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a b s t r a c t   

The potential advantages of nano-alloys and particularly, nano-porous alloys, place them at the "spotlight" 
of heterogeneous catalysis. Nevertheless, controlling the precise compositions of these materials is still a 
synthetic challenge. Previous research introduced the fabrication of metals and alloys with a high nano- 
scale porosity and controllable compositions, via a hydrogen-mediated chemical reduction process of metal 
complex salts. We have used this procedure to obtain two magnetic nano-porous Co-Pd alloys, pure porous 
palladium and pure porous cobalt. Single crystal X-ray diffraction studies enabled structural determination 
of the two Co-Pd bi-complex salts that were used as precursors for these alloys. Powder X-ray diffraction 
studies determined the crystalline phases of the alloys and indicated the nanometric size of their crystal
lites. High-resolution scanning electron microscopy indicated that these alloys assemble as highly porous 
clusters of interconnected nano-crystallites. It also indicated that each alloy cluster preserves the micro
metric morphologies of its salt precursor. Energy dispersive X-ray spectroscopy showed that the alloys 
exhibit uniform composition down to the micro-level, which preserved the Co/Pd ratio within the salts. 
Focused ion beam tomography enabled 3D structural representation of the alloys and metals. Geometrical 
analysis of the 3D reconstructed data determined 90% porosity and a specific surface area of ~100 m2/g for 
the alloys. In addition, the alloys showed improved catalytic activity in the semi-hydrogenation of phe
nylacetylene, compared to the pure metals and commercial Pd/C. Moreover, their magnetic properties 
enabled facile recovery at the end of the reaction. The yield for styrene in this reaction was increased using 
"design of experiments" (DOE), a method for optimization of reaction conditions. Furthermore, our ex
periments implied that a highly porous structure significantly improves the selectivity of styrene in the 
reaction. These results demonstrated the advantage of fabricating nano-porous alloys with uniform com
positions that may exhibit special properties and serve as new and efficient catalysts. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Multi-element nano-dimensional and nano-porous metallic 
materials are capable of combining synergistic properties of alloys 
and nanoscale matter such as high surface area. Therefore, these 
materials attract considerable attention in several fields including 
heterogeneous catalysis. Many techniques have been developed for 
the synthesis of nano-alloys in the gas-phase, in solution, as a sup
ported phase on a substrate, or in a matrix [1,2]. 

Destructive techniques such as de-alloying [3,4] or galvanic dis
placement [5,6] produce metallic materials with nano-scale porosity. 
However, these techniques restrict composition control and often 
produce structures with diverse compositions [7–12]. Consequently, 

examples of alloys with nanoscale porosity and controllable com
position are still rare. 

A different preparative approach has demonstrated the pre
paration of numerous alloys with nano-scale porosity through the 
chemical reduction of metal complex salts [13–18]. These metallic 
materials assemble as highly porous (~90% porosity) nanoparticle 
clusters that preserve the morphologies and volumes of their mi
crocrystalline salt precursors. In addition, they preserve the precise 
stoichiometric ratio between the two different metal atoms that 
exist in the bi-complex salt precursors and exhibit a uniform spatial 
composition down to the sub-micro-level. Some studies have also 
shown examples of the catalytic reactivity of these alloys [19–22]. 
Yet, there is only little knowledge about the correlation between the 
structure of these types of alloys and their catalytic reactivity. 

Correlating between structure and reactivity of catalysts in a 
reaction requires information about the conditions of the reaction in 
which each catalyst operates such as the temperature or the reaction 
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period. A better comparison also requires the optimized conditions 
for each catalyst. OVAT ("one variable at a time") is the traditional 
approach for this kind of optimization. Nevertheless, this approach 
often does not lead to the real optimum and is only valid if there is 
no interaction between the variables. Moreover, OVAT approach re
quires many experiments for gaining a small amount of information 
regarding the investigated system. An alternative statistical method 
– DOE ("design of experiments"), also noted as "experimental de
sign", enables collection of precise information from fewer experi
ments. Particularly, DOE enables to consider the effect of the 
interaction between the variables upon the reaction results [23]. 
Consequently, this approach has recently gained some popularity as 
an optimization method, including in heterogeneous cata
lysis [24–29]. 

Herein we utilize chemical reduction processes, mentioned 
above, in order to produce two cobalt-palladium alloys, pure cobalt, 
and pure palladium with nano-scale porosity. The catalytic reactivity 
of these alloys was examined using the semi-hydrogenation of 
phenyl-acetylene as a model reaction. A specific focus was directed 
towards conversion, selectivity, and yield of styrene. DOE method 
was applied to optimize the conditions of the reaction for each alloy 
catalyst, including hydrogen pressure, temperature, and reaction 
periods. Next, the reactivity of these alloys were compared with each 
other, with the pure metals and with commercial Pd/C. Finally, a 
specific focus was directed at the correlation between these mate
rials structures and compositions and their catalytic reactivity. 

2. Materials and methods 

a. Bi-complex salts (BCS) preparation 

Microcrystalline bi-complex metal salts (BCS) [Co 
(NH3)6]2[PdCl4]3·8H2O (1) and [Co(NH3)5Cl][PdCl4] (2) were syn
thesized in a similar manner. Mixing concentrated cold (cooled in an 
ice bath) aqueous solutions (about 20 mg/mL) of [Co(NH3)6]Cl3 and 
(NH4)2[PdCl4] in a molar ratio of 2:3 respectively, yielded a pre
cipitation of the brown-orange salt 1. The precipitate was separated, 
washed three times with deionized cold water, and left to dry in the 
open air. Mixing concentrated aqueous solutions (about 10 mg/mL) 
of [Co(NH3)5Cl]Cl2 and K2[PdCl4] in a molar ratio of 1:1 led to the 
formation of a reddish powder of 2. The precipitate was separated, 
washed three times with deionized water, one time with acetone, 
and left to dry in the open air. Single crystals of 1 and 2 were also 
prepared using membrane diffusion technique. 

b. Preparation of metals and alloys 

All metallic materials were prepared according to a previously 
published procedure [16]. Co-Pd alloys were prepared by chemical 
reduction of salt 1 and salt 2 in a tube furnace under a flow of 
1 atm H2-Ar mixture (5%/95%) at 200 °C for 24 h. Porous palladium 
and cobalt were prepared by reduction of K2[PdCl4] and [Co 
(NH3)5Cl]Cl2, respectively, in a tube furnace under a flow of 
1 atm H2-Ar mixture (5%/95%) at 350 °C for 24 h. The resulting black 
powders of metals or alloys were cooled to room temperature and 
kept under a stream of Ar for additional 10 min 

c. Single-crystal X-ray diffraction (SC-XRD) analysis 

Single crystals of BCS 1 and 2 were transferred to a Bruker SMART 
APEX CCD X-ray diffractometer equipped with a graphite mono
chromator. The system was controlled by a pentium-based PC run
ning the SMART software package [30]. Data were collected at room 
temperature using Mo Kα radiation (λ = 0.71073 Å). The raw data 
frames were transferred to a second PC computer for integration and 
reduction by the SAINT program package [31]. The structures were 

solved and refined by the SHELXTL software package [32]. These data 
can be obtained free of charge from The Cambridge Crystallographic 
Data Centre at https://www.ccdc.cam.ac.uk/structures/. Further de
tails of the crystal structures may be obtained from the Fachinfor
mationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen 
(Germany), on quoting the depository numbers CSD-2026589, 
2026590. 

d. Powder X-ray diffraction (PXRD) analysis 

Powder X-ray diffraction patterns were measured using a Philips 
PW1820 diffractometer with a Philips PW1710 proportional detector. 
The measurements were carried out using Cu Kα (Kα1 λ = 1.54060 Å, 
Kα2 λ = 1.54439 Å) X-ray source. The Cu tube was operated at a 
voltage of 40 kV and a current of 30 mA. XRD measurements were 
recorded in Bragg–Brentano reflection geometry. The scan was per
formed in the 2θ ranges of 10–60° for BCS and 30–90° for metals and 
alloys, with a step width of 0.02° and a step time of 1 s 

e. Electron microscopy 

High-resolution scanning electron microscopy (HR-SEM) and 
energy dispersive x-ray spectroscopy (EDS) measurements were 
conducted using an FEI Sirion HR-SEM equipped with EDAX EDS and 
FEI Magellan 400 L XHR-SEM equipped with an Oxford Instruments 
XMAX SDD EDS working on an INCA450 platform. 

f. FIB tomography 

3D structure of nano-porous alloys and metals prepared in this 
work was studied with Focused Ion Beam (FIB) tomography. Milling 
and data collection was done at FEI Dual beam FIB Helios 460 F Lite 
equipped with Auto Slice &View software. Reconstruction of ex
perimental data and geometrical analysis of 3D reconstructed vo
lume was performed with FEI AVIZO 9.2 software. 

g. Catalytic studies 

Catalytic reactions were performed in a 50 mL stainless steel 
high-pressure reactor (Parr Instruments). In a typical reaction, 
2.5 mg of the catalyst powder (Co-Pd alloy, Co metal, Pd metal or 
Sigma Aldrich Pd/C 10% wt.) and 500:1 mol/mol ratio of phenyla
cetylene/catalyst were dissolved in 1–2 mL of chloroform-D in a 
4 mL glass vessel. The vessel was inserted to a larger 50 mL glass 
vessel that was placed in the reactor. The reactor was purged three 
times with 10 bar of H2 (99.999%) prior to the reaction. Hydrogen 
pressure and temperature of the reactor were adjusted (as described 
in Table 2 and Table 3 in section 3.2 below), and the reaction vessel 
was kept with constant stirring under these conditions (pressure & 
temperature) for 1–4 h. Following the reaction, fractions of the re
action mixture were extracted, diluted with chloroform-D and se
parately analyzed by GC-MS (Fisher-Scientific) and 1H NMR (Bruker). 

3. Results and discussion 

a. Preparation and characterization of bi-complex salts (BCS), nano- 
porous alloys and porous metals 

Two Co-Pd BCS, their corresponding alloys, and pure cobalt and 
palladium metals were prepared through modifications of a pre
viously published procedure [16]. The two Co-Pd bi-complex salts 
[Co(NH3)6]2[PdCl4]3∙8H2O (1) and [Co(NH3)5Cl][PdCl4] (2) were pre
pared by mixing concentrated aqueous solutions of counter-charged 
cobalt and palladium complexes as described in Eqs. (1a) and (1b), 
respectively: 
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+
+ ++

2[Co(NH ) ]Cl 3(NH ) [PdCl ]

[Co(NH ) ] [PdCl ] 6(NH ) 6Cl
3 6 3(aq) 4 2 4 (aq)

3 6 2 4 3(s) 4 (aq) (aq) (1a)  

+
+ ++

[Co(NH ) Cl]Cl K [PdCl ]

[Co(NH ) Cl][PdCl ] 2K 2Cl
3 5 2(aq) 2 4 (aq)

3 5 4 (s) (aq) (aq) (1b)  

Single crystals of these salts were also prepared and structurally 
characterized using X-Ray crystallography. Earlier studies already 
reported the characterization of salt 2 using powder diffraction [13], 
yet we have crystallized and determined its structure using single- 
crystal X-ray crystallography for the first time. The unit cell of each 
of the mentioned crystals comprises cobalt and palladium atoms in a 
specific ratio – 2:3 for salt 1 and 1:1 for salt 2 (Fig. 1). These ratios 

resulted from the various electrostatic interactions between the two 
counter-charged cobalt and palladium complexes. 

PXRD analysis of the BCS (Fig. S1) demonstrates high corre
spondence between the experimental and simulated patterns, thus 
indicating the purity and the ordered structure of the micro
crystalline BCS samples. 

Thermal treatment of the BCS 1 and 2 under a reducing en
vironment (1 atm flow of 5% H2 in 95% Ar, 200 °C) for 24 h resulted in 
formation of the corresponding highly porous alloys Co2Pd3 and 
CoPd, respectively, as described in Eq. (2): 

+
°

[CoL ] [PdL ] Co Pd Volatile productsm x n y
200 C, 24 h

5%H
x y

2(g)

(2)  

Application of a similar reduction process to [Pd(NH3)4]Cl2 and 
[Co(NH3)5Cl]Cl2 provided pure Pd and Co porous metals respectively 
(Fig. S2). 

PXRD analysis of the alloys indicated that they were crystalline 
and composed of two phases. Fig. 2 shows that the major crystalline 
phase in both samples is isostructural to the fcc Pd (JCPDF # 
04–015–0492). The second crystalline phase presented in the sam
ples appeared as an isostructural to the hcp Co (JCPDF # 
01–089–7373). A systematic shift of the diffraction peaks indicates 
formation of solid solutions in both structures. The estimated size of 
the crystallites calculated with Scherrer formula was a few nan
ometers in the hcp Co-like phase and in the range of tens of nan
ometers in the fcc Pd-like phase (Table S1). The phase content of 
each alloy was only qualitatively estimated, due to the large FHWM 
(full width of half-maximum) and low intensity of the diffraction 
peaks of Co-based phase. This estimation revealed that the amount 
of Pd-like phase was higher in Pd-rich Co2Pd3 sample, while the 
amount of Co-like phase was higher in Co-rich CoPd sample. 

Fig. 1. The unit cells of the single crystals: (a) [Co(NH3)6]2[PdCl4]3·8H2O, and (b) [Co(NH3)5Cl][PdCl4]. The hydrogen atoms of the ammonia ligands were omitted for clarity.  

Table 1 
Values of porosity and specific surface area of Co-Pd alloys, pure palladium, and pure 
cobalt.     

Metallic material Porosity (%) Specific surface area (m2/g)  

Co2Pd3 90 109 
CoPd 90 99 
Pd 90 50 
Co 22 5    

Table 2 
The levels of the variables for the DOE.      

Variable H2 Pressure (psi) Temperature (°C) Reaction time (h)  

Minimum level (−1) 40 25 1 
Maximum level (+1) 300 40 4 

Table 3 
The set of eight DOE experiments, and their responses for: (a) Co2Pd3 catalyst, and (b) CoPd catalyst.         

Experiment number H2 pressure (psi) Temperature (°C) Reaction time (h) Conversion of phenylacetylene (%) Styrene's selectivity (%) Styrene's yield (%)  

3a. Co2Pd3 catalyst 
1 300 40 4 100 1 1 
2 40 40 4 88 92 81 
3 300 25 4 100 13 13 
4 40 25 4 49 93 46 
5 300 40 1 100 70 70 
6 40 40 1 31 94 29 
7 300 25 1 61 95 58 
8 40 25 1 21 93 20 
3b. CoPd catalyst 
1 300 40 4 100 0 0 
2 40 40 4 97 88 85 
3 300 25 4 100 0 0 
4 40 25 4 65 91 59 
5 300 40 1 100 75 75 
6 40 40 1 39 92 36 
7 300 25 1 100 20 20 
8 40 25 1 12 92 11 
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The equilibrium phase diagram for Co-Pd system predicts a 
single fcc – based solid solution phase for the binary compositions 
prepared in this work (60/40 and 50/50 at. ratio of Pd/Co) below 
200 °C [33]. Therefore, we assumed that both Co-Pd alloys obtained 
in this work were metastable two-phase bimetallic alloys composed 
of nano-crystalline solid-solution phases. This assumption was fur
ther probed via direct identification of the elemental composition in 
the BCS and the corresponding alloys. 

Fig. 3 demonstrates a very good agreement between the average 
Pd/Co ratio in BCS 1 and 2 and their corresponding alloys, con
sidering the statistical errors of the EDS results. It also shows a si
milar agreement between the Pd/Co ratios directly measured by EDS 
and calculated from the data of SC-XRD. These results indicated that 
the initial Pd/Co ratio of the crystalline BCS was preserved almost 
perfectly at the reduction. Therefore, we concluded that the reduced 
alloys are indeed composed of two nano-crystalline solid solution 
phases. We assumed that the preservation of Pd/Co ratio during the 
reduction was provided by relatively low diffusion rates induced by 

the relatively low reduction temperature. This is since at elevated 
temperatures, the metal atoms have rather high diffusion rates that 
prevent typical metallurgical processes from manufacturing nano- 
dimensional metals and alloys [34,35]. 

Fig. 4 shows that the morphologies and the volumes of the BCS 
micro-crystallites were almost perfectly preserved in the alloys 
during the reduction process, yet the initially smooth faces of micro- 
particles (4a, 4c) became porous (4b, 4d). HR-SEM images of porous 
palladium and cobalt metals, prepared using the same process, have 
shown similar results (Fig. S3, Fig. S4). Nevertheless, while the 
structure of the porous Co-Pd alloys and palladium were more alike, 
cobalt acquired a coarser and a less porous structure (Fig. S3). 

HR-SEM imaging shown in Fig. 5 reveals that the reduced alloys 
acquired a highly porous structure of interconnected nano-dimen
sional metal ligaments separated by the pores of the similar size, as 
already known for this process [16]. Besides, the dimension of these 
ligaments was very similar to the crystal size estimated from the 
PXRD data (Table S1), i.e., the final metal network was nano-di
mensional, nanocrystalline and nano-porous. This specific structure 
was certainly obtained during the reduction process at which all 
ligands and solvent molecules evaporated leaving only metallic 
material behind, as already shown earlier [16]. 

3D reconstruction of the reduced alloys volume using FIB to
mography shown in Fig. 6 had further confirmed their nano-porous 
structure. 3D reconstruction of pure palladium and pure cobalt 
metals revealed that the former had acquired a highly nano-porous 
structure, while the latter has acquired a coarser and a less porous 
structure (Fig. S6). 

Geometrical analysis of the 3D reconstructed data of the alloys 
and metals enabled to determine their porosity and specific surface 
area (Table 1, Equations S1, S2 and Table S2). Both alloys and pure 
palladium acquired 90% porosity while pure cobalt acquired only 
22% porosity. The specific surface area of the alloys (~100 m2/g) was 
twice higher than that of pure palladium (50 m2/g), and 20 times 
higher than that of pure cobalt (5 m2/g). These results agreed with 
the SEM and XRD observations and indicated the catalytic potential 
of the alloys, due to their relatively high specific surface areas. 

b. Catalytic activity of nano-porous alloys and porous metals 

The catalytic activity of the Co-Pd alloys was examined in the 
semi-hydrogenation of phenyl-acetylene as a model reaction for 
hydrogenation of alkynes. A specific focus was directed at max
imizing conversion and the selectivity towards styrene, as a model of 
selectivity toward alkenes (see Scheme 1). 

GC-MS was used to qualitatively identify the products of the 
reaction, while 1D 1H NMR was used to quantitatively determine the 
conversion and the selectivity of the reactions. The yield of the re
action was calculated by multiplying the conversion and the se
lectivity for each experiment. The alloys were easily separated at the 
end of the reactions using a simple magnet, due to their magnetic 
properties arising from the presence of cobalt atoms. HR-SEM ima
ging of the alloys after the reaction did not reveal any obvious 
change in their porous structure (Fig. S7). 

Design of experiments (DOE, noted also as experimental design 
or factorial design) method was used to optimize the conditions for 
the reactions – including reaction time, temperature, and hydrogen 
pressure. This technique allowed us to consider the influence of any 
variable and more important, the influence of the interaction be
tween these variables, upon the conversion, selectivity, and thus 
yield of the reaction. Each variable had a minimum level and a 
maximum level, as shown in Table 2, coded as − 1 and + 1, respec
tively. 

Since there were three variables, eight experiments were per
formed for each alloy catalyst according to 2k DOE (where k is the 
number of variables) model matrix (table S3). Finally, the results of 

Fig. 2. Comparisons of powder diffractions of Co-Pd nano-porous alloys to the ICDD 
database. 

Fig. 3. A comparison between: the Pd:Co ratios in the BCS calculated using SC-XRD 
data, the Pd:Co average ratios in the BCS determined using EDS, and the Pd:Co average 
ratios in the Co-Pd alloys determined using EDS. 
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Fig. 4. HR-SEM images of BCS microcrystals and their corresponding nano-porous alloys: (a) salt 1, (b) Co2Pd3 alloy, (c) salt 2, (d) CoPd alloy.  

Fig. 5. HR-SEM images acquired under increased magnifications (scale marker bars 5 µm, 1 µm, and 200 nm) at the nano-porous alloys (a)–(c) Co2Pd3 and (d)–(f) CoPd.  
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these experiments (noted as responses), shown in Table 3, were used 
to create a "response models" that describes the effects of the 
mentioned variables on the conversion, selectivity, and yield of the 
reaction for each catalyst. 

According to the mathematical models for Co2Pd3 and CoPd 
catalysts (equations S2-S7), the reaction yield was mostly negatively 
influenced by the interactions between the hydrogen pressure and 
time. Namely, if the pressure was increased the time should be de
creased (and vice versa) to retain high reaction yield. In addition, 
both models showed a negative influence of the interaction between 
the three variables (time, pressure and temperature) on the yield. 
Therefore, they suggested that setting one of the variables in an 
opposite direction to the others could help increasing the yield. The 
models for both catalysts also indicated an increase in the yield by 
decreasing the pressure and by increasing the temperature. The 
models did not agree regarding the influences (both their direction 
and their extent) of the reaction time, the interaction pressure- 
temperature, and the interaction time-temperature on the yield. 
Despite that, identical probing experiments were conducted for both 
catalysts, based on the agreement between the models of the opti
mized conditions for maximizing the yield. In these experiments, the 
reaction time was maximized to 4 h, the temperature was set to a 
high value of 35 °C (but not maximized) and the H2 pressure was set 
to a relatively low value of 60 PSI although not minimized. The yields 
achieved in these experiments, as shown in Table 4, mostly agreed 
with the predications of the models for both catalysts. In fact, this 
correspondence emphasized the advantage of the DOE method that 
well predict the influence of variables, and more important, the in
fluence of their interaction, on the examined parameter. Further
more, the high yields achieved in the probing experiments 

emphasized the importance of DOE method for optimization of 
catalytic reactions. 

The catalytic activity of Co-Pd nano-porous alloy was compared 
to the activity of cobalt and palladium porous pure metals and 
commercial Pd/C (10% Pd, sigma) in the optimized conditions 
mentioned (60 psi H2, 35 °C, and 4 h). The results, shown in Fig. 7 
clearly indicate improvement in the activity of the alloys compared 
to the pure metals, owing to higher conversions. These results could 
be attributed to the relatively higher surface area of the alloys 
compared to the pure metals or to synergistic effects. The results 
also show that Co-Pd alloys and porous palladium remarkably im
proved the selectivity of the reaction, hence increasing the yield of 
styrene, compared to porous cobalt and commercial Pd/C.a This may 
imply that the highly porous structure of the alloys and palladium 

Fig. 6. 3D representations of the nano-porous alloys (a) Co2Pd3 and (b) CoPd reconstructed from FIB tomography data.  

Scheme 1. Hydrogenation of phenylacetylene reaction.  

Table 4 
Probing experiments for Co-Pd catalysts.         

Catalyst H2 pressure (psi) Temperature (°C) Time (h) Conversion of phenylacetylene (%) Styrene's selectivity (%) Styrene's yield (%)  

Co2Pd3 60 35 4 93 97 90 
CoPd 60 35 4 99 89 88 

Fig. 7. Comparison between the catalytic activities of Co2Pd3, CoPd, Co, Pd and 
commerical Pd/C. The seletivity and yield of the reaction with Pd/C were 0% and thus 
do not appear on the bar chart. 

a The seletivity and yield of the reaction with Pd/C were 0% 
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had a positive effect on the selectivity of the reaction, due to the 
coarser structure of porous cobalt and the non-porous structure of 
Pd/C (Figs. S3-S5). Moreover, comparison between the two alloys 
revealed that CoPd was more active but less selective than Co2Pd3, 
meaning that they "obeyed" the reactivity-selectivity principle 
myth [36]. 

4. Conclusions 

We introduced two Co-Pd bi-complex salts, namely [Co 
(NH3)6]2[PdCl4]3∙8 H2O (1) and [Co(NH3)5Cl][PdCl4] (2) as precursors 
for Co-Pd alloys. Applying hydrogen-mediated chemical reduction 
process on these BCS induced the formation of Co2Pd3 and CoPd 
nano-porous alloys with relatively high surface areas. Under the 
same process, cobalt complex salt and palladium complex salt in
duced the formation of porous cobalt and nano-porous palladium, 
respectively. These metallic materials preserved the morphologies of 
their micro-crystallites salt precursors. The alloys also preserved the 
stoichiometric Co/Pd ratio in their BCS precursors. The catalytic re
activity of these alloys was examined in hydrogenation of phenyl- 
acetylene, using DOE to optimize the conditions of the reaction. The 
reactivity of the alloys in the optimized conditions was compared 
with pure cobalt porous metal, pure palladium nano-porous metal 
and Pd/C reactivities. These experiments illustrated the utility of 
using DOE instead of "one variable at a time" method to reach the 
optimized conditions using only a few experiments. In addition, the 
presence of cobalt atoms within the alloys enabled their facile se
paration at the end of the reaction using a simple magnet. Moreover, 
the alloys showed improved catalytic properties compared to the 
pure metals and high yields towards styrene. Furthermore, based on 
our experiments, we suggest that nano-porous structure may im
prove the selectivity achieved by bimetallic alloy catalysts. 
Subsequently, further investigation of Co-Pd and other bimetallic 
nano-porous alloys catalytic and recycling properties may extend 
their applicability in other catalytic reactions or for energy storage. 
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