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Electrochemical promotion and characterization of PdZn alloy catalysts
with K and Na ionic conductors for pure gaseous CO2 hydrogenation
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A B S T R A C T

A PdZn alloy has been used for the first time as a catalytic electrochemical film for CO2 hydrogenation.
Three different electrochemical systems were prepared to study the influence of the Pd/Zn ratio and the
presence of potassium and sodium ions. These catalysts were characterized by XRD, SEM and cyclic
voltammetry and then tested in the hydrogenation of CO2 at three different H2/CO2 feed ratios (3, 9 and
39) and three temperatures (300, 320 and 340 �C) with electrochemical promotion by Na+ and K+ ions.
CH3OH and CO were the only two products detected. During the electrochemical promotion, a low
quantity of ions increases the formation rate of CH3OH and a high quantity leads to the poisoning of the
PdZn active sites. The catalysts which have palladium and the palladium-zinc alloy in their structure
show an electrophilic behavior in the CO formation and when only the alloy is formed in the catalyst, the
CO has the same behavior found for the methanol. Apparent Faradaic efficiency values above 1000 were
obtained under the different conditions tested.
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1. Introduction

The valorization of carbon dioxide to desirable compounds is
one of the targets of the scientific community in general, especially
considering the recent increase in the emission of this pollutant,
which is well-known as the most important greenhouse gas. The
carbon dioxide molecule is practically unreactive but it is
unquestionably a major carbon source. Therefore, the challenge
for scientists is to transform CO2 into chemical compounds such as
hydrocarbons, alcohols, aldehydes, etc. [1–4].

Hydrogenation of carbon dioxide is one of the possible ways to
valorize this compound and this reaction continues to be studied in
the field of conventional catalysis [5–7]. Indeed there are several
pilot plants in Japan [8,9] and a commercial CO2-to-methanol
recycling plant in Iceland [10]. The wide range of products that are
allowed in the general equation (Eq. (1)) means that high
conversion and high selectivity towards the desired product are
the two most important parameters in this reaction. In this sense,
promotion by alkali has been reported to be an effective approach
to control the activity and selectivity of a catalyst [11]. Although
this promotion could be carried out by conventional catalysis,
electrocatalysis allows control of this alkali promotion by varying
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the polarization of a catalyst-electrode through the effect of
electrochemical promotion of catalysis (EPOC), also known as
non-Faradaic electrochemical modification of catalytic activity
(the NEMCA effect).

xCO2 + (2x � z + y/2) H2 ? CxHyOz + (2 � z) H2O (1)

The NEMCA effect was first observed by Stoukides and Vayenas
[12]. The effect is based on the controlled migration of promoting
ions (i.e., O2�, Na+, K+ or H+) from an electroactive support, such as
b"-Al2O3 (K+ and Na+ conductor), YSZ (yttrium-stabilized-zirconia,
an O2� conductor), SZY (SrZr0.95Yb0.05O3�d, a H+ conductor), CZY
(CaZr0.9In0.1O3-a, a H+ conductor) or BZY (BaZr0.8Y0.2O3�d, a H+

conductor), to the catalytic metal/gas interface. The migration of
the ions allows in situ control of the catalytic behavior of the
system by changing the binding strength of chemisorbed species
and reaction intermediates [13,14].

Very few EPOC studies have been devoted to the reaction
discussed here and the vast majority was previously summarized
by our group [15]. A total of fourteen such papers have been
published, including the most recent paper [16], and this total is a
very low compared to other fields of research.

The most commonly used active metals are Cu, Pd, Pt, Ru and Rh
supported on Na-b00Al2O3 [17], K-b00Al2O3 [18–21], YSZ [17,20,
22–27], or SZY [28]. The most common products are carbon
monoxide and methane—except for the works by Esperanza et al.
[18,19,25], where alcohols and hydrocarbons were obtained on
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working under realistic post-combustion CO2 capture exiting gas
compositions on a bench-scale plant. The novelty of the work
described here is the use of a PdZn alloy as the catalyst-electrode in
the electrocatalytic system. The PdZn alloy has previously been
studied in conventional catalysis by our group [29,30] and it has
also been extensively studied for the steam reforming of methanol
[31–36]. This catalyst showed interesting properties in terms of the
selectivity and activity to methanol. The study reported here is the
first in which the only two products obtained in a pure gaseous
hydrogenation of CO2 in EPOC studies are carbon monoxide and
methanol, as described by the following equations:

CO2 + H2 ? CO+ H2O (2)

CO2 + 3H2 ? CH3OH + H2O (3)

In this work three different electrocatalytic systems
(PdZn/K-bAl2O3/Au, PdZn/K-bAl2O3/Au with a different PdZn
molar ratio and PdZn/Na-bAl2O3/Au) were studied by different
characterization techniques and with catalytic activity
experiments under electrochemical promotion conditions. The
influence of the Pd/Zn molar ratio on the formation of the PdZn
alloy or the way in which promotional ions (K+ or Na+) affect the
electrochemical results were studied. Moreover, an in-depth
electrochemical study was carried out with PdZn/K-bAl2O3/Au
using a Pd/Zn molar ratio of 1.

2. Experimental

2.1. Electrochemical cell preparation

Each electrochemical cell consisted of a 19-mm-diameter, 1-
mm-thick (K, Na)- b“Al2O3 (Ionotec) pellet as the solid electrolyte.
In each electrochemical cell the Au counter and reference
electrodes were first deposited on one side of the electrolyte by
annealing a gold organometallic paste (Fuel Cell Materials ref-
231001) in two correlative stages, firstly at 300 �C for 1 h and
secondly at 800 �C for 2 h (heating ramps of 5 �C/min). The PdZn
catalyst films were subsequently deposited by impregnation. Thus,
two solutions of palladium(II) nitrate [Pd(NO3)2�xH2O, Aldrich]
and zinc nitrate 6-hydrate [Zn(NO3)2�6H2O, Panreac] were
prepared. The first solution was 0.1 M in both metals (Pd/Zn molar
ratio of 1), whereas the second one was 0.1 M in palladium with a
Pd/Zn molar ratio of 0.13 (the best molar ratio found in a previous
study carried out with conventional catalysts [29]). In each
impregnation, 20 ml of solution were added and then the sample
was calcined at 500 �C with a heating rate of 5 �C/min. After all of
the required impregnations (36 for each cell) had been completed,
different quantities of metals were deposited in �1.5 cm2 areas.
Table 1
Summary of the different PdZn based electrochemical catalyst.

Nomeclature PdZn/Na 

Description PdZn/Na-bAl2O3/Au
Pd/Zn molar ratio 1 

Total Pd weight (mg) 7.66 

Total Zn weight (mg) 4.71 

PdZn alloy particle size after reaction (nm) 78.0 

Pd particle size after reaction (nm) 72.6 

ZnO particle size after reaction (nm) – 

NPd (active mol of metallic palladium) 6.57 � 10�7

NPdZn (active mol of PdZn alloy) 9.00 � 10�7

NPd+PdZn (total active mol) 1.56 � 10�6
The description and nomenclature of each electrochemical catalyst
are summarized in Table 1, along with the different palladium and
zinc weights, particle sizes and active surface area of palladium
and PdZn alloy. The active surface mol were calculated in each case
taking into account the total amount of deposited mol of each
metal, the EDX measurements, the particle diameter and
dispersion values for each compound, which were estimated from
XRD via the Scherrer equation. For the calculation of product
formation rates, it has been considered that the methanol is
preferentially produced on the PdZn active sites whereas the
carbon monoxide is produced on both active sites [30].

2.2. Electrochemical catalyst characterization

A temperature-programed reduction (TPR) experiment was
carried out in situ during the reduction of the catalysts under a
stream of hydrogen (10 vol%) diluted with nitrogen at a flow rate of
25 ml min�1. The temperature was increased at a heating rate of
1.3 �C min�1 up to 500 �C. During the TPR, the H2 consumption was
continuously monitored by a thermal conductivity detector,
whereas the in-plane PdZn film surface electrical resistance
between two points separated by 1 cm was measured using a
digital multimeter. XRD analyses were carried out on a Philips
X’Pert instrument using nickel-filtered Cu-Ka radiation. Samples
were scanned at a rate of 0.02� step�1 over the range 5� � 2u � 90�

(scan time = 2 s step�1). The morphology of the different catalyst
films was evaluated using a Phenom Pro X scanning electron
microscope (SEM). This instrument was equipped with an Energy
Dispersive X-ray Spectroscopy (EDX) analyzer to determine the
average composition of the samples. Cyclic voltammetry studies
were carried out using a Voltalab PGZ 301 potentiostat-galvanostat
(Radiometer Analytical). The potential was scanned between 2 and
2.5 V (starting potential) and �2 V at a scan rate of 50 mV s�1. The
current density generated by the applied cyclic polarization was
recorded as a function of the applied potential relative to the
counter-reference electrode.

2.3. Catalytic activity measurements

The experimental setup was described in detail in a previous
publication [37]. Reaction gases were Praxair certified standards of
CO2 (99.999% purity), H2 (99.999% purity) and N2 (99.999% purity).
The gas flows were controlled by a set of calibrated mass
flowmeters (Brooks 5850 E and 5850 S).

Prior to reaction, catalysts were reduced as explained above for
the TPR experiment. The catalytic runs were carried out at
atmospheric pressure. The total flow rate was of 120 ml min�1,
which is sufficiently high to avoid any mass transfer limitation
phenomena. Three H2/CO2 ratios were selected: 3 (75% H2 and 25%
PdZn/K PdZn0.13/K

 PdZn/K-bAl2O3/Au PdZn/K-bAl2O3/Au
1 0.13
7.66 7.66
4.71 36.22
84.5 52.6
59.3 –

– 60.4
9.71 �10�8 –

1.88 � 10�6 3.25 �10�6

1.98 � 10�6 3.25 �10�6



Fig. 1. TPR profile and variation of the PdZn surface electrical resistance with
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CO2), 9 (90% H2 and 10% CO2) and 39 (97.5% H2 and 2.5% CO2). The
experiments were carried out at three temperatures (300, 320 and
340 �C). Reactant and product gases were on-line analyzed using a
micro gas-chromatograph (Varian CP-4900) equipped with two
columns (Molsieve and Poraplot Q column) and two thermal
conductivity detectors (TCD). The detected reaction products were
CO and CH3OH. The error in the carbon atom balance did not
exceed 1%. In order to carry out the electrochemical promotion
(EPOC) experiments, the three electrodes (working, counter and
reference) were connected to a Voltalab PGZ 301 potentiostat-
galvanostat (Radiometer Analytical) using gold wires. The CO2

conversion and the CO and CH3OH selectivities were calculated as
follows (Eqs. (4)–(6)):

CO2conversion %ð Þ ¼ F0CO2
� FCO2

F0CO2

x100 ð4Þ

COselectivity %ð Þ ¼ FCO
F0CO2

� FCO2

x100 ð5Þ

CH3OHselectivity %ð Þ ¼ FCH3OH

F0CO2
� FCO2

x100 ð6Þ

2.4. EPOC parameters

In the electrochemical promotion of catalysis there is a
correspondence between the different potentials applied and
the amount of ions electrochemically transferred to the metal film,
thus modifying the adsorption of the different gases and ultimately
the catalytic behavior. Several different parameters are commonly
used to quantify the electropromotional effect:

- The rate enhancement ratio, r, defined by Eq. (7):

r = r/r0 (7)

where r is the electropromoted catalytic rate and r0 is the
unpromoted rate.

- The apparent Faradaic efficiency, L, defined by Eq. (8):

Li = Drcatalytic/(I/F) (8)

where Drcatalytic is the current- or potential-induced observed
change in catalytic rate and I is the applied current. For this work, it
implies:

LCO = 2DrCO/(I/F) (9)

LCH3OH = 6DrCH3OH/(I/F) (10)

where DrCO and DrCH3OH are in mol/s.
For the cyclic voltammetry studies, the corresponding coverage

of potassium and sodium species established on the PdZn surface
for each scan can be calculated according to Faraday’s law (Eq. (11))
by integration of the current density versus time or, equivalently,
versus potential curves obtained for the cathodic and anodic scan,
respectively.

uKorNa ¼
Z

I
FN

dt ¼ A
F

Z
jdt ð11Þ

where I is the current, F is the Faraday constant, N is the surface mol
(mol of active sites) of the PdZn catalyst electrode, A is the
superficial surface area of the electrode/electrolyte interface and j
is the current density.

3. Results and discussion

3.1. Electrochemical catalyst characterization

The variation in the surface electrical resistance of the PdZn
catalyst film and the H2 consumption rate during a temperature
programed reduction experiment (TPR) for the PdZn/K sample is
shown in Fig. 1. Significant differences were not detected between
the three electrochemical catalysts in the TPR experiment. At the
beginning of the experiment, the PdZn film showed a very high
electrical resistance (�23.7 MV). The decrease in the electrical
resistance started at around 60 �C, when the first peak appeared in
the TPR analysis. This peak was attributed to the reduction of PdO
to metallic palladium [32]. The electrical resistance then stabilized
around 4 V (See enlargement in Fig. 1). The second peak (450 �C)
was related to the formation of the PdZn alloy [29,32], which is the
active phase responsible for the formation of methanol.

The XRD patterns of the samples PdZn/Na, PdZn/K and
PdZn0.13/K are shown in Fig. 2. The main peaks observed for
the samples with a Pd/Zn molar ratio of 1 were those of metallic
palladium (JCPDS 87-0645) and PdZn alloy (JCPDS 06-0620). The
other small peaks that appeared were related to the solid
electrolytes (JCPDS 02-0921). In the case of the sample
PdZn0.13/K, which has a lower Pd/Zn molar ratio and therefore
a higher zinc concentration in the impregnating solution, peaks
corresponding to ZnO crystals were observed (JCPDS 80-0075)
while the metallic palladium peaks were not. A difference in the
intensities of the peaks was observed for the samples PdZn/K and
PdZn/Na: for the latter the peaks due to the metallic palladium
were higher and those for the PdZn alloy were lower. The
intensities of the peaks are related to the amount of these species
present [29,38]. This situation is consistent with EDX mapping
analysis on SEM images (Fig. 3d). The sample PdZn/Na showed the
highest Pd percentage even though PdZn/Na and PdZn/K samples
should have the same quantity of palladium in the film. This
discrepancy could be due to the position of the metallic palladium
particles. These particles could be hidden in the pores of the film
structure of the PdZn/K sample but located on the surface for the
PdZn/Na sample. Such a phenomenon would have a consequence
on the catalytic behavior, with the PdZn/Na sample being more
active for carbon monoxide production due to the higher level of
metallic palladium particles exposed. SEM images (Fig. 3a–c), all at
temperature.



Fig. 2. XRD profile of PdZn/K, PdZn0.13/K and PdZn/Na samples after reduction.
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a resolution of 30 mm, showed the different external morphologies
of the catalyst films. The sample PdZn/Na (Fig. 3a) contained more
holes and cavities in a similar way to the sample PdZn/K (Fig. 3b).
However, the surface of the sample PdZn0.13/K is very different as
it seems less compact, rougher and it contains small holes. This
morphology allows particles to be hosted within a high surface
area. Therefore, one would expect the dispersion for this catalyst to
be higher.

The results of the cyclic voltammetry study are represented in
Fig. 4. The cathodic peaks, which appear with the application of
decreasing potentials, are related to species formed on the surface
of the catalyst when the ions of the electroactive support migrate
to the catalyst interface and react with the reactants. The anodic
Fig. 3. SEM images of catalysts a) PdZn/K b) PdZn/Na and c) PdZn0.13/K. T
peaks, which appear with the application of increasing potentials,
are related to the decomposition of these species. The voltammetry
analysis for each sample at 300 �C with a feed composition of 90%
H2 and 10% CO2 and a total flow rate of 120 ml min�1 are shown in
Fig. 4a. The low intensity shown by the sample PdZn/K is related to
the formation of only low levels of species on the surface. In
contrast, the sample PdZn/Na showed the highest intensity,
probably due to the high capacity of this sample to capture
reactants on the surface and form Na compounds such as sodium
carbonate [39,40]. Moreover, this high capacity to capture
reactants on the surface could lead to deactivation of the active
sites where these species are formed and this could therefore
reduce the activity of the catalyst [39]. This possibility is supported
by measurement of the potassium and sodium coverage (uK and
uNa) (see Table 2). The marked difference between the formation
and decomposition scan rates for the sample PdZn/Na suggests
that decomposition of the formed species does not occur. These
species remain on the surface of the catalyst film and block the
active sites. The formation and decomposition scans for the
samples PdZn/K and PdZn0.13/K are very similar (the small
differences can be ascribed to the error inherent in the area
integration). Therefore, a reversible promotional phenomenon was
observed during cyclic voltammetry at all temperatures.

Another point that should be highlighted is the potential at
which the highest cathodic peak was obtained. These values were
�0.25 V, �0.75 V and �1 V for PdZn/K, PdZn0.13/K and PdZn/Na,
respectively. This potential increased with temperature in each
case (not shown here). At higher temperatures the same effect was
observed with lower electricity consumption, as higher temper-
atures improve the migration of ions, thus increasing the
electrolyte ionic conductivity with a concomitant increase in the
number of available potassium storage sites. High temperature also
increases the number of species formed. A cyclic voltammogram
he EDX mapping composition is also included in d) for each sample.



Fig. 4. Cyclic voltammograms recorded over a) PdZn/K (blue), PdZn/Na (red) and
PdZn0.13/K (green) at 300 �C under conditions of 10% CO2 and 90% H2; b) PdZn0.13/K
at 340 �C under 25% CO2 and 75% H2; and c) PdZn0.13/K under different conditions:
25% CO2 and 75% H2 (blue), 25% N2 and 75% H2 (red) and 25% CO2 and 75% N2 (green).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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for the sample PdZn0.13/K at 340 �C is shown in Fig. 4b, where the
cathodic and anodic peaks reach the highest values with 75% H2/
25% CO2 because, under these conditions, there is a greater
quantity of CO2 available, which is responsible for the formation of
the cathodic peaks. These cathodic peaks. In an effort to
understand which species are formed, these peaks were identified
and denoted with the letters F (Formation of species) and D
(Decomposition of species). Three peaks appear in both sides of the
cyclic voltammogram. Two additional experiments, in which both
reactants were combined with N2, were carried out at 340 �C
(Fig. 4c) in order to establish a correspondence between the
position of the peaks and the identity of the phases formed as a
result of the potassium pumping. The peaks observed for 75% H2

and 25% N2 appeared at lower potentials (–1 V and �1.5 V), while
the peak for 75% N2 and 25% CO2 appeared when the potassium
ions were transferred to the PdZn film (�0.5 V). Therefore, the
formation of peak F1 is related to carbonate species (potassium
carbonate and bicarbonate) and the peaks F2 and F3 to hydrogen
storage as potassium hydrides. D1 and D3 were attributed to the
Table 2
Coverage of potassium and sodium species in Fig. 4a.

PdZn/Na PdZn/K PdZn0.13/K

Decomposition scan 1.30�10-3 2.46�10-4 5.89�10-4
Formation scan 2.42�10-3 2.70�10-4 5.76�10-4
Relative change (%) 46.3 8.8 2.2
decomposition of these hydrides and D2 to the decomposition of
carbonates. This assignment is consistent with data reported in
literature. Thus, a similar study was carried out by Esperanza et al.
[41] with CO2 and O2 in order to identify the compounds formed
when a cathodic peak appears. The formation of these compounds
has been also reported in other works: potassium carbonates were
detected by XPS under similar reaction conditions [42,] as well as
potassium bicarbonates due to the formation of water during the
reaction [43]. In addition, in another work, the formation of
potassium carbonate and potassium bicarbonate was observed and
confirmed by FTIR measurements [44].

3.2. Effect of the gas flow rate

The effects of the gas flow rate on the CO2 reaction rate, CO2

conversion and selectivity to CO and CH3OH, at the reference state
UWR = 2 V, for the sample PdZn/K are represented in Fig. 5. The aim
was to find the flow rate required to avoid mass transfer limitation
phenomena. The reference (unpromoted) CO2 reaction rate
initially increased with the flow rate, reaching a plateau at
120 ml min�1. The CO2 conversion decreased in a linear manner
upon increasing the flow rate. The methanol selectivity increases at
lower CO2 conversion, this behavior was also found in conventional
catalysis [30].

3.3. PdZn/Na electrochemical catalyst

In order to study the catalytic behavior in depth, all samples
(PdZn/K, PdZn/Na and PdZn0.13/K) were tested under different
reaction conditions and at different potentials (UWR) ranging from
+2 V to �2 V. The study of each catalyst separately was necessary
due to the differences found in the dynamic response of the
reaction rates for each catalyst. It should be noted that for this
sample two types of particles are present, namely metallic Pd and
PdZn alloy particles, as shown by the results of an XRD analysis.
These particles will have a different electrocatalytic behaviors
when Na+ ions migrate to the catalytic film.

The dynamic response of the reaction rates for CO and CH3OH
formation for the catalyst PdZn/Na with a feed composition of 90%
60 80 100 120 140 160
0

10
20

C
H

Total flow rate  (ml·min-1)

0
10
20

Fig. 5. Effect of the overall gas flow rate on the CO2 consumption rate, CO2

conversion and CH3OH and CO selectivity, under +2 V polarization for the PdZn/K
catalyst. Reaction conditions: 10% CO2 and 90% H2 at 340 �C.
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H2 and 10% CO2 at 300 �C is shown in Fig. 6. This sample showed
that a low quantity of sodium ions improves the PdZn alloy activity
towards methanol (potentials of 0.5 V and �0.5 V) compared to the
reference state (2 V). Moreover, it can be seen that the methanol
production decreased at lower potentials due to the migration of
large amounts of Na+ onto the catalyst-working electrode, which
would weaken the chemical bond between PdZn and Pd and the
electron donor adsorbate (H2) and strengthen the bond with
electron acceptors (CO2). The increase in the binding strength of
CO2 on the PdZn surface would disfavor methanol production
because the kinetic is disfavored by lower levels of the adsorbate
H2. At the same time, the increase in the binding strength of CO2 on
the Pd surface would favor the dissociative adsorption of CO2

through the reverse water gas-shift reaction (Eq. (2)). Therefore
electrophilic behavior was obtained for CO because a cathodic
(negative) polarization enhanced the carbon monoxide production
rate. The highest CO production was obtained at �1 V, where the
cathodic peak was found in the cyclic voltammetry study (Fig. 4).
From this potential, the CO formation rate showed sharp positive
peaks whereas the CH3OH formation rate showed negative peaks.
This behavior is consistent with the results of the cyclic
voltammetry analysis. As explained above, the high intensity
found in the voltammetry study at �1 V is related to the formation
of sodium carbonates and sodium hydrides. These compounds can
block the active sites of the catalyst and decrease its activity. The
differences found in the values for the formation and decomposi-
tion peak areas in the voltammetry study suggest that these
species are not totally decomposed after each cycle. This situation
is consistent with the catalytic results: the highest CO production
rate found at �1 V (where more species are formed) is not obtained
at �1.5 V or �2 V due to the blocking effect of the species that are
not decomposed. Hence, the trend in the methanol formation rate
is opposite to that of the CO formation rate because the kinetic of
the latter is favored by the strengthening with the CO2 (electron
acceptor) while the methanol kinetic is disadvantaged. In addition,
5

10

15

20

25

0 100 200 300 400 500 600

5.5

6.0

6.5

7.0

7.5

8.0

8.5

U
W

R  (V
) vs A

u

-2

-1

0

1

2

3

U
W

R  (V
) vs A

u

Time (min)

-3

-2

-1

0

1

2

r C
O

(m
ol

 C
O

·m
ol

-1
 P

d+
Pd

Z
n·

s-1
) 

x 
10

3

r C
H

3O
H

(m
ol

 C
H

3O
H

·m
ol

-1
Pd

Z
n·

s-1
) 

x 
10

3

Fig. 6. Influence of the applied potential vs. time on the reaction rate values of CO
production and CH3OH formation for the catalyst PdZn/Na under conditions of 10%
CO2 and 90% H2 at 300 �C. Total flow rate = 120 ml min�1.
although CO is formed preferentially, when poisoning in the CO
formation rate occurs due to the formation of certain compounds,
the blocking produced at the active palladium sites leads to a
recovery in the formation rate of methanol because the free H2 (not
used in blocked Pd active sites) migrates to PdZn active sites to
produce methanol.

3.4. PdZn/K electrochemical catalyst

The dynamic responses of the reaction rates for CO2, CO and
CH3OH for the catalyst PdZn/K under all the conditions used in this
work are shown in Fig. 7. The reaction rates of CO2 and CO are fairly
similar since the contribution of the CH3OH formation rate to the
total is low. Although methanol is obtained in a lower order of
magnitude, the production of this compound is remarkable and
this is the first time that a dynamic and stable response has been
reported for this product in the hydrogenation of CO2.

Although the PdZn/Na and PdZn/K samples have similar particle
sizes for the Pd and the PdZn alloy, the PdZn/Na sample showed
high activity towards methanol and CO. This behavior could be due
to the higher amount palladium exposed in the form of PdZn or
metallic palladium at the external surface, as shown by EDX
analysis in SEM images (Fig. 3). As for the PdZn/Na sample, the
methanol formation rate increases at 0.5 V and decreases at lower
potentials, whereas electrophilic behavior was found for the
carbon monoxide formation rate. When the K+ ions migrate to the
catalytic film, an increase in the CO2 (electron acceptor) production
is observed and, consequently, this change favors CO production
and inhibits methanol production. The difference between the
promotional effects is that in the case of the PdZn/K sample the
effect is stable.

The reaction rates of CO2 and CO increased with temperature
due to the enhancement of the CO reaction (Eq. (2)). When the H2/
CO2 ratio in the feed atmosphere was decreased, higher reaction
rates were obtained for CO and CO2 but more time was required to
return to the value of the unpromoted state (+2 V). In some cases,
however, this value was not reached at high temperatures, thus
leading to an increase in the global activity of the catalyst. The
reaction rate of CH3OH also increased with temperature at lower
H2/CO2 ratios (3 and 9), but this was not the case for the 2.5% CO2/
97.5% H2mixture. Although the methanol reaction rate increased at
+0.5 V, the selectivity towards this compound decreased at this
potential (Table 3) due to the increase found for the carbon
monoxide reaction rate at +0.5 V. The highest methanol selectivity
was found for the highest H2/CO2 ratio (39, corresponding to the
2.5% CO2/97.5% H2 experiment) at 300 �C and 2 V. The selectivity
was around 76% but this decreased to 60% and 41% at the ratios 9
and 3, respectively. Therefore, higher H2/CO2 ratios led to higher
selectivity towards methanol. In general, the methanol selectivity
decreased with the temperature due to the thermodynamical
limitations of this reaction and the preferential formation of CO.
The optimum of selectivity was found at 300 �C and this is
consistent with the equilibrium for methanol production (Eq. (3)),
which is favored at lower temperatures.

The variations with applied potential of the CO reaction rate
enhancement ratio (rCO) and the apparent Faradaic efficiencies for
both products, under all the feed compositions and for two
temperatures (300 �C and 340 �C), are represented in Fig. 8. The
figure also shows the CH3OH reaction rate enhancement ratio
(rCH3OH) at the potential +0.5 V, where the ratio is higher than 1.
The CO reaction rate enhancement ratio increased at higher H2/CO2

ratios, at higher temperature, and at negative potentials, which
proves that the latter favors CO2 adsorption and consequently the
kinetic for the production of CO. The highest CH3OH reaction rate
enhancement ratio at 300 �C was found for the conditions 10% CO2/
90% H2. The efficiency achieved for CO (LCO= 3250) is the highest
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value found in the literature for a hydrogenation reaction. For
instance, in a recent study [16] L values as high as 500 were
claimed for the first time but these are significantly lower than the
values found in this study. Interestingly, both apparent Faradaic
efficiencies exhibit a pronounced maximum with varying anodic
potential, as observed in other work [16]. This behavior may be due
to the fact that the first migration of potassium ions to the PdZn
film is produced easily because it is favored by the concentration
gradient of ions. As a consequence, only a very small current is
necessary for this process. However, when the potential continues
to decrease, the movement of potassium ions becomes more
difficult due to the existence of ions on the PdZn film. Thus, higher
currents are necessary and this leads to a decrease in the L values.
Table 3
Methanol selectivity and CO2 conversion for the catalyst PdZn/K.

2.5%CO2 97.5%H2 10%CO2 90%H2 25%CO2 75%H2

SCH3OH (%) XCO2 (%) SCH3OH (%) XCO2 (%) SCH3OH (%) XCO2 (%)

300 �C 2V 76 0.1 60 <0.1 41 <0.1
0.5V 54 0.2 45 <0.1 31 <0.1

320 �C 2V 65 0.2 46 <0.1 20 <0.1
0.5V 33 0.3 25 0.1 17 0.1

340 �C 2V 61 0.2 35 0.1 18 0.1
0.5V 31 0.3 16 0.2 12 0.1
3.5. PdZn0.13/K electrochemical catalyst

The PdZn0.13/K catalyst was prepared in order to study the
influence of the Pd/Zn molar ratio in the catalytic film formed. Two
main differences were found during the characterization: (i) a
Fig. 8. Effect of the applied potential (UWR) on the rate enhancement ratio (ri) and
on the apparent Faradaic efficiency (

V
i) for the catalyst PdZn/K under three

different feed ratios: 25% CO2 and 75% H2, 10% CO2 and 90% H2, 2.5% CO2 and 97.5%
H2 at the temperatures of 300 and 340 �C. Total flow rate = 120 ml min�1.



Fig. 10. SEM image of a carbonaceous deposit found on the surface of the PdZn0.13/
K sample.
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different external morphology of the catalyst film (Fig. 3), i.e., less
compact, rougher and with small holes and (ii) only PdZn alloy
particles were evidenced in the XRD analysis (Fig. 2). The
consequence of the first characteristic is that the particles formed
were smaller and the dispersion was higher. These differences are
essential to understand the catalytic results because, in this case,
the electrocatalytic behavior depends only on the PdZn particles
and how they act when the migration of K+ ions is produced.

The dynamic response of the reaction rates for CO and CH3OH
formation for the catalyst PdZn0.13/K with a feed composition of
90% H2 and 10% CO2 at 300 �C is shown in Fig. 9. Although this
experiment was selected as an example, the experiments carried
out under different conditions showed the same trend. This sample
shows the same catalytic behavior for both products (CO and
CH3OH). The migration of a small quantity of K+ ions produced at
0.5 V improves the kinetics of both reactions but at lower
potentials (<0.5 V) the migration of K+ ions to the PdZn film
inhibits the global activity of the electrochemical catalyst.

The Pd/Zn molar ratio did not show any influence on methanol
production because similar formation rates were obtained for both
catalysts (PdZn/K and PdZn0.13/K). The same behavior was also
found in other work on conventional catalysts [30], where it was
found that a certain number of PdZn alloy particles provide the
maximum methanol production regardless of further changes to
the Pd/Zn molar ratio. The high CO production rate when compared
with the PdZn/K sample occurs because the PdZn particles are
smaller and the dispersion is higher, therefore the activity of the
catalyst is higher. It was noted that while the methanol reaction
rate seems similar in the different cycles (+2 to a negative
potential), the carbon monoxide formation rate decreased. Thus,
deactivation of the electrochemical catalyst is produced in this
process. The authors of this work suggest that the deactivation is
produced in PdZn alloy particles. This effect is only evident in CO
formation rates because the order of magnitude in which this
compound is produced is higher, so the effect of deactivation is
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Fig. 9. Influence of the applied potential vs. time on the reaction rate values of CO
production and CH3OH formation for the catalyst PdZn0.13/K under conditions of
10% CO2 and 90% H2 at 300 �C. Total flow rate = 120 ml min�1.
easier to see. Evidence for this phenomenon is provided by the
existence of carbonaceous deposits (Fig.10) on the catalyst surface,
with a carbon content greater than 60%. The authors suggest that
the deactivation is produced in all of the PdZn alloy particles (also
in the hidden particles), but carbonaceous deposits were only
found on the surface at the points where the Au wires were
connected with the PdZn alloy. This finding is due to the high
activity and migration of ions in the vicinity of the connections. The
deactivation observed between the first and the last reference state
in the CO formation rate is around 25% for all temperatures tested.

4. Conclusions

The following conclusions can be drawn from this study:

- The PdZn alloy can be used as a catalytic film in an
electrochemical system. Methanol and carbon monoxide were
the two only products obtained.

- The formation of potassium carbonates and potassium hydrides
was demonstrated by a cyclic voltammetry study on the sample
PdZn0.13/K. The sample PdZn/Na showed high intensities in the
cyclic voltammetry study. These values are related to a higher
capture of reactants through the formation of sodium com-
pounds.

- PdZn/Na and PdZn/K samples shows how a low quantity of ions
increases the formation rate of CH3OH and a high quantity leads
to the poisoning of the PdZn active sites. An electrophilic
behavior for the CO formation rate was found. These behaviors
are attributed to the coexistence of large particles of metallic
palladium and PdZn alloy.

- The PdZn/Na sample showed an unstable promotional effect in
the dynamic response. As shown by cyclic voltammetry, sodium
carbonates and sodium hydrides are formed and these could
block the active sites, thus decreasing the reaction rate.

- The PdZn/K sample showed a stable promotional effect for both
products. A complete dynamic study was carried out under
different conditions: feed H2/CO2 ratios of 3, 9 and 39 and
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temperatures of 300, 320 and 340 �C. Apparent Faradaic
efficiency values up to 1000 were obtained.

- The PdZn0.13/K sample showed the same catalytic behavior for
both products. CO and CH3OH formation rates increase at +0.5 V
compared to the unpromoted state (+2 V) and these decreased at
negative potentials. This behavior was attributed to the fact that
the EPOC effect in this catalyst is produced in PdZn alloy
particles.
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