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Surfactant-free NaBH4-mediated synthesis of AuxPd1-x nano-alloys 
for active electrocatalysts
Kristian Junker Andersen,a Armin Asghari Alamdari,a Aleksandra Smolska,a Nina Lock,a Anders 
Bentiena and Jonathan Quinson*b,a

Nanomaterials with composition AuxPd1-x (x=0-1) in the size range 
5-15 nm are easily obtained at room temperature using a 
surfactant-free NaBH4-mediated synthesis in water. The materials 
are readily active electrocatalysts suitable to timely study 
composition effects, as exemplified with the electrocatalytic 
ethanol oxidation reaction (EOR).

Nanomaterials (NMs) are relevant for a range of applications 
and in particular for catalysis due to their size-, structure-, 
and/or composition- dependent properties.1 A range of 
methods have been reported to prepare such nanoparticles 
(NPs) with a large surface/volume ratio especially relevant for 
catalysis.2 
In particular, colloidal syntheses are tractable synthetic 
approaches, where typically a (metal) precursor in an oxidized 
state is reduced in the liquid phase.1, 3 Unfortunately, in most 
colloidal syntheses, additives or surfactants are used to ensure 
colloidal stability.1, 4 Those molecules typically bind to the NP 
surface, which prevent in most cases the full use of colloidal NPs 
for catalytic applications. Surfactant-removal can be an option 
to address this challenge,5 but it implies processes typically 
partially successful and/or requiring energy-intensive steps.1

To make the most of the versatility of colloidal syntheses6 but 
by-pass the challenge of potentially blocked active sites, so-
called surfactant-free colloidal syntheses are promising. Those 
syntheses are defined elsewhere and are relying mainly on 
electrostatic stabilization.1, 7 In particular, surfactant-free 
colloidal syntheses obtained at room temperature in aqueous 
media using simple chemicals are attractive for safer operation 
and potentially higher throughput, but also to provide a simple 
way to prepare NMs that is applicable for non-experts.1, 3, 7, 8 
Among reported options, Au NPs are easily obtained at room 
temperature in water without the need for any additives using 
solely HAuCl4 as precursor and NaBH4 as reducing agent.9, 10 A 

similar approach proved to be successful for the preparation of 
unsupported Pt,11 Ru12 and Pd13 NMs, among other metals,14 as 
detailed in Supporting Information (SI). The NPs are promising 
candidates for catalysis, see Tab. S1.9, 11, 12, 15 For instance, 
surfactant-free Au NPs obtained by the NaBH4-mediated 
synthesis are readily active electrocatalysts for the ethanol 
oxidation reaction (EOR).16 The EOR is relevant for energy 
conversion and at the core of direct alcohol fuel cells.17-19

However, exploiting this synthesis approach for the timely study 
of more complex compositions is seldom explored. To the best 
of our knowledge, only AuxAg1-x bimetallic NPs have been 
reported by this approach.20 The NPs were considered for the 
4-nitrophenol reduction as model system for water treatment. 
Here, we investigate if other bimetallic nanomaterials than AuxAg1-x 

can be obtained to expand the generality and relevance of the 
synthesis approach. We exploit the fast and simple surfactant-free 
NaBH4-mediated synthesis method to prepare AuxPd1-x NPs for 
electrocatalysis with the example of the EOR. It is well established 
that Pd is an efficient catalyst for the EOR with relatively poor 
stability and prone to poisoning, whereas Au is less active but more 
stable.8, 21 The rationale to develop Au-Pd materials is also motivated 
here by the fact that Au9, 10  and Pd13 nanomaterials can be obtained 
by the proposed method. Au is expected to provide stability whereas 
Pd provides activity for the EOR in alkaline media. In this sense, 
developing AuxPd1-x NPs is a promising and common strategy for the 
EOR22, 23 and other reactions.24, 25

A first finding is that the surfactant-free NaBH4-mediated 
synthesis leads to NPs in seconds for the whole range of 
composition from Au only to Pd only, as illustrated in Fig. 1 and 
Fig. S1. In the present study, a total concentration of metal 
(Au+Pd) of 0.5 mM and a NaBH4/(Au+Pd) molar ratio of 5 were 
used. While the as-prepared Au colloids are stable for months, 
the stability decreases as the Pd content increases, in analogy 
to what was observed with AuxAg1-x with an increasing amount 
of Ag,20 and in agreement with the relatively lower stability of 
Pd colloidal materials prepared by the surfactant-free NaBH4-
mediated synthesis.15  
Au-rich dispersions tend to exhibit a red colour whereas Pd-rich 
dispersions tend to be darker. The plasmonic properties 
assessed from UV-vis, marked by a pronounced surface 
plasmon resonance (spr) around 518 nm for Au NPs, are less 
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Fig. 1. (a) Schematic illustration of the room temperature NaBH4-mediated 
surfactant-free synthesis of AuxPd1-x nanomaterials in water. Retrieved from 
https://chemix.org and adapted. (b) UV-vis characterization of the resulting 
materials, the nominal at.% for Pd is indicated. (c) Illustrative STEM micrographs 
for samples prepared with Au (only), 20 at.% Pd (Au80Pd20), 80 at.% Pd (Au20Pd80), 
Pd (only), as indicated.

pronounced as the Pd content increases, as it can be expected,8 
see Fig. S2.
The size/shape of the NPs evaluated by STEM change from 
spherical to network-like structure when the amount of Pd 
increases, which might account for the decreasing colloidal 
stability, see Fig. 1, Fig. S3 and Tab. S2. The average size of the 
nanomaterials is in the overall range of 5 to 15 nm. 
UV-vis, STEM and EDS confirm that the composition and the size 
can be tuned in the all composition range by adjusting the ratio 
of the precursors, see Fig. 1c and Fig. 2. The discrepancy 
between nominal and experimental composition retrieved from 
EDS reported in Fig. 2a is commonly observed and attributed to 
experimental errors in the preparation of the stock solutions of 
metal precursors and/or quantification of the Au and Pd 
contents. Indeed, STEM-EDS only consider relatively few NPs. A 
mismatch between nominal and final composition was also 
observed for AuxPd1-x materials prepared by a different route,8 
and is also reported for AuxAg1-x.20

It is also interesting to note that the sample with a nominal Pd 
content of 30 at.% up to 80 at.% Pd tend to show two 
populations of materials with some Au-rich and some Pd-rich 
structures, as detailed in Fig. S4 and reported in Fig.2a. Within 
a same sample, the Au-rich structure tend to be spherical 
whereas the Pd-rich structure tend to have a more network-like 

Fig. 2. (a) Experimental composition retrieved from STEM-EDS as a function of 
nominal composition. For the samples showing two types of nanostructures, the 
composition retrieved for the Au-rich population is indicated in red and the Pd-
rich nanomaterials have a composition indicated in blue. (b) Lattice parameter as 
a function of nominal composition. See also Fig. S5.

Structure, see Fig. 1c. The Au-rich materials tend to be larger 
than the Pd-rich materials, see Fig. S3.
XRD analysis reveals diffraction patterns moving from the 
typical fcc structure of Au to the fcc structure of Pd with a shift 
in the lattice parameter from ca. 4.12 Å (Au) to 4.00 Å (Pd) as 
the Pd amount increases, as detailed in Fig. 2b, Fig. S5 and Tab. 
S2. The Au-rich NPs tend to be larger, see Fig. S3, and might 
dominate the volume-weighted XRD pattern, e.g. in the 
Au50Pd50 sample, which accounts for the trend observed in Fig. 
2b. 
Note that here there is no independent control over size, 
composition and shape at this stage. Independent control over 
those interlinked properties could be desirable to disentangle 
those various effects in catalysis. In this direction, the NaBH4/Au 
molar ratio was kept to 5 in the present study to minimize the 
amount of relatively harmful NaBH4 used and because it was 
shown to lead to the smallest Au NPs in previous studies.16, 26 It 
is expected that increasing the NaBH4/Au molar ratio and/or 
increasing the metal concentration or finer control on the pH 
will lead to larger NPs, by analogy with what is observed with 
Au and AuxAg1-x NPs in previous reports.20, 27
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Fig. 3. MA (left-hand side Y-axis black, ■) and If/Ib ratio (right-hand side Y-axis, blue, 
●) as a function of the sample nominal composition.

A second finding is that the NPs are readily electrochemically 
active and therefore can be directly used to assess the EOR 
activity. See details on the typical data and metrics for this 
reaction in SI, Figs. S6-S11. The mass activity (MA, normalized 
to the nominal metal content) decreases as the Au content 
increases, see Fig. 3. The poisoning resistance tends to increase 
as the Au content increases, as observed with an overall 
increase of the If/Ib ratio, defined and detailed in SI.28

The values obtained in terms of MA and poisoning resistance 
are promisingly high compared to the literature in particular for 
Au-Pd materials,19, 28 as discussed further below. 
It is expected that the nanocatalyst stability under 
electrochemical testing decreases with the Pd content while the 
overpotential to observe a catalytic behaviour decreases as the 
amount of Pd increases.8 Given the potential benefits of Au NPs 
and Au-rich Au-Pd nanomaterials in terms of stability,22, 23  a 
more specific focus is here given to the Au50Pd50 and Au80Pd20 
as illustrative examples, compared to Au only, Pd only and 
Au20Pd80. 
Chronoamperometry (CA) was performed at 0.9 VRHE for Pd, 
Au20Pd80, Au50Pd50, Au80Pd20, and 1.2 VRHE for Au, see Fig. 4, see 
details in SI and Fig. S11. The higher voltage needed for the Au 
comes from the higher voltage at which catalysis is observed. 
The CA leads to a pronounced loss in MA tabulated in Tab. 1. As 
the amount of Au decreases the MA retained decreases and 
hardly less than 1% of the original MA maintained after 1 hour 
for the Pd-rich samples, whereas Au-rich samples retain up to 
5-10% of activity. Although the MA of the Pd-rich sample is 
expected to be higher as the Pd content increases, see Fig. 4, 
the relatively low current observed for the Pd only sample 
illustrates the likely formation of oxidized Pd that it not 
catalytically active.29 In particular the Au50Pd50 sample shows 
initially high activity but a loss of MA of more than 99% for 1 
hour CA. In contrast, a Au-rich sample such as Au80Pd20 show a 
relatively low MA but maintain a relatively higher activity over

Fig. 4. CA in 1 M KOH + 1 M Ethanol at 1.2 VRHE for the Au sample and 0.9 VRHE for 
various other samples, as indicated,.

Table 1. MA maintained over time during CA performed for 1 hour at 0.9 VRHE * in 
1 M KOH with 1 M Ethanol and before-after CA (assessed by CV).

Sample
MA 

maintained
 % (CA) **

MA 
maintained
% (CV) ***

# CV cycles 
before and 

after CA

VRHE 

for CA

Au* 11.3 109.7 5 1.2

Au80Pd20 5.2 104.5 25 0.9

Au50Pd50 2.6 100.9 15 0.9

Au20Pd80 0.6 121.4 10 0.9

Pd 0.1 106.0 5 0.9

* CA performed for 1 hour at 1.2 VRHE for the Au sample
** compared to the activity recorded after 1 s of CA 
*** based on CV before and after CA. The number of CVs before CA was chosen 
to reach a steady MA and this same number of CVs was performed after CA for 
comparison. The number of CVs is indicated in the last column.

time (loss of 95% based on CA).
After CA, performing several CVs re-activate the materials, as 
illustrated in Tab. 1 and Fig. S11. Those results suggest that 
leaching is not the main mechanism of activity loss over time 
and that further optimization of the electrochemical testing 
could lead to higher catalytic activity maintained under 
continuous operation, e.g. by supporting the material.3, 30

Finally, it is a general challenge to compare materials 
synthesized by different methods and with catalytic activity 
evaluated by different protocols in the literature (different 
syntheses, sizes, compositions, different setups, NP supported 
or not on other materials, different concentrations and nature 
of electrolytes, different potential ranges, different 
normalization, etc.).3, 19, 31, 32 Nevertheless, the materials 
obtained here are relatively more active than in other reports. 
A MA for Au NPs of 250 A gAu-1 is higher  than for most other 
reports and comparable to values reported for Au NPs prepared 
by a surfactant-free ethanol mediated synthesis reported 
elsewhere.28, and references therein A MA for Pd NPs of 4 000 A gPd-1 is 
higher than most reported giving values closer to 3000 A gPd-1 or 
lower.13, 23, 30, 33 Equally the bimetallic material give relatively 
high MAs (at similar compositions) compared to other Au-Pd 
materials in the range of 400-3000 A gAu+Pd-1,23, 34 for instance 
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for materials obtained via a similar approach as the one 
reported here but with polyvinylpyrrolidone (PVP)34 or Triton as 
additives.35 
The results point towards the benefits of a surfactant-free 
approach leading to more active NPs and toward Au-rich 
materials to develop promising catalysts for the EOR. Despite 
the relative inhomogeneity of the sample with Pd- and Au-rich 
materials within the same batch, the overall strategies still leads 
to active materials, probably due to in situ further alloying as 
pointed out elsewhere with nanocomposites,8 although a full 
study of such phenomenon is beyond the scope of the present 
report. 
On a final note, surfactant-free colloidal NPs remain relatively 
scarce compared to their surfactant-assisted counterpart, yet 
they are promising strategies to develop catalysts1. As a 
consequence, the comparison of colloidal NPs obtained by 
different surfactant-free strategies are only emerging. In our 
previous work we showed that AuxPd1-x NPs could be obtained 
at room temperature by simply using alkaline ethanol in water 
as reducing agent.8 A first benefit of using the milder reducing 
agent ethanol was that stable colloids were obtained for the all 
range of composition from Au only to Pd only, as opposed to the 
present case. Furthermore, spherical NPs were obtained for the 
all composition range. However the synthesis is much slower 
than the present NaBH4-mediated approach.
Interestingly, in that previous work,8 an optimal composition of 
Au65Pd35 was identified to obtain higher MA for the EOR, in 
agreement with other work,36 with a value around 2400 A gAu+Pd-

1. This was attributed to a balance between a smaller size of the 
AuxPd1-x NPs offering a higher surface area leading to a higher 
MA as the Pd amount increases, and lower stability of the 
spherical small size Pd-rich NPs obtained. Here, no optimum is 
observed, see Fig. 3. This is attributed to a minor change in size, 
see Tab. S2, but a significant change in shape together with 
composition (where Pd-rich network like structures are likely 
more stable than small size spherical NPs for electrocatalysis, 
although a detailed comparison is beyond the scope of this 
communication). Furthermore, the NP obtained here for similar 
composition exhibit a higher MA of ca. 3000 A gAu+Pd-1, 
highlighting the potential benefits of the surfactant-free NaBH4-
mediated synthesis to develop active catalysts.
The results highlights the under-tapped potential of surfactant-
free room temperature NaBH4-mediated syntheses of multi-
metallic NPs in aqueous media as a simple strategy to obtain 
composition-controlled nanomaterial directly relevant for 
electrocatalysis. The synthetic approach could be a key to timely 
screen larger parameter spaces for NP synthesis and/or 
catalysis and is relevant to address pending challenges in data 
driven research.37 Indeed, the synthesis allows a relatively high 
throughput due to its simplicity and short reaction time without 
the need for advanced facilities such as automated stations.
In conclusion, AuxPd1-x NPs with controlled overall composition 
are easily obtained at room temperature using a surfactant-free 
NaBH4 mediated synthesis. The NPs are readily active materials 
for the EOR. The results show and stress the potential of this 
approach probably under-exploited to rapidly assess the 
effect(s) of composition on nano-alloys in (electro)catalysis.
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