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Chapter 4 

Nanoporous Gold: Preparation and Catalytic 

Applications  

This review will discuss different methods for the preparation of nanoporous gold 

(NPG) surfaces comprising dealloying and deposition methods. Specific emphasis 

will be placed on applications in heterogeneous catalysis, such as the oxidation of 

carbon monoxide (CO), the oxidation of alcohols and its use in the 

electrochemically-assisted catalytic oxidation of formic acid. The review will end 

with a discussion of possible reaction mechanisms and an outlook into the many 

possibilities of NPG-mediated catalytic conversions. 
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4.1 Introduction   

There has been a significant increase in the demand for energy-efficient and green 

processes in industry and notably in the chemical industry, which is the largest 

consumer of delivered energy [1]. Oxidations constitute a large part of these energy-

demanding reactions. There is thus an urgent need for the development of innovative 

catalysts for oxidation reactions, with adequate selectivity and a much lower need 

for energy. Good catalysts can also contribute to environmentally friendly processes 

by reducing hazardous chemical waste, such as heavy metals, and by having a long 

lifetime.  

Planar gold is catalytically inactive. However, Haruta et al. reported the catalytic 

oxidation of CO on another morphological type of gold, gold nanoparticles (GNPs), 

for the first time in 1989 [2]. Subsequently, many publications emerged describing 

studies of the catalytic activities of GNPs, revealing these to be highly size dependent. 

GNPs with diameters larger than 5 nm showed hardly any catalytic activity [3]. 

However, GNPs are prone to aggregation at these low-nm sizes and are thus not very 

stable owing to the high surface energy [4]. In addition, GNPs are usually not 

thermally stable and tend to aggregate upon heating, which has led researchers to 

look for alternative ways of preparing gold-based catalysts.  

In 1999, Iizuka et al. reported the use of unsupported gold powder for the 

oxidation of CO, with particle sizes of 25-50 nm [5]. Later studies showed that gold 

nanotubes with a diameter of 0.4 nm can also catalyze conversion of CO [6]. A 

milestone was reached about 10 years ago when two groups independently reported 

the catalytic behavior of nanoporous gold (NPG) for the oxidation of CO, opening a 

new field of research [7, 8].  

Nanoporous gold has attracted considerable attention as a catalyst due to its large 

surface area, electrical conductivity, unique three-dimensional pore structure and 

robustness in terms of reusability. Hence, it has been widely used in the fields of 

catalytic oxidation reactions [9-12], but also for electrochemistry [13-19] and 

biosensor [20-23] applications. In this review, we will discuss different strategies for 

the preparation of NPG and its catalytic applications, with special emphasis on the 

reaction mechanisms on the NPG surface.  
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4.2 Preparation of NPG 

The most widely used methods for preparing NPG are dealloying and 

electrodeposition. Dealloying of gold alloys is usually performed in concentrated 

acid [24, 25], where the less noble elements, such as silver, copper or aluminum, are 

etched away, leaving a continuous nanoporous structure. Similar structures can be 

obtained by electrodeposition of gold from solution under precise potential control 

in a three-electrode system [26, 27]. These two preparation processes are discussed 

in more detail, with emphasis on different characterization techniques for NPG.  

4.2.1 Dealloying  

Dealloying is an old technique dating back to the Incan civilization when copper was 

etched away from Cu/Au alloys for the fabrication of pure gold artifacts. This 

technique was also used by artisans during medieval Europe [28]. It was not until the 

1960s that a first morphological study by transmission electron microscopy (TEM) 

was reported [29]. This started a number of systematic investigations into the 

structure of NPG in relation to the dealloying conditions, focusing mainly on Au/Ag 

alloys. Recent studies have revealed that NPG possesses a sponge-like 3D 

nanoporous structure with pores and ligaments ranging from a few nanometers to 

several micrometers depending on the dealloying conditions [30].  

Ding et al. reported the preparation of NPG by dealloying a Au50/Ag50 (wt %) 

alloy in concentrated nitric acid showing that the size of pores and ligaments was 

highly dependent on the etching time [31]. Scanning electron microscopy (SEM) 

characterization showed that a uniform ligament size of 8 nm was formed after 5 min 

of etching. When prolonging the etching time to 15 min, the size of the pores and 

ligaments increased to 15 nm and further to 40 nm in 24 h. Later studies from Zhang 

et al. showed that the pore size of NPG prepared by etching Au33/Al67 alloys in HCl 

was highly dependent on the concentration of acid [32], and a coarser surface with 

enlarged pore size was obtained at higher concentrations of HCl.  

The dealloying method can be applied to morphologically different starting materials, 

including plates (ingots), foils and hollow shells (Figure 1). After sustained use of 

an NPG catalyst, it is important to remove residual carbon species from its surface 

in order to retain its catalytic activity. Ultrahigh vacuum (UHV) conditions at an 

elevated temperature of 600 K have been used for the activation process [33], but 

http://www.baidu.com/link?url=skAGcRPll2CKpFna4FwgNfikzgPkB01p5XxxgAq_L40YsLuhIfY4Ur_huecOkbkU8sz6GJ-_yxh294rzGcRChd_SJ-cdFf5kni0Lomwy-tC&wd=&eqid=cb2c15f60011c31300000004573b626f
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this leads to coarsening of NPG and the accumulation of Ag on the surface. Personick 

et al. proposed a more reproducible method for the activation of NPG by purging 

with an ozone/oxygen mixture at 150 °C under UHV conditions [34]. 

 

Figure 1. Optical and SEM images of different NPG materials: ingots (a, b), foil (c, 

d), hollow shells (e, f). (reproduced from ref 34, copyright 2015 American Chemical 

Society)  

4.2.2 Electrodeposition 

Electrodeposition is usually carried out in a three-electrode system, with a 

working electrode, a counter electrode and a reference electrode. When a potential, 

which is several tens of Volt more negative than the Nernst equilibrium potential for 

the reduction of the metal ion presented in the electrolyte, is applied on the working 

electrode, the metal ion in the solution will be reduced, and thus electrodeposited on 

the working electrode.  

NPG was fabricated by electrodeposition of Zn on a gold electrode in the presence 

of ZnCl2 and benzyl alcohol by applying multi-cycle cyclic voltammetry (CV) scans 

from 1.88 to -0.72 V vs Zn, which is the potential window of benzyl alcohol [35]. 

The size of the pores and ligaments was tunable by changing the cycling time of the 

CV scans. Roughness factors – the ratio between the real active area and the 

geometric area – of up to 560 were reached when taking the integrated cathodic peak 
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area at 0.88 V during CV in 0.5 M H2SO4 (vs saturated calomel electrode (SCE), 

Figure 3). This NPG was used for the sensitive detection of dopamine with a 

detection limit of 5 nM, which is 100 times lower than for a conventional gold disk 

electrode.  

 

Figure 3. Electrochemical characterization of NPG by cyclic voltammetry in 0.5 M 

H2SO4 (black trace: normal gold disk electrode without nanopores; blue trace: NPG 

prepared by 10 cycles of CV; red trace: NPG prepared by 30 cycles of CV). 

(reproduced from ref 35, copyright 2007 American Chemical Society) 

Bonroy et al. proposed an electrodeposition method by applying a potential of -

0.6 V (vs Ag/AgCl) in a solution of 80 mM HAuCl4 and 4 mM Pb(CH3COO)2 [36], 

for the preparation of NPG on a planar gold surface. The roughness factor was 

measured to be 16 by CV in H2SO4. This NPG was used for the immobilization of 

octadecanethiol and S-layer protein (protein SbpA from Bacillus sphaericus). 

Compared to a planar gold electrode with the same geometric area, the surface 

densities of octadecanethiol and S-layer protein were increased 11.4-fold and 3.3-

fold, respectively. This indicates the differences in accessibility of the pores in the 

NPG for molecules of different size. 
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NPG is thermally unstable at high temperature, for example at 800 °C. It has a 

tendency to coarsen, resulting in enlargement of pores by hundreds of times and loss 

of catalytic activity [37]. Biener et al. used an atomic layer deposition (ALD) method 

to deposit 1 nm Al2O3 films with improved thermal stability on NPG at a temperature 

of 1000 °C [38]. They also found that TiO2 ALD coating on NPG can improve 

catalytic oxidation of CO by 3-fold compared to uncoated NPG.  

 

Figure 2. SEM characterization of NPG, inset: pore size of TiO2- and Al2O3-coated 

and uncoated NPG at different annealing temperatures. (reproduced from ref 38, 

copyright 2011 American Chemical Society) 

An NPG tube was prepared by electrodeposition of Ag on a gold tube working 

electrode in AgNO3 solution by the square wave pulse technique. First, a positive 

current density of 20 mA /cm2, and then a reversed pulse current density of 10 mA 

/cm2 was applied on the gold tube electrode. Every cycle is 1 s with 0.85 s for the 

positive current and 0.15 s for the negative current. [39]. A three electrode system 

was used, where the counter electrode was Ag and the reference electrode Ag/AgCl. 

The deposited Ag was subsequently etched in concentrated nitric acid for 24 h. The 

size of the pores was 45 nm. It is noteworthy that the size of the pores and ligaments 

can be tuned by temperature control. The pore size was increased to 80 nm and 450 

nm at 200 °C and 400 °C, respectively.  
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Figure 4. A) Schematic illustration of the fabrication process of NPG by 

electrodeposition of Ag. B) NPG with tunable ligament sizes, a) original NPG, b) after 

2 h heating at 200 °C，c) after 2 h heating at 400 °C. (reproduced from ref 39, 

copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim) 

Toit et al. proposed a method to prepare an NPG film by electrodepositon on a 

gold disk electrode [40]. Briefly, the potential was set to -0.7 V for 5 s (vs SCE) in 

0.1 M HAuCl4 and 1 M NH4Cl to fabricate a preliminary NPG film. The potential 

was subsequently set to -4 V for 10 s for hydrogen evolution, which is a key factor 

to improve the stability of the NPG film. The NPG film displayed a 3D sponge-like 

structure with a roughness factor of 1000, and was used for the sensitive 

amperometric detection of glucose in phosphate buffer saline (PBS) with a detection 

limit of 5 μM. 

4.3 Catalysis on NPG 

4.3.1 Catalysis of CO oxidation 

CO is a poisonous gas that is produced during the combustion of fossil fuels, notably 

in automobiles, and its oxidation to CO2 in catalytic converters has been widely 

studied [41-43]. Unlike Pt catalysts, which are easily ‘poisoned’ (i.e. inactivated) by 

CO, gold is a stable catalyst for the selective conversion of CO to CO2, eliminating 

the CO contaminant in exhaust gas [44].  
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An NPG with ligament sizes of several tens of nanometers, prepared by dealloying 

from an Au30/Ag70 alloy, was first reported for the oxidation of CO [7]. X-ray 

Photoelectron Spectroscopy (XPS) revealed that the amount of Ag on the surface 

decreased from 70% to 4.4% after etching. The residual Ag was presumed to play 

an important role for the catalysis. Almost at the same time, another group made a 

similar observation by preparing an NPG surface by selectively etching Ag from an 

Au/Ag alloy in concentrated nitric acid while applying an anodic potential of 1.0 V 

for 15 min [8], resulting in a homogeneous surface with ligament sizes below 6 nm. 

The prepared NPG was able to catalyze the oxidation of CO to CO2 at temperatures 

as low as -30 °C with a conversion yield of 85%.  

4.3.2 Catalysis for alcohol oxidation 

NPG has been widely used to oxidize alcohols. An NPG was prepared from 

Au58/Ag42 (wt %) alloy by nitric acid etching and displayed a 3D sponge-like 

morphology with pore sizes of 20 nm. The prepared NPG was subsequently used for 

the oxidation of benzyl alcohol to benzaldehyde with a conversion yield of 58% [45]. 

The selectivity of this reaction is more than 92% with benzoic acid being the other 

product. Interestingly, after reaction for 5 h at 240 °C, the pore size increased to 60 

nm, indicating a change in morphology of NPG during the catalytic reaction. 

Atomic oxygen adsorbed on the NPG surface is thought to play a vital role in 

catalytic oxidations. Xu et al. found that gold oxidized by ozone treatment resulted 

in NPG with pore diameters of 2 nm [46]. Such an Au-O surface characterized by 

high-resolution electron energy loss (HREEL) was used for the oxidative conversion 

of methanol to three products: methyl formate, formaldehyde and formic acid. 

Selectivity was highly dependent on temperature. At low oxygen coverage (below 

0.5 monolayers), methyl formate was the main product at 220 K. Formaldehyde 

became prominent at 250 K, while formic acid was formed at 280 K. High oxygen 

coverage (above 1 monolayer) led to the combustion of methanol to CO2 and H2O.  

NPG prepared by chemical etching from an Au30/Ag70 alloy was reported for the 

aerobic oxidation of ethanol, methanol, and n-butanol. [47] The pores and ligaments 

of NPG were in the range of 30-50 nm after 48 h etching in concentrated nitric acid. 

For ethanol oxidation, two products were observed, acetaldehyde and ethyl acetate, 

at a molar ratio of 2:1, while only methyl formate was formed during the oxidation 

of methanol. In the case of n-butanol oxidation, only n-butanal was observed.  
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4.3.3 Other catalytic reactions 

NPG with a nanopore size of 30 nm prepared by dealloying an Au30/Ag70 alloy 

proved to be an efficient catalyst for the oxidation of a series of organosilanes in the 

presence of water, producing the corresponding silanols and hydrogen gas [48]. The 

NPG was easily cleaned by rinsing with diethyl ether and could be reused 5 times 

while maintaining its catalytic activity.  

Highly selective semihydrogenation of alkynes to alkenes by using both 

hydrosilanes and H2O as hydrogen sources was reported on NPG with an average 

pore size of 30 nm [49], prepared by etching an Au30/Ag70 alloy in concentrated nitric 

acid for 18 h. High-resolution TEM (HRTEM) and scanning TEM (STEM) revealed 

a high density of atomic steps and kinks on the NPG surface, suggesting a high 

coverage with low-coordination Au atoms, which may play an important role as 

catalytic sites.  

4.3.4 Electrochemical catalysis 

The properties of NPG, such as high surface area, tunable porosity and enhanced 

conductivity, facilitate electron transfer on the NPG surface, making it an excellent 

electrode material for electrochemical catalysis [50-54]. For example, NPG prepared 

by dealloying an Au50/Ag50 alloy in nitric acid was used for the electrocatalytic 

reduction of oxygen and hydrogen peroxide [55]. The average ligament size was 

about 15 nm with a roughness factor of ten. 4% residual Ag was measured on the 

NPG surface by energy-dispersive spectroscopy (EDS). By using this NPG as a 

working electrode, oxygen was reduced to hydrogen peroxide via a four-electron 

route, and further reduced to water.  

  An NPG-Pt catalyst was prepared by electrochemical reduction of PtCl6
2- absorbed 

on NPG (Figure 5a), which was prepared by dealloying silver-gold alloy leaves in 

concentrated nitric acid for 2 h [56]. In this way, Pt was effectively deposited on the 

NPG. The NPG-Pt was subsequently used as a working electrode for the 

electrochemical oxidation of formic acid to CO2. The catalytic activity of NPG-Pt 

was more than 100 times higher than a commercial Pt/C catalyst. Moreover, an 

anodic peak at ~0.5 V was observed on the NPG-Pt catalyst, which is 0.2 V negative 

shifted compared to a Pt/C catalyst (Figure 5b), thus preventing CO poisoning which 

occurs at ~0.95 V on the Pt/C catalyst (Figure 5b).  
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Figure 5. a) Schematic description of the process to prepare the NPG-Pt catalyst. b) 

Mass specific electrochemical catalytic oxidation of 0.5 M formic acid in 1 M H2SO4 

on a commercial Pt/C catalyst (black trace) and on the NPG-Pt catalyst (red trace). 

CO oxidation at 0.95 V on a Pt/C catalyst can be prevented on an NPG/Pt catalyst. 

(reproduced from ref 56, copyright 2014 The Royal Society of Chemistry). 

4.4 Mechanism of NPG catalysis 

In contrast to supported GNPs, where the support plays a crucial role for catalytic 

activity, NPG is an unsupported material. Therefore, the origin of catalytic activity 

of NPG has been debated for many years, even until today. One explanation is that 

the low-coordination Au atoms at the steps and kinks on the NPG surface form the 

catalytic sites [3, 57, 58], since they are able to activate molecular oxygen [59, 60]. 

Another hypothesis is that the residual amount of less noble metals such as Ag or Cu 

plays a vital role for catalysis [61], because Ag and Cu can more easily bind and 

activate molecular oxygen than Au [62, 63].  

4.4.1 Surface defect catalysis mechanism  

Studying the surface morphology, especially characterizing surface defects, is 

critical for the understanding of the catalytic mechanism of NPG. Fujita et al. used 

a spherical-aberration-corrected high-resolution TEM for an in situ morphology 

study during CO oxidation [58]. A considerable number of kinks and surface steps 

were observed, which implies the presence of large numbers of low-coordination Au 

atoms, which may be the catalytically active sites.  
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The relationship between the amount of Ag on the NPG surface and the oxidation 

yield was also investigated, since the etching process cannot completely remove all 

Ag atoms from the surface [64]. NPG shows enhanced catalytic activity with higher 

amounts of residual Ag. This is thought to be due to a stabilizing effect of residual 

Ag on the steps and kinks on the NPG surface. Recent studies by high-resolution 

STEM provided quantitative results about the density of low-coordination gold 

atoms on the NPG surface, revealing that surface-defect regions, which are rich in 

low-coordination surface atoms, are responsible for catalysis on NPG [65].  

Fujita et al. followed the structural coarsening process by in situ atomic HRTEM 

[66]. The ligament sizes increased remarkably, resulting in a coarser surface when 

prolonging the reaction time (Figure 6). Catalytic activity of NPG decreased on 

coarser surfaces. This was explained by a fast diffusion of Au atoms at the surface 

step regions, due to the interaction of reactant gases with active surface atoms during 

catalytic reactions.  

 

Figure 6. Dependence of the catalytic oxidation of CO to CO2 at 30 °C on time and 

coarseness of the NPG surface. Inset: SEM images of NPG surfaces. (reproduced 

from ref 66, copyright 2014 American Chemical Society) 
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NPG was used for the catalysis of the oxidation of D-glucose to gluconic acid, an 

important industrial product, and the effect of residual Ag on catalysis was studied. 

The NPG displayed enlarged pore size and lower Ag amount when prolonging the 

etching time, and a higher yield compared to NPG prepared by shorter etching times. 

It was assumed that the Au atoms at the surface defects, that is the corners and edges 

of the NPG surface, were the catalytic sites for the reaction [67].  

4.4.2 Residual element catalysis mechanism 

Finely divided gold without any support has been successfully used as a catalyst. 

For example, nanotube gold [68] or gold powder [69] have been used for the 

oxidation of CO. However, the results turned out to be strongly influenced by Ag 

impurities. The level of surface-exposed Ag may differ considerably from that in the 

bulk material. NPG with a ligament size of 30-50 nm was prepared by etching an 

Au30/Ag70 alloy in concentrated nitric acid for 48 h [70]. The amount of Ag in bulk 

NPG was 1 atom% when measured by atomic absorption spectroscopy (AAS) or 

energy-dispersive X-ray spectroscopy (EDX), while X-ray photoelectron 

spectroscopy (XPS) showed that up to 7 atom% Ag was present at the NPG surface, 

indicating surface enrichment and segregation of Ag on the surface. Therefore, the 

NPG prepared by dealloying should be considered to be a bimetallic catalyst instead 

of a pure Au catalyst.  

NPG prepared from an Au/Ag alloy with pores and ligaments of 30 nm and 

different amounts of residual Ag was used for the gas phase oxidative reaction of 

methanol [71]. At 20 °C, methanol was exclusively converted to methyl formate, 

while at 80 °C, the selectivity for methyl formate slightly decreased to 97%, and 3% 

of CO2 was formed. In the proposed mechanism (Figure 7), methanol was activated 

by oxygen on the NPG surface and captured as methoxide. Subsequently, an 

intermediate aldehyde was formed by deprotonation, which reacted further with 

methoxide to form methyl formate. If exposed to an excess of oxygen, the aldehyde 

was further oxidized to CO2. Residual silver was found to play an important role in 

the activation of molecular oxygen on the NPG surface, and thus to control the 

selectivity of the reaction, since higher amounts of residual Ag resulted in reduced 

selectivity for methyl formate product formation. 
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Figure 7. SEM characterization of NPG used for the selective oxidation of methanol. 

Inset: Proposed reaction mechanism on the NPG surface (see main text for details). 

(reproduced from ref 71, copyright 2010 American Association for the Advancement 

of Science) 

Competition for the reactive sites between reactants and intermediates on NPG 

was reported to determine the selectivity and the yield of the reaction. One example 

is the oxidation of methanol and n-butanol on NPG [72], where adsorbed atomic 

oxygen combines with methanol and n-butanol to form alkoxy intermediates (Figure 

8). The alkoxides further underwent β-H bond cleavage to form aldehydes, which 

reacted with residual alkoxides to form hemiacetal species, and hence produce ester 

species by eliminating another hydrogen. It was found that 90% methanol in the 

reaction mixture resulted in optimum selectivity to produce methyl butyrate.   

 

Figure 8. Mechanism of oxidative coupling of alcohols on NPG. (reproduced from ref 

72, copyright 2010 American Chemical Society) 
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Residual elements on the NPG surface, such as Ag, may play an important role in 

catalytic oxidations by aiding the activation of molecular oxygen. Such elements 

may be deposited on the NPG surface in controlled amounts. For example, NPG 

modified with TiO2 particles enhanced the conversion of CO by 100 times [73]. This 

shows the potential for the preparation of tunable NPG surfaces by controlled 

modification with different elements.  

NPG prepared by dealloying Au35/Ag65 in concentrated nitric acid for 30 min was 

used as a substrate for the chemical deposition of MoS4
2- by incubation with 5 mM 

(NH4)2MoS4 [74]. High-resolution SEM measurements showed that a 4 nm layer of 

MoS4
2- was formed on the NPG surface in a core-shell nanoporous structure. XPS 

further confirmed the presence of MoS4
2-. NPG-MoS was used for the 

electrocatalytic reduction of water to generate hydrogen. The prepared NPG-MoS 

exhibited a 4 times higher current density at -0.2 V than NPG, making it a promising 

material for hydrogen production.  

Although the catalytic activities of NPG have been thoroughly investigated during 

the last decade, the underlying mechanism is still under debate, as it is difficult to 

strictly separate the effects of surface defects from those of other residual metal ions. 

Techniques based on controlled electrodeposition may allow to study both effects 

independently and in greater detail.  

4.5 Perspective  

In spite of the fact that the technique of dealloying has been known for a long time, 

the catalytic properties of NPG were only discovered some 10 years ago. Since then, 

great efforts have been made to extend the range of catalytic applications of NPG for 

CO oxidation at low temperatures and the oxidation of alcohols. As a new and green 

catalyst, NPG has the merits of a large surface area, high electric conductivity, and 

unique continuous 3D nanoporous structure, making it an attractive material for 

other fields, such as biosensors, the synthesis of pharmaceuticals, manufacturing of 

chemicals and drug metabolite studies. In parallel, refining the preparation process 

to tune and modify NPG, for example, by adding small amounts of Pt or metal oxides 

(TiO2, Al2O3), resulted in improved catalytic activity in terms of conversion yield 

and/or selectivity. All of these studies contribute to a better understanding of the 

catalytic mechanism, which is still controversial today.  
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Clarifying the catalytic mechanism at the atomic level is of vital importance for 

the design of highly active and sustainable NPG catalysts. High resolution in situ 

morphology measurements under oxidative conditions have provided new insights, 

notably that catalytic activity is located at surface defect regions and that other 

elements like Ag play an important role. NPG has the potential to help the chemical 

industry meet the need of sustainable and energy-efficient production processes, a 

challenge for the decades to come.  
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