 150
nm.?>2 The technique often relies on another element such as
Pt,% and the depositions form non-periodic nanoarchitectures,?
nanocomposites,? or nanoparticles,?” but have not resulted in
periodic nanostructures. Other electrochemical methods for
template-free synthesis of Pd nanomaterials include square
wave voltammetry,**3! chronoamperometry,®-¢ chronopoten-
tiometry,**® chronocoulometry,®® and pulse deposition.®® The
produced Pd nanomaterials largely displayed increased rough-
ness with partial coverage of the substrate electrode and were
not ordered.

Template-assisted growth of ordered Pd nanomaterials has
been achieved by electrodeposition utilising mostly anodised
aluminium oxide (AAO) or porous anodic alumina (PAA) as
templates.*I*® Wang et al. successfully electrodeposited Pd in
AAO producing a nanowire array with an average diameter of
80 nm.*! These nanowires were shown to have a 3 fold increase
in the electrooxidation of ethanol by cyclic voltammetry studies
compared to non-templated Pd. Bai et al. electrodeposited Pd
into CdS modified PAA to produce Pd nanotubes with an aver-
age diameter of 200 nm.* The tubes were used as part of a non-
enzymatic glucose sensor, so the effectiveness for a fuel cell
was not tested.

Bartlett et al. have used Type 1 normal topology lyotropic
liquid crystal phases of non-ionic surfactants such as C16EQs
and Brij®56 as a template to fabricate hexagonally nanostruc-
tured Pd films by electrodeposition.*® The pore diameters and



wall thicknesses were about 3 nm each, whilst the pore center
to pore center distance was measured to be 5.8 nm. However in
this study no fuel cell related electrooxidation experiments were
conducted.

We herein report the first successful fabrication of ordered Pd
nanomaterials with a single diamond architecture (Qz) from
Type 2 inverse bicontinuous cubic lyotropic liquid crystal
phases (Qz24) of phytantriol.*” The presence of a nanostructure
was verified by Small-angle X-ray diffraction (SAXS) and
transmission electron microscopy (TEM) and its catalytic activ-
ity tested against non-templated Pd and commercial Pd black
for the oxidation reaction of methanol, ethanol and glycerol.

EXPERIMENTAL SECTION

Chemicals and Materials:3,7,11,15-tetramethyl-1,2,3-hexade-
canetriol, denoted phytantriol, was purchased from DSM Nutrional
Products Europe Ltd. The Pd precursor electrolyte was pre-
pared by dissolving (NH4):PdCls (Sigma-Aldrich,
299.995%), NH4Cl (Fisher, 299.5%) and HCI (Fisher, ACS
plus) in deionised water (Milli-Q 18.2 MQ) to yield concen-
trations of 50 mM, 1 M and 1 M respectively. The electrolyte
was deaerated by gently bubbling the electrolyte through
with argon for 20 minutes prior to use. To perform cyclic
voltammetry (CV) of the Pd precursor electrolyte and sur-
face area characterisation a 2 mm gold electrode encapsu-
lated in Kel-F support (CH101, CH Instruments, Inc.) was
used as the working electrode, whilst to test catalytic activ-
ity a 3 mm glassy carbon electrode encapsulated in glass
was used. For SAXS studies a Au DVD working electrode was
used and for SEM, EDX and XRD a Au on Si wafer was used,
both as detailed previously.*84° A deposition potential of
+0.1 Vvs. SCE was used for all Pd deposition and unless oth-
erwise stated deposition was halted once 14.4 mC of charge
was passed. For catalytic comparison 38.45 mg of Pd black
was applied onto a 3 mm polished carbon disc electrode by
pipetting on 5 pL of an ink consisting of 80 mg Pd black (Alfa
Aesar, 99.9%), 40 pL Nafion® 117 solution (Aldrich) and
1000 pL deionized water and leaving in an oven at 100 °C
for at least 15 minutes. Currents were normalized by divid-
ing by the mass of Pd on the electrode. Nanostructured Pd
films were prepared by electrodeposition through thin films
of phytantriol. The lipid template was applied by dip coating
the working electrode into a solution of ethanol and phytan-
triol 1:2 (w/w). Once dip coated the substrate was left for
no less than 30 minutes to allow the ethanol to evaporate,
leaving an estimated 22 * 1 um thin film of phytantriol coat-
ing.5° The working electrode could then be immersed into
the electrolyte and left to equilibrate for no less than 60
minutes prior to deposition. After electrodeposition the
template was removed by rinsing thoroughly in ethanol. To
ensure complete removal of the template the films were an-
alysed by EDX and SAXS. The presence of any template left
on the substrate surface would have resulted in a prominent
carbon EDX signal and additional SAXS peaks.

A saturated calomel electrode (SCE) reference was used to
perform CV studies of the electrolyte (Figure S19) and elec-
trochemical deposition. All other electrochemical experi-
ments used a saturated mercury-mercurous sulfate elec-
trode (SMSE) as a reference. Electrooxidation experiments
were conducted with 1 M of KOH and 1 M of the alcohol,

with the exception of ethanol where only 0.1 M of ethanol
and 0.1 M of NaOH were used because a lowering of pH
gives conditions that more easily facilitate the complete ox-
idation of ethanol to C02.5152 A Pt gauze electrode with area
far in excess of the working electrode was used as the coun-
ter, which was flame annealed in a blue flame prior to every
electrochemical experiment.

Characterization: XRD (Figure S20) was performed on a
Rigaku SmartLab with Cu K« radiation. SEM (Figure S21)
was performed on a Zeiss EVO LS25 ESEM, with an Oxford
Instruments energy-dispersive x-ray spectroscopy attach-
ment. Scanning high angle annular dark-field imaging scan-
ning transmission electron microscopy (HAAD STEM) im-
ages of Pd directly electrodeposited onto 400 mesh carbon-
coated Au grids (Agar Scientific) were obtained on a Jeol
ARM300CF instrument at the electron Physical Sciences Im-
aging Centre (ePSIC). SAXS was performed at diamond light
source on beam line 122 with a beam energy and size of 12.4
KeVand 320 um x 80 um respectively. A Pilatus 2M detector
was used to collect data over the q range of 0.05 A1 - 0.30 A-
1, Calibration was achieved by using a silver behenate sam-
ple.

RESULTS AND DISCUSSION

To identify the presence of a nanostructure of the phytantriol
template and the resulting Pd electrodeposits SAXS studies
were performed which are shown in Figure 1. Figure la and b
show eight Bragg peaks with relative positions of 1/d in ratios
V2: \3: \4: \6: V8: V9: V10: V11 which can be indexed as (hkl)
= (110), (111), (200), (211), (220), (221), (310) and (311) re-
flections of a cubic lattice of crystallographic space group Pn3m
(Q224).%" This is consistent with previous observations for Pt,%
Bi,Tes,*® and Bi,S;.*® The derived lattice parameter of the struc-
ture is calculated to be 71.0 (+ 0.5) A. 1D SAXS radial profiles
and the corresponding 2D SAXS patterns of a Pd film deposited
through the Q4 phytantriol structure are shown in Figure 1c
and d respectively. Two Bragg peaks can be seen with relative
1/d position ratios of V3: V8, which can be indexed as the (hkl)
= (111) and (220) reflections of the cubic lattice of crystallo-
graphic space group Fd3m (Q227). This is consistent with obser-
vations seen for electrodeposited Pt and Bi,S; through a Qa2
phytantriol template.*3%%35* This observation can be rational-
ized by electrodeposition occurring preferentially in one of the
two water channels of the parent “double diamond” (Qz24)
phytantriol template, resulting in a “single diamond” (Q27) Pd
nanostructure.> The lattice parameter of the Q7 Pd structure is
calculated to be 140.0 (+ 4.6) A.
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Figure 1. a) 1D integrated SAXS pattern of a phytantriol lined ca-
pillary filled with 50 mM (NHa4)2PdClsand 1 M HN4Clin 1 M HCI.
b) The corresponding 2D pattern is included in the upper right seg-
ment. c) 1D integrated SAXS pattern of a Pd thin film electrode-
posited on a phytantriol coated Au DVD. The electrolyte was 50
mM (NH4)2PdCl4 and 1 M HN4CI in 1 M HCI and the deposition
conditions were 1800 s at +0.1 V vs SCE. d) The corresponding 2D
pattern is included in the upper right segment.

To further confirm the SAXS results seen for electrodepos-
ited Pd through phytantriol, HAAD-STEM was used to image
the Pd nanostructure. A selection of resulting images along with
their corresponding Fast Fourier Transforms (FFT) can be seen
in Figure 2. To aid visualization of the STEM images, MatLab
projections of the Qg7 structure are also included in Figure 2.
The TEM images show that the Pd nanostructure produced is
consistent with MatLab projections of the Q7 structure.

190 nm

Figure 2. HAAD-STEM images of nanostructured palladium samples with their corresponding FFTs and with MatLab projections of the
Q227 structure with a lattice parameter of 140 A a) looking along the 110 plane and b) perpendicular to the 111 plane.

To further understand the behaviour of the Q27 (single dia-
mond) Pd nanostructure and establish the electroactive sur-
face area, CVs of Pd were run in 1 M H,SO; at a scan rate of
20 mV s-1. The second scan of a typical CV can be seen in
Figure 3a which includes the second scans of CVs of a Pd film
electrodeposited in the absence of phytantriol as a planar
standard and that of Pd black as a high surface area standard.
The first five scans of each can be seen in Figure S1, Figure
S2 and Figure S3. For each Pd type hydrogen adsorption can
be seen on the cathodic scan from -0.40 V vs. SMSE onwards
and hydrogen desorption can be seen on the return anodic scan
up to -0.30 V vs. SMSE. Whilst for non-templated Pd no clear

hydrogen adsorption peak is seen, there are distinct hydrogen
adsorption peaks for Pd black and single diamond Pd. Pd
black has a single hydrogen adsorption peak at -0.50 V vs.
SMSE (a) that can be seen on the cathodic scan, indicating a
single surface environment (which is consistent with a
sphere). For Q27 “single diamond” Pd, however, peaks for hy-
drogen adsorption can be seen at -0.46 V vs. SMSE (b), -0.49
V vs. SMSE (c) and -0.53 V vs. SMSE (d) on the cathodic
scan indicating at least 3 different surface environments. Hy-
drogen absorption can be seen for non-templated Pd, Pd black
and single diamond Pd at -0.65 V vs. SMSE. Hydrogen de-
sorption peaks can be seen for every hydrogen sorption peak
on the anodic scan. The formation of a surface oxide can be
seen from +0.05 V vs. SMSE on the anodic scan for all 3 Pds,



and on the return cathodic scan the stripping of the surface
oxide gives rises to peaks that can be seen between +0.4 V vs.
SMSE and -0.3 V vs. SMSE.
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Figure 3. a) Cyclic voltammograms of single diamond Pd, Pd
black and planar Pd recorded in 1 M H2SOg4 at a scan rate of 20
mV s vs SMSE. Here all the second scans are compared so full
oxygen stripping can be observed, with a maximum anodic po-
tential of +0.7 V vs. SMSE reached before reduction. For electro-
deposited films this was calculated assuming 100% faradaic effi-
ciency. b) Roughness factor calculated for phytantriol templated
Pd by dividing the calculated surface area from CVs in 1 M
H2S04 by the surface area of the substrate electrode. Charge den-
sity was calculated by dividing the charge passed whilst electro-
depositing the single diamond Pd by the geometric surface area
of the underlying electrode. The deposition substrate was a 3 mm
diameter glassy carbon electrode.

Distinctive hydrogen adsorption peaks are a sign of
nanostructured Pd, and were also observed for H.. nanostruc-
tured Pd by Bartlett et al.*® The greatly enhanced peak currents
seen for single diamond Pd over non-templated Pd are indic-
ative of a greatly enhanced electroactive surface area.

The surface area was deduced from the charge that was
passed by integrated the peak areas under the oxygen stripping
peaks. The oxygen striping peaks were integrated between
+0.4 V vs. SMSE and -0.3 V vs. SMSE, and a conversion fac-
tor of 424 pC cm2 derived by Rands and Woods was used to
establish the electroactive surface area.® For a deposition
charge of 14.3 mC for Pd, the surface area was shown to be
0.16457 cm2 for non-templated Pd, whilst the surface area
was shown to be 2.21349 cm? for Pd deposited through
phytantriol which means a 13.5 fold increase in surface area
for the phytantriol templated Pd material. The surface area per
gram for non-templated Pd was shown to be 2.11 m? g%,

whilst for Pd black the surface area per gram was 17.8 m? g
(which is expected as the Pd black was described as having a
surface area of 20 m? g’ when sold), and for Pd deposited
through phytantriol the surface area per gram was shown to
be 28.3 m? gt which is equivalent with a 59% increase of the
surface area per gram of Pd deposited through phytantriol
compared to Pd black.

Surface area experiments were conducted for phytantriol
templated palladium at several deposition charges between 9
mC and 50 mC. From these experiments roughness factors
(Rf) were determined by dividing the electrochemically deter-
mined surface area, by the underlying geometric surface area
of the substrate electrode. Rf was observed to be linear with
deposition charge, as shown in Figure 3b. This linear relation-
ship that passes through the origin, demonstrates a uniformly
accessible nanostructure that is not blocked. From the gradient
of the plot the specific electrochemical surface area to mass
ratio and the surface area to volume ratio were estimated to be
30.8+0.4 m? g and 3.66 (+0.04) x 106 cm? cm® respectively,
assuming 100% faradaic efficiency. Although these are lower
than 91 m? gt and 1.1 x 107 cm? cm™ observed for Hy. Pd,*®
here we show scalability up to at least a deposition charge
density of 1.59 C cm2, whereas Bartlett et al. only used a dep-
osition charge density of 0.89 C cm.6 Here we also use sub-
strate electrodes with 4 x the geometric surface area. There-
fore in absolute terms we demonstrate the ability to form a
single diamond nanostructure using phytantriol which has an
accessible Pd surface area over 7 x greater in size than was
seen for a Hi. Pd nanostructure created using C1sEQs.*® Pd
catalytic activity towards fuel cells is also determined by fac-
ets, not simply surface area alone.® This could lead to a Qz7
“single diamond” Pd nanostructure having greater catalytic
effect per mass than that of Hi.. Pd nanostructure.

To assess the potential use of the newly created Qz7 Pd
nanostructure in alkaline fuel cells, a series of electrochemical
experiments were conducted. From Figure 4a single Diamond
Pd is shown to exhibit a peak current on the anodic scan for
methanol electrooxidation of 1100 A g, which is 10 x larger
than 110 A g'* shown by Pd black and over 50 x larger than
21 A g shown by non-templated Pd. The peak current of
1100 A g is larger than is seen in the literature for Pd elec-
trooxidation of methanol. Yin et al. report a value of 210.5 A
gt for 4.6 nm particle size Pd and up to 950.6 A g with 70%
Au incorporation.®® Yin et al. use a scan rate of 50 mV s
which makes the value for single diamond Pd more impres-
sive (peak current o v°%)%%836 1100 A g? is also higher than
40 A gt (10 mV st) reported for Pd nanoflowers,* higher than
680 A g (20 mV st) reported for Ni at Pd on multiwall car-
bon nanotubes,* and higher than that even shown for Pt in
acidic conditions, 600 A g-1 (50 mV s1).%° These results are
extremely encouraging, as they show single diamond Pd is
very effective at the electrooxidation of methanol. The peak
current is however strongly limited by mass transport for all
three Pd catalysts in Figure 4a. To allow for a more reasonable
comparison of the mass activities, currents were extracted at -
0.4 V vs. SCE. These currents can be seen in Figure 4g. Cur-
rents are also shown for surface specific activity where the
current is normalized against surface area instead of mass.
Figure S4 shows the cyclic voltammograms normalized
against surface area. From Figure 4g single diamond Pd is
seen to have the highest mass activity, but the surface specific



activity is in line with that shown for Pd black. This means the
increase in mass activity of single diamond Pd is due to only
the increase in the surface area and not an increase in intrinsic
surface specific activity of the Pd. These results still show
however, that less mass of Pd is needed to perform the same
level of methanol electrooxidation when in single diamond
form compared to the Pd black form shown in this work.

Chronoampometry (as seen in Figure 4b) shows a consistently
higher rate of methanol electrooxidation per gram over time
when using single diamond Pd compared to both non-tem-
plated Pd and Pd black. Figure S5 shows the chronoampome-
try normalized against surface area. These results are backed
up with peak currents seen over 250 scans as seen in Figure
S6, S7 and S8 in the supporting information.
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Figure 4. a) Cyclic voltammetry of Single Diamond Pd, Pd black and planar Pd in 1 M methanol and 1 M KOH. b) Chronoampometry of
Single Diamond Pd, Pd black and planar Pd in 1 M methanol and 1 M KOH, recorded at +0.30 V vs. SCE. ¢) Cyclic voltammetry of Single
Diamond Pd, Pd black and planar Pd in 0.1 M ethanol and 0.1 M NaOH. d) Chronoampometry of Single Diamond Pd, Pd black and planar
Pd in 0.1 M ethanol and 0.1 M NaOH, recorded at +0.30 V vs. SCE. e) Cyclic voltammetry of Single Diamond Pd, Pd black and planar Pd
in 1 M glycerol and 1 M KOH. f) Chronoampometry of Single Diamond Pd, Pd black and planar Pd in 1 M glycerol and 1 M KOH, recorded

at +0.30 V vs. SCE. g) Comparison of mass activities and specific activites for all 3 alcohols studied.




From Figure 4c single Diamond Pd is shown to exhibit a
peak ethanol electrooxidation current on the anodic scan of
116 A g%, which is over 11 x larger than 10 A g* shown by
Pd black and non-templated Pd. The peak current of 116 A g
1is similar to than seen for tetrahedral Pd (151 A g?) in the
literature for Pd electrooxidation of ethanol.®® These results
are encouraging, as they show single diamond Pd is effective
for the electrooxidation of ethanol. The peak current is how-
ever strongly limited by mass transport for all three Pd cata-
lysts in Figure 4c. To allow for a more reasonable comparison
of the mass activities, currents were extracted at -0.4 V vs.
SCE. These currents can be seen in Figure 4g. Currents are
also shown for surface specific activity where the current is
normalized against surface area instead of mass. Figure S9
shows the cyclic voltammograms normalized against surface
area. From Figure 4g single diamond Pd is seen to have the
highest mass activity, the surface specific activity is also seen
to be the highest. This means the increase in mass activity of
single diamond Pd is due to an increase in the surface area and
an increase in intrinsic surface specific activity of the Pd.
These results show that less Pd is needed to perform the same
level of ethanol electrooxidation when in single diamond form
compared to the Pd black form shown in this work. Chrono-
ampometry (as seen in Figure 4d) shows a higher rate of eth-
anol electrooxidation per gram after 100 s when using single
diamond Pd compared to both non-templated Pd and Pd black,
showing single diamond Pd to be more durable than other Pd
types tested here in the time range studied (2000 s). Figure
S10 shows the chronoampometry normalised against surface
area. These results are backed up with peak currents seen over
250 scans as seen in Figure S11, S12 and S13 in the support-
ing information.

From Figure 4e single Diamond Pd is shown to exhibit a
peak current on the anodic scan of 612 A g, which is over 3
x larger than 199 A g* shown by Pd black and over 7 x larger
than 85 A g shown by non-templated Pd. The peak current
of 612 A gt is larger than is seen in the literature for Pd elec-
trooxidation of glycerol. Geraldes et al. report a value of 37 A
g* for Pd on carbon with average particle sizes of around 4.0
nm particle size Pd and up to 54 A g with 50% Au incorpo-
ration.5! Wang et al. use a scan rate of 50 mV s and get a
peak current of 257 A g (peak current o v*%)%7%8 %8 ysing Pd
on carbonised porous anodic alumina. This is still under 2 x
smaller, without factoring in the faster scan rate. These results
are extremely encouraging, as they show single diamond Pd
is very effective at the electrooxidation of glycerol. The peak
current is however strongly limited by mass transport for all
three Pd catalysts in Figure 4e. To allow for a more reasonable
comparison of the mass activities, currents were extracted at -
0.4 V vs. SCE. These currents can be seen in Figure 4g. Cur-
rents are also shown for surface specific activity where the
current is normalized against surface area instead of mass.
Figure S14 shows the cyclic voltammograms normalized
against surface area. From Figure 4g single diamond Pd is
seen to have slightly higher mass activity than Pd black, but
has lower surface specific activity than both Pd black and non-
templated Pd. This means the increase in mass activity of sin-
gle diamond Pd is due to only the increase in the surface area
and not an increase in intrinsic surface specific activity of the
Pd. Chronoampometry (as seen in Figure 4f) shows a higher
rate of glycerol electrooxidation per gram over time when us-
ing single diamond Pd compared to both non-templated Pd
and Pd black, showing single diamond Pd to be more durable

than other Pd types tested here in the time range studied (2000
s). Single diamond Pd is shown to have a current of 15 A g
after 2000 s, which is higher than the 11 A g* shown by a
50:50 mixture of Pd and Au on C after 1800 s shown by Ger-
aldes et al. (pure Pd on C produced 7 A g-1 after 1800 s in the
same paper).5! Figure S15 shows the chronoampometry nor-
malized against surface area. These results are backed up with
peak currents seen over 250 scans as seen in Figure S16, S17
and S18 in the supporting information.

CONCLUSIONS

In this study we demonstrate the fabrication of nanostruc-
tured Pd with a single diamond (Q227) nanostructure. This was
confirmed by SAXS (Figure 1). The presence of a Qg
nanostructure was further confirmed by STEM, FFT (Figure
2) and CVsin 1 M H,SO, for surface area calculations (Figure
3).

Single diamond Pd was deposited with deposition charges
ranging between 9 mC and 50 mC. The surface area increased
linearly with increasing deposition charge (Figure 3b),
demonstrating a uniformly accessible nanostructure. From the
gradient the specific electrochemical surface area to mass ra-
tio and the surface area to volume ratio were estimated to be
30.8+0.4 m? g and 3.66 (+0.04) x 106 cm? cm® respectively.

Single diamond Pd was tested as a catalyst for the elec-
trooxidation of alcohols to assess the potential use of single
diamond Pd in alkaline fuel cells. For methanol electrooxida-
tion (Figure 4a, 4b) single diamond Pd was shown to exhibit
a peak current per mass on the anodic scan 10 x larger than
that seen for Pd black and over 50 x larger than shown by non-
templated Pd. The peak current of 1100 A g is larger than is
seen in the literature for Pd,*%"%° and seen for Pt.%° The peak
current is however strongly limited by mass transport so cur-
rents in the surface kinetic limited regime were compared,
where single diamond Pd was seen to have the highest mass
activity, but the surface specific activity was in line with that
shown for Pd black meaning the increase in mass activity is
due to only an increase in the surface area. For ethanol elec-
trooxidation (Figure 4c, 4d) single Diamond Pd was shown to
exhibit a peak current per mass on the anodic scan 11 x larger
than was shown by Pd black and non-templated Pd. The peak
current of 116 A gt is similar to than seen for Pd (151 A g)
in the literature.® Currents in the surface kinetic limited re-
gime were compared, where single diamond Pd is seen to have
the highest mass activity and surface specific activity. Here
the increase in mass activity of single diamond Pd appears to
be due to an increase in the surface area and an increase in
intrinsic surface specific activity of the Pd towards ethanol
electrooxidation. For glycerol electrooxidation (Figure 4e, 4f)
single Diamond Pd was shown to exhibit a peak current per
mass on the anodic scan over 3 x larger than was shown by
Pd black and over 7 x larger than was shown by non-tem-
plated Pd. The peak current of 612 A g1 is larger than is seen
in the literature for Pd electrooxidation of glycerol.>®! Cur-
rents in the surface kinetic limited regime were compared,
where single diamond Pd was seen to have the highest mass
activity, but the lowest surface specific activity meaning the
increase in mass activity was due to only an increase in the
surface area.
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