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n copper–palladium alloys for
amperometric formaldehyde sensing†

Isabella Pötzelberger,a Cezarina Cela Mardare,b Lisa Maria Uiberlacker,c Sabine Hild,c

Andrei Ionut Mardare*ab and Achim Walter Hasselab

Co-evaporation of Cu and Pd was used for the deposition of a relatively small gradient concentration thin

film combinatorial library with Pd amounts between 4 and 14 atomic percent (at%). Screening for

electrocatalytic oxidation of formaldehyde was performed by scanning droplet cell microscopy along the

Cu–Pd compositional spread in alkaline solution and a best material performance for this process was

identified for 7.5 at% Pd in Cu confirming results from co-sputtering studies. However, the

microstructure and crystallographic analysis of Cu–Pd thin film alloys showed a compositionally induced

gradual change of properties without any significant discontinuity. This indicates that the Cu–Pd atomic

ratio is the main factor defining the electrocatalytic activity of the investigated alloys. This finding is also

confirmed for bulk Cu–Pd alloys where the reproducibility of significant formaldehyde oxidation

electrocatalytic activity when using Cu-7.5 at% Pd was demonstrated. An amperometric formaldehyde

sensor was fabricated and its reproducibility, repeatability and stability were assessed. During successive

anodic formaldehyde current oxidation peak observations a standard deviation value of 8% was

measured. Multiple efficient successive use of the same sensor (5 to 10 times) were demonstrated and

a maximum of 5% decrease in the current density was observed after 21 days of normal environment

storage during a shelf-lifetime evaluation of the sensor. Overall, the study reveals inexpensive

approaches for fabrication of multiple use formaldehyde sensors via thermal evaporation or bulk alloy

casting, as well as the transfer of the main feature (i.e. maximum current density for formaldehyde

oxidation) from a thin film combinatorial library to bulk samples.
1. Introduction

Formaldehyde nds applications in various areas, acting as
reducing agent in the electroless plating industry,1 as interme-
diate in fuel cells2–4 or the food industry.5 Due to its toxic and
sensitizing properties formaldehyde can cause health risks in
humans who are exposed to this chemical substance. Further-
more, it was identied as a human carcinogen by the Interna-
tional Agency for Research on Cancer.6,7 Therefore, the
development of sensors for the formaldehyde detection has
attracted increased attention in the last few decades. Generally,
noble metals such as Au,8–11 Ag,12 Pt13–16 and Pd17–20 and their
oxides were used as electrode materials for electrocatalytic
oxidation of formaldehyde. Previous studies showed that Pd has
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a higher catalytic activity, lower costs and sensitivity to
poisoning effects during the formaldehyde oxidation process as
compared to Pt catalysts. Nevertheless, high material and
fabrication costs are triggering extensive investigations for
alternative materials for electrocatalytic oxidation of formalde-
hyde. Alloying Pd with a non-noble metal reduces the costs of
the catalyst tremendously. Previous studies identied Cu and
Cu alloys as good candidates for this purpose due to their good
corrosion resistance and performance in the electrocatalytic
formaldehyde oxidation.21–24 The importance of nding the
optimum Cu/Pd ratio for maximizing the electrocatalytic
activity of Cu–Pd alloys was recently emphasised.25

In a combinatorial material development approach,
screening of combinatorial thin lm material libraries allows
identication of the optimum performing Cu–Pd alloy. The
smallest amount of noble metal which alloyed with Cu may
enhance the electrocatalytic activity for formaldehyde oxidation
(as compared to the activity of pure Cu) can be therefore iden-
tied. Such development step is necessary for decreasing the
costs of the electrocatalytically active alloy before an efficient
implementation in device fabrication. Recently, an optimum
composition of Cu-7.5 at% Pd was identied in thin lm alloys
deposited by co-sputtering.26 Given on the one hand the
RSC Adv., 2017, 7, 6031–6039 | 6031
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relatively high costs of sputtering systems and their industrial
implementation and on the other hand the ease and much
lower costs of Cu and Pd thermal evaporation, the present work
aims at investigating the reproducibility of the electrocatalytic
activity of the previously identied Cu–Pd alloy when fabricated
by thermal co-evaporation. Moreover, the optimum composi-
tion is reproduced in the form of bulk alloys for assessing the
efficiency of thin lm combinatorial library screening vis-à-vis
new bulk materials development. The performance of such
formaldehyde sensing Cu–Pd alloy is described in both thin
lm and bulk forms. Features such as sensing efficiency, reli-
ability, sensitivity and simplicity of the fabrication process
are presented in an attempt of providing a cheaper but effi-
cient fabrication route competing with the more complex
co-sputtering process.

2. Experimental details

Several Cu–Pd thin lms were deposited on Ti (25 nm) coated
borosilicate glass substrates 26 � 76 mm2 using a thermal co-
evaporation system (THEO) with a base pressure in the range
of 10�5 Pa. Concomitant evaporation from off-axis high purity
Pd and Cu thermal sources (99.95%) allowed a Cu–Pd gradient
composition to form along each substrate. Titanium acts as
adhesion layer between the glass substrates and the Cu–Pd thin
lms. Three compositionally graded samples were used to
dene the Cu–Pd thin lm combinatorial library used in this
study. Fixing the deposition rate of Cu (0.350 nm s�1) and
varying the deposition rate of Pd (0.035 to 0.042 nm s�1) allowed
tuning each compositional spread in such a way that an over-
lapping of approximately 2 at% was obtained between consec-
utive samples for testing the properties reproducibility. Energy
dispersive X-ray spectroscopy (EDX) from EDAX was used for
mapping the alloy composition along the Cu–Pd library and
a variation of Pd amount between approximately 4 and 14 at%
was found. Compositional lateral resolutions of maximum 0.07
at% per mmwere obtained which conveniently offered sufficient
Cu–Pd surface as corresponding to a particular alloy (with 1 at%
resolution) for further experimentation. This large single alloy
width along the library (approximately 14 mm per at%) was
a direct consequence of increasing the deposition distance to the
maximum allowed by the vacuum chamber geometry (260 mm).

In order to conrm the reproducibility of the data obtained
from thin lms, representative Cu–Pd bulk alloys (Cu-4.8 at%
Pd and Cu-7.5 at% Pd) were fabricated and tested. For this
purpose, high purity bulk Cu and Pd (99.95% purity) were
melted together in a BN crucible using a tubular furnace with
inert atmosphere. The furnace was ushed with argon for 20
minutes previous to the heating of metals. A heating rate of 10 K
min�1 was used for reaching the desired temperature of 1833 K
which was held constant for 30 minutes. Aerwards, the ob-
tained alloys were cooled down to room temperature with
a cooling rate of 10 K min�1 before further analysis. All steps of
these experiments were performed under argon ow. X-ray
uorescence spectroscopy (XRF) was used for composition
analysis of the fabricated Cu–Pd bulk alloys (X-Strata 980-A,
Oxford Instruments).
6032 | RSC Adv., 2017, 7, 6031–6039
Crystallographic properties of the Cu–Pd thin lm library
and the bulk samples were investigated by X-ray diffraction
(XRD) using a Philips X'Pert Pro system. All measurements were
performed using Bragg–Brentano geometry and the radiation
used was CuKa. Lattice parameter and crystallite size calcula-
tions were performed using the X'Pert HighScore Plus soware.
The degree of orientation (Dn) for each crystalline direction was
calculated using the formula:27

Dn ¼
In
�
IC111

�
ICn
�

P

n

In
�
IC111

�
ICn

�� 100 (1)

In represents the intensity of each peakmeasured from the X-ray
diffraction pattern, ICn is the relative intensity of each peak from
the powder diffraction le from the database for Cu (FCC) and
IC(111) is the intensity of the main (111) peak from the card.

The surface microstructure as well as roughness were
determined using a scanning force microscope (Asylum
Research MFP-3D Stand Alone AFM). All AFM measurements
were carried out in intermittent contact mode under ambient
conditions on 1 � 1 mm2 selected representative areas.

All electrochemical investigations were performed using
a 3D printed ow-type scanning droplet cell microscope (FT-
SDCM), designed for a complete three electrode conguration.
More details about the design and the performance of such
electrochemical cell can be found elsewhere.26,28,29 A Hg/HgO
m-reference electrode was fabricated and used for all electro-
chemical measurements. For this purpose, a Au wire (Wieland
Dentaltechnik, 99.999%) was ultrasonically cleaned with
acetone and ethanol for 5 minutes. The deposition of Hg on the
Au wire was performed by polarizing the wire to 0.2 V (SHE) for
180 s in 0.1 M Hg2(NO3)2 (Merck) electrolyte solution. Aer-
wards, the wire was rinsed with distilled water and dried. The
amalgamated Au wire was dipped into a 0.002 wt% KMnO4

(Merck) solution for 600 s to oxidize the Hg to HgO. To improve
the stability of the m-reference electrode, the wire was inserted
into a Teon tube, which was lled with sodium polyacrylate
immediately aer the wire insertion. The fabricated m-reference
electrode was stored in 0.1 M NaOH solution.30 For a precise
denition of the wetted area of the examined spot (corre-
sponding to one Cu–Pd alloy), all electrochemical measure-
ments were performed in contact mode. A small electrolyte
droplet formed at the tip of the cell was brought in contact with
the investigated Cu–Pd surface (which serves as working elec-
trode – WE) while the air–liquid contact was suppressed by
using an o-ring and pressing the cell against the sample with
a predened force. Local anodization was performed to deter-
mine the exact size of the investigated area.31 Therefore, a Ti
plate was anodized in an acetate buffer (pH 6.0) solution. The
area of various TiO2 spots was found to be 26.23 mm2 by using
an optical microscope. Chemicals of analytical grade with no
further purication were used for all experiments. All solutions
were prepared with distilled water and ushed with nitrogen
for oxygen removal.32 Cyclic voltammetric measurements
were performed in a potential range between �0.80 and 0.70 V
SHE with a potential increase rate of 0.01 V. For investigating
the kinetics of the formaldehyde oxidation process, cyclic
This journal is © The Royal Society of Chemistry 2017
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voltammograms at different scan rates (from 10 to 100 mV s�1)
were recorded in a mixture of 90 mM formaldehyde (Alfa Aesar,
36.1% as conrmed by titration) and 0.1 M NaOH (VWR) elec-
trolyte solution. For a precise denition of the formaldehyde
concentration, a titrimetric determination was performed. For
this purpose, a mixture of formaldehyde and thymol blue (Alfa
Aesar) was titrated with a 1 N hydrochloric acid (VWR) solution
until the solution becomes colourless.33 All electrochemical
measurements were performed using a CompactStat Potentio-
stat (Ivium Technology, The Netherlands).
Table 1 RMS roughness of various Cu–Pd thin film alloys with their
corresponding measurement errors

Composition Rq/nm s/nm

Cu-4.2 at% Pd 1.85 0.11
Cu-6.2 at% Pd 2.07 0.11
Cu-7.7 at% Pd 1.91 0.35
Cu-8.9 at% Pd 1.33 0.04
Cu-9.5 at% Pd 2.32 0.30
Cu-12.9 at% Pd 1.19 0.16
3. Results and discussion

The limits of the Cu–Pd thin lm library used in the present
study were chosen for matching the compositional region of
interest previously identied during screening for oxidation of
formaldehyde along a larger compositional spread obtained by
co-sputtering.26 Since electrocatalysis may be directly inuenced
by the active surface of the Cu–Pd, a microstructure tuning is
expected to affect the formaldehyde oxidation process. For this
reason the Cu–Pd library was fabricated here by using co-
evaporation due to almost 100 times lower energy per atom
(as compared to the case of co-sputtering) being provided
during the lm nucleation and growth process. Fig. 1 presents
the AFM topography images of the Cu–Pd thin lm surface in
selected points along the entire compositional spread. The
success of the proposed microstructure tuning is evidenced by
obtaining a higher grain size uniformity as compared to the
sputtering case.26 If higher energy per atom during co-
sputtering deposition resulted in two distinct grain morphol-
ogies, the thermal energy responsible for the lm formation in
the present case promotes a single type of grains approximately
25 nm in size which is dening the Cu–Pd surface. Increasing
the share of Pd along the library results mainly in different
arrangement of the individual grains. Their 3D clustering may
lead to different surface roughnesses for specic compositions
as it can be recognized in Fig. 1. For quantifying this behaviour
Fig. 1 AFM topography images with the same magnification and hei
compositional spread. The Pd content of the alloy is indicated in each im

This journal is © The Royal Society of Chemistry 2017
the RMS roughness was evaluated and the results are summa-
rized in Table 1. With respect to the observed roughness data it
can be concluded that no clear compositionally induced surface
microstructure is present. The smoother surface was evidenced
for a Pd concentration around 13 at% while 9 and 4 at% Pd still
indicated roughness values below 2 nm.

Additionally, the crystallographic properties in selected points
for compositions having Pd concentrations lower than 10 at%
were investigated using the XRD, both for the thin lm library
and the bulk samples. As expected from the Cu–Pd phase
diagram, within this compositional region there were no inter-
metallic phases detected, but only the Cu–Pd solid solution. This
was evidenced by the sole presence of the Cu (FCC) peaks (see ESI
Sup. 1†) which are shiing to lower 2q diffraction angles as the
Pd concentration increases (see ESI Sup. 2†). Similar results have
been obtained for the bulk samples. Fig. 2 shows the calculated
lattice parameter values for both, the thin lm library and the
bulk samples, as well as the crystallite size for the thin lm as
a function of Pd concentration. Different lattice parameter values
between thin lm and bulk samples were obtained, with the
latter values being lower. Nevertheless, this difference is smaller
than 0.4%, and it can be related to different stress values found
in thin lms versus bulk samples, as well as compositional errors
of �0.5 at% from the EDX quantication.26 Crystallite size
calculations performed using the (111) reection from the XRD
ght scale of the Cu–Pd surface in selected points along the entire
age.

RSC Adv., 2017, 7, 6031–6039 | 6033
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Fig. 2 Lattice parameter and crystallite size mapping along the Cu–Pd
compositional spread. The measured lattice parameter of the bulk Cu
is added for referencing.
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patterns of the Cu–Pd thin lm library show a continuous
decrease from approximately 50 nm for 5 at% Pd to 40 nm for 9
at% Pd. These crystallite size values are in the same range as the
grain sizes observed from the AFM imaging of the surface (see
Fig. 1). This slight decrease in the crystallite size values as the Pd
concentration increases has been also reported for the sputtered
Cu–Pd lms.26 In the case of thermally co-evaporated lms, the
decrease in the crystallite sizemight be related to themuch lower
deposition rate used for Pd (0.042 nm s�1), as compared to Cu
(0.350 nm s�1). The use of such dissimilar rates was triggered by
the desired compositional spread comprising low Pd contents.
Similarly to the sputtered lms, also for thermally co-evaporated
lms different deposition rates lead to different mobility of the
atoms on the surface of the substrate and this aspect is reected
in the crystallite size values.

The electrocatalytic formaldehyde oxidation on thermally
deposited Cu–Pd thin lm combinatorial libraries was investi-
gated using FT-SDCM in alkaline solution. Therefore, cyclic
voltammograms were recorded in the presence or absence of
formaldehyde. The electrocatalytic behaviour of pure Cu was
also investigated as reference and is presented as ESI together
with the corresponding chemical reactions (see Sup. 3†). As
conrmed by previous studies, without formaldehyde addition
a well-dened anodic peak (dotted line in Sup. 3†) is attributed
to the Cu oxides formation26 while on the backward scan Cu
oxide reduction is easily identied.34,35 Aer formaldehyde
addition to the electrolyte two additional anodic peaks are ob-
tained due to formaldehyde oxidation and their position is used
as reference for analysis of the Cu–Pd alloys. The oxidation peak
recorded in the cathodic scan direction is usually shied to
a more negative potential as compared to the obtained peak in
the anodic scan direction due to the time delay induced by the
Cu oxides reduction (see Sup. 3†).34,36 During the electrocatalytic
oxidation formaldehyde from the electrolyte solution adsorbs
on the Cu surface and the oxidation process occurs through the
following reaction:35,37,38

HCHOaq + 2OHaq
� / HCOOaq

� + H2Oaq +
1
2
H2gas + e� (2)
6034 | RSC Adv., 2017, 7, 6031–6039
Previous studies indicated that the formation of the
hydroxymethanolate intermediate is involved in the Cu cata-
lysed electrochemical oxidation of formaldehyde. In the pres-
ence of Cu on the electrode surface, the hydride transfer from
the hydroxymethanolate to the Cu surface can occur and
formate is produced, which desorbs from the electrode
surface.39 Furthermore, it was previously demonstrated that the
Cu surface structure plays a crucial role in the electrocatalytic
oxidation process. Studies performed on Cu (110) single crystals
revealed a higher catalytic effect towards formaldehyde oxida-
tion as compared to single crystals of Cu (100) or (111) while the
Cu surface roughness and dislocation density did not inu-
enced the electrocatalytic activity.40 The electrocatalytic effect of
polycrystalline Cu and Cu-alloys surfaces depends on the
surface formation conditions (i.e., nanowires, thin lms, bulk,
etc.) and addition of noble metals can result in a surface
adsorption modication which enhances the electrocatalytic
effect and improves the stability of such electrodes in alkaline
solutions.26,41

Cyclic voltammograms of few selected Cu–Pd compositions
as measured along the entire compositional spread are pre-
sented in Fig. 3 for (a) 8.9 at%, (b) 7.7 at% and (c) 6.2 at% Pd.
The cyclic voltammograms measured in the absence of form-
aldehyde are also plotted as dotted lines (in red) in each graph.
The electrocatalytic effect of the investigated alloys is directly
observable in each case by comparing the voltammograms with
and without formaldehyde. In Fig. 3(a), a well-dened anodic
peak at a potential of approximately �0.47 V vs. SHE for 8.9 at%
Pd was obtained. Comparing the cyclic voltammetric measure-
ments with and without the addition of formaldehyde, the
identied anodic peak can be attributed to the formaldehyde
oxidation (eqn (2)). In the cathodic scan direction an additional
anodic peak at a potential of �0.54 V vs. SHE was obtained,
which can be assigned to the formaldehyde oxidation due to the
reduction of Cu and Pd oxides to their metallic form. Therefore,
freshly adsorbed formaldehyde from the electrolyte solution is
oxidized. Similar to the case of pure Cu, the identied anodic
peak for the formaldehyde oxidation is shied to a more
negative potential (�0.54 V vs. SHE) due to the time necessary
for the reactivation of the metallic surface.34,36 Comparing the
cyclic voltammograms of Cu-7.7 at% Pd (Fig. 3(b)) and Cu-6.2
at% Pd thin lm alloys (Fig. 3(c)), the anodic formaldehyde
oxidation peaks were obtained approximately at a potential of
�0.47 V vs. SHE.

Overall, no signicant change of the oxidation peak poten-
tials with varying Pd content in the thin lm alloys was
observed. However, the heights of the formaldehyde oxidation
peaks are directly affected by the Cu–Pd composition. The
concomitant use of both peaks is denitely meaningful for
a better characterization of the formaldehyde oxidation, but is
not very useful if a fast-response device is designed or desired.
For this purpose, only the rst peak in the anodic scan direction
at a potential of approximately �0.47 V vs. SHE is used. The
intensity of this peak is mapped for the entire combinatorial
library along the three overlapping Cu–Pd compositionally
graded samples. These results are presented in Fig. 4. The
compositionally overlapped regions are easily observable due to
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Cyclic voltammograms locally measured at (a) 8.9 at%, (b) 7.7
at% (c) and 6.2 at% Pd amounts along the Cu–Pd library with
(continuous line) and without (red dotted line) electrolyte addition of
10 mM formaldehyde.

Fig. 4 Themaximum of the current density value of the formaldehyde
oxidation anodic peak as a function of the Pd concentration along the
entire Cu–Pd compositional spread. Each Cu–Pd sample is colour
coded.
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the colour-coded presentation of each of the Cu–Pd composi-
tionally graded sample. A good reproducibility of the formal-
dehyde oxidation peak maximum current density is observed
for identical alloys deposited on different samples justifying the
idea of an amperometric sensor. For Pd contents below 6 at%
and above 9.5 at% the maximum current density of the oxida-
tion peak remains at a low value around 0.75 mA cm�2 dening
therefore a background level for the compositional screening of
the electrocatalytic formaldehyde oxidation. The current density
values are maximized for 7.7 at% Pd (1.34 mA cm�2) indicating
this composition as being the most suitable for use in amper-
ometric sensing. The current density peak maximum corre-
sponding to this alloy is almost twice higher as compared to the
dened background level. A similar composition was previously
found when using co-sputtering of Cu and Pd in spite of the
more energetic thin lm deposition process as compared to the
thermal case presented here.26 Comparing the overlapping
compositional regions of the three Cu–Pd samples described in
Fig. 4, similar current density values are observed for the same
This journal is © The Royal Society of Chemistry 2017
composition independently on the sample formation condi-
tions (as described in the Experimental section). This observa-
tion emphasises that the major factor contributing to the
formaldehyde oxidation reaction on the surface of Cu–Pd thin
lm alloys is the Pd content, not specic surface microstructure
features, which agrees well with the conclusions of early works
on formaldehyde oxidation.40 The identication of the optimum
Cu/Pd ratio found in the present study is identical to the one
previously reported on co-sputtered Cu–Pd and it originates
from amodication in the electronic structure of the alloy at the
surface. This was clearly demonstrated by scanning Kelvin
probe investigations when a much lower contact potential
difference was observed at around 7.5 at% Pd. This lowering is
mainly triggered by the stretching of the Cu–Pd lattice
(observable in the shi of the main Cu XRD peak in Sup. 2†)
inducing changes of electrons densities on the surface and
therefore resulting in an overall decrease of the work function.26

This process further facilitates redox reactions and all these
observations indicate once more that the composition is mainly
responsible for the activity enhancement vis-à-vis formaldehyde
oxidation.

In order to differentiate between diffusion controlled and
charge transfer controlled anodic reactions, cyclic voltammetry
was performed on Cu–Pd alloys with variable rates of potential
increase.42 An example of such local investigation is presented
in Fig. 5 as measured on the previously identied Cu-7.7 at% Pd
alloy (as the most sensitive for further formaldehyde quanti-
cation). The arrow in the gure indicates the increasing scan
rate varied between 10 and 100 mV s�1. As expected, the
maximum of the formaldehyde oxidation current density peak
increases with increasing scan rate. The dependency of the
oxidation current density maximum on the square root of the
scan rate is presented in the inlet of Fig. 5. A linear behaviour is
observed which indicates a reversible diffusion controlled
process for the formaldehyde oxidation. This nding suggests
that the use of the Cu–Pd alloys in a formaldehyde sensor is
RSC Adv., 2017, 7, 6031–6039 | 6035
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Fig. 5 Cyclic voltammograms on Cu-7.7 at% Pd at different scan rates
(from inner to outer cycle in the arrow direction: 10, 20, 30, 40, 50, 60,
70, 80, 90 and 100 mV s�1).

Fig. 6 Amperometric formaldehyde detection on Cu-7.7 at% Pd at
various formaldehyde concentrations (0–300 mM). The inlet presents
the emerging calibration curve for the formaldehyde oxidation.
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possible without the limitations induced by a charge transfer
limited process. However, cyclic tests for assessing the effective
reversibility of such device are still highly recommended due to
possible additional side reactions and/or material degradation.

Even though the entire analysed Cu–Pd compositional spread
showed suitability for being implemented in formaldehyde
sensing (with immediate qualitative detection capabilities), only
the identied Cu-7.7 at% Pd thin lm alloy having the highest
electrocatalytic effect was further investigated for quantitative
detection. In order to describe the sensing efficiency, the
amperometric response of the Cu-7.7 at% Pd thin lm alloy was
determined. For this purpose, a time dependent curve was
recorded at the oxidation potential (�0.47 V vs. SHE). Fig. 6
presents the obtained results aer successive formaldehyde
additions to the electrolyte depicting increased concentrations
(0–300 mM) as suggested by the arrow. The online observation of
formaldehyde detection was achieved by owing the electrolyte
through the FT-SDCM with a ow rate of approximately 30 ml
h�1. During the rst 200 s the measurement was performed prior
to formaldehyde addition for dening a background reference
level. Soon aer the potential onset the current density value
decayed fast and levelled in a plateau at 0.02mA cm�2 (aer 60 s).
Addition of 0.5 mM formaldehyde triggered a current density
value increase and the formaldehyde oxidation process was
indicated by a new higher steady state current density plateau.
Each subsequent increase of the formaldehyde concentration
resulted in an accordingly increased current density value, which
can be easily observed in Fig. 6.

In order to determine the formaldehyde sensing efficiency of
the Cu-7.7 at% Pd the current density plateau values were
plotted as a function of the formaldehyde concentration. The
inlet of Fig. 6 presents the obtained calibration curve for the
used thin lm alloy. A limiting current density saturation level
was reached for formaldehyde concentrations higher than
100 mM indicating the maximum detectable value. At formal-
dehyde concentrations above 100 mM the coverage of the
catalyst surface is likely approaching unity due to intermediate
6036 | RSC Adv., 2017, 7, 6031–6039
species adsorption and longer time is therefore required for
fresh formaldehyde molecules to reach the metallic surface.
When the formaldehyde concentration remains below this
higher limit two linear zones can be observed. In the rst linear
zone (0–50 mM) the slope of the tted calibration curve (exact
values are assigned in the gure) indicates an increase of the
current density value of 7.7 mA cm�2 aer the addition of each
1 mM of formaldehyde to the solution. The second linear zone
(60–100 mM) has a slope more than three times higher. The
addition of 1 mM formaldehyde to the solution in this zone
resulted in an increase of the current density value to 25.6 mA
cm�2. For both zones, correlation coefficients above 0.99 were
obtained from the linear tting of the experimental data. These
observations indicate that the investigated formaldehyde
sensing candidate alloy exhibits its highest sensitivity in
a concentration range of 60–100 mM.

Several other relevant parameters for further device devel-
opment such as reproducibility, repeatability and stability were
characterized for the Cu–Pd formaldehyde sensing alloys. First,
the formaldehyde detection reproducibility of the Cu–Pd thin
lm alloys was assessed along the entire compositional spread.
For this purpose cyclic voltammograms similar to those exem-
plied in Fig. 3 were recorded along the entire library. The ob-
tained results indicated a relative standard deviation of the
formaldehyde current density values of maximum 8% along the
investigated composition and this information was used for
dening the error bars presented in Fig. 4.

Second, the repeatability of the screened Cu-7.7 at% Pd thin
lm alloy was observed by recording cyclic voltammograms
under a constant ow with a ow rate in the range of ml h�1.
The electrolyte ow condition was chosen for avoiding local
modication of electrolyte in the vicinity of the electrocatalytic
surface simulating a sequential use of an actual device. The
potentiodynamic repeatability was evaluated by sequentially
cycling up to the oxidation potential. For this purpose cyclic
voltammetric measurements were performed in a potential
range of �0.70 to �0.47 V (SHE) with a potential scan rate of
This journal is © The Royal Society of Chemistry 2017
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0.05 V s�1. Fig. 7(a) presents the obtained current density values
corresponding to formaldehyde oxidation as a function of the
cycle number (for up to 300 cycles) and its inlet provides
a zoomed-in view for the rst 50 cycles. Aer the rst 5 cycles the
decrease of the current density peak used for sensing was almost
imperceptible while values as high as 10 mA cm�2 were reached
during the next 5 cycles. This value limit may be considered as
acceptable for a reuse of the sensor especially in the 60–100 mM
concentration range with a resolution slightly below 500 mM.
During the next 15 cycles the current density decreased with 2%
from the initial current density values. This drop is followed by
an almost linear decrease of the current density values with the
cycle number. Aer 50 cycles the current density value remained
at 94% of the initial value while aer 300 consecutive cycles it
decreases with 11% from the initial value. Following these
observations the stability assessment indicates that a formalde-
hyde sensor based on Cu-7.7 at% Pd would reliably operate 5 to
10 times consecutively as a function of detection range.

Third, the stability of Cu-7.7 at% Pd alloy vis-à-vis formal-
dehyde detection was tested aer sample storage for 6, 14 and
21 days in normal laboratory environment. For this purpose
Fig. 7 (a) The formaldehyde oxidation current density values during
cycling the Cu-7.7 at% Pd alloy up to the oxidation potential. (b) Cyclic
voltammetric measurements performed on the Cu-7.7 at% Pd thin film
alloy after 6, 14, 21 days.

This journal is © The Royal Society of Chemistry 2017
cyclic voltammetric measurements were performed on the same
spot. Following each measurement, the investigated material
library was rinsed with distilled water and dried in nitrogen
ow. The obtained results are presented in Fig. 7(b). Aer 6
days, the current density value at its maximum in the anodic
scan direction decreases with 0.8% and aer 14 days with 1.6%
from the initial value of approximately 1.30 mA cm�2. The
current density value remained 94.5% of the initial value aer
21 days, which indicates a good long term stability behaviour
motivating the use of Cu-7.7 at% Pd. Overall, the fabricated Cu-
7.7 at% Pd thin lm alloy showed excellent reproducibility,
repeatability and stability.

For assessing if the outcome of the present screening using
Cu–Pd thin lm alloys is applicable for bulk materials as well,
several Cu–Pd bulk alloys were fabricated and analysed. Their
electrocatalytic activity towards formaldehyde oxidation was
investigated in identical conditions as the thin lms. Cyclic
voltammetric measurements were performed on pure Cu, Cu-
4.8 at% Pd and Cu-7.5 at% Pd bulk alloys in a potential range
from �0.80 V to 0.70 V (SHE) with a rate of potential increase of
0.01 V. The anodic scan of each measurement is presented in
Fig. 8. Similar to the thin lm case, increasing the Pd content in
the bulk alloy resulted in an increased value for the maximum
current density describing the oxidation of formaldehyde. The
highest catalytic effect was found for Cu-7.5 at% Pd bulk at
a potential of 0.55 V (SHE). The maximum current density value
measured for Cu-7.5 at% Pd (2.5 mA cm�2) is 3 times higher
than the one measured on the bulk alloy with lower Pd content
(0.75 mA cm�2) and 5 times higher as compared with the bulk
pure Cu. Even though the current density value of the anodic
formaldehyde oxidation peak on the bulk Cu-7.5 at% Pd alloy is
higher when compared to the valuemeasured on the Cu-7.7 at%
Pd thin lm, the corresponding relative intensities reported to
the height of the anodic peak on pure Cu is almost the same in
both cases. Peak ratios of approximately 4.5 can be measured
from both cyclic voltammogram series in the case of thin lms
(see Fig. 3) and bulk alloys (see Fig. 8) suggesting a good
reproducibility of the screened composition. Moreover,
Fig. 8 Cyclic voltammogram performed on pure Cu and Cu–Pd bulk
alloys in alkaline solution with (continuous line) and without (dotted
line) addition of 90 mM formaldehyde to the electrolyte.
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chemical surface etching of the bulk alloys with concentrated
HCl prior to the formaldehyde detection (see Sup. 4†) resulted
in a very small current peak increase (likely due to surface
increase through roughening) eliminating therefore the possi-
bility of catalytic enhancement due to microstructural and/or
surface contaminants. Stability tests performed on the bulk
Cu–Pd alloy (see Sup. 5†) conrmed the results previously dis-
cussed for the thin lms.
4. Conclusion

In the present work a Cu–Pd thin lm combinatorial library
deposited by co-evaporation was screened for electrocatalytic
activity vis-à-vis formaldehyde oxidation in alkaline solutions.
Microstructure and crystallographic analysis of various alloys
indicated a gradual change of properties without any signicant
discontinuity. Electrochemical screening for formaldehyde
oxidation however, clearly identied a certain composition (Cu-
7.7 at% Pd) as having a maximum efficiency. In conclusion, the
Cu–Pd atomic ratio is indicated as the main factor affecting the
electrocatalytic activity of the investigated alloys. This nding is
also conrmed for bulk Cu–Pd alloys where the screened
compositional reproducibility for oxidation of formaldehyde
was demonstrated. The proof of principle for an amperometric
formaldehyde sensor is completed by reproducibility, repeat-
ability and stability measurements. A standard deviation value
of 8% was measured during successive observations of the
anodic current oxidation peak corresponding to formaldehyde,
5 to 10 successive employments of the same sensor were
demonstrated and a maximum of 5% current density decrease
was noted aer 21 days of normal environment storage of the
Cu–Pd alloy. Overall, the study reveals an inexpensive approach
for fabrication of multiple use formaldehyde sensors via
thermal evaporation or direct bulk alloy casting competing with
the more complex co-sputtering approach. Also, by using
combinatorial approaches, an optimal Cu–Pd composition with
low Pd amounts has been screened in thin lms, composition
which was further used in bulk alloy production. This study
revealed the complete properties transfer between the thin lms
and bulk, with the same enhanced feature (i.e. current density
maximum for formaldehyde oxidation) being found for the
same composition in both thin layers (<500 nm) and mm thick
active materials.
Acknowledgements

The nancial support by the Austrian Federal Ministry of
Science, Research and Economy and the National Foundation
for Research, Technology and Development through the
Christian Doppler Laboratory for Combinatorial Oxide Chem-
istry (COMBOX) is gratefully acknowledged.
References

1 Electroless Plating and fundamentals and applications, ed. G.
O. Mallory and J. B. Hajdu, AESF, Orlando, 1990.
6038 | RSC Adv., 2017, 7, 6031–6039
2 R. Ojani, J. B. Raoof and S. Safshekan, Electrochim. Acta,
2014, 138, 468.

3 E. A. Batista and T. Iwasita, Langmuir, 2006, 22, 7912.
4 H. Berndt, A. Martin, A. Brückner, E. Schreier, D. Müller,
H. Kosslick, G. U. Wolf and B. Lücke, J. Catal., 2000, 191, 384.
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