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Branched Iridium nanodendrites (Ir NDs) have been synthesized by a simple method based on the 

oriented attachment mechanism. Transmission electron microscopy images reveal the temporal growth 

process from small particles to NDs. Precursor concentrations and reaction temperatures have a limited 10 

effect on the morphology of Ir NDs. Metal oxide and hydroxide-supported Ir NDs exhibit enhanced 

activity for the CO catalytic oxidation. Particularly, the Fe(OH)x-supported Ir NDs catalyst with a 4% Ir 

loading show superior CO oxidation catalytic activity with a full conversion of CO at 120 °C. 

Furthermore, compared with Ir NPs and commercial Ir black, Ir NDs exhibit higher activity and stability 

for the ammonia oxidation. The specific activity and mass activity of Ir NDs for ammonia oxidation are 15 

1.7 and 7 times higher than that of Ir NPs. The improved catalytic activities of Ir NDs are attributed not 

only to their large specific surface area, but also to their plentiful high index facets and rich edge and 

corner atoms. Hence, the obtained Ir NDs provides a promising alternative for direct ammonia fuel cells 

and proton-exchange membrane fuel cells. 

 20 

Introduction 

Metal nanostructures have attracted considerable interests owing 

to their preferable properties and potential applications in 

electronics,1 sensing,2, 3 medicine,4, 5 imaging,6, 7 especially in the 

field of catalysis.8-11 In the past decades, in particular, a large 25 

amount of Pd,12-14 Ru,15 Rh,16, 17 Pt,18, 19 Au,20 and Ru-Pt 

bimetallic21 catalysts have shown superior activities in both 

homogeneous and heterogeneous reactions. Iridium (Ir), like 

other noble metals, shows a wide variety of potential applications 

in the field of catalysis for many chemical reactions. For 30 

example, Ir catalysts were used for asymmetric allylic 

substitutions,22 enantioselective synthesis of allylic alcohols,23 

and oxidation of CO.24, 25 B. C. Gates et al. reported that Al2O3-

supported Ir6 and Ir4 clusters were catalytically active for 

toluene26 and propene27 hydrogenation. FeOx-supported single 35 

atom Ir catalyst were highly effective for water gas shift 

reaction.28 Moreover, Ir nanocrystals (NCs) are also of particular 

importance as catalysts in the applications of proton-exchange 

membrane fuel cells24 and direct ammonia fuel cells.29 

To achieve higher catalytic activity and utilization efficiency, 40 

great effort has been devoted to tuning the shape and size of 

noble metal nanostructures, because the catalytic performance 

and stability of catalysts are strongly dependent on the 

morphology of the NCs in various chemical reactions.30, 31 

Among the various morphologies of metal NCs, dendritic 45 

structures have received considerable research interest for their 

high catalytic activity, owing to their large specific surface area, 

many high index facets, rich edge and corner atoms.32-34 

Recently, Pt-on-Pd,35 pure Pd,36 Pt,18 Rh,37 and Au38 

nanodendrites (NDs) have been synthesized and all of them 50 

exhibited high-performance electrocatalytic activities. Xia et al. 

demonstrated that the activity of Pt-on-Pd NDs for oxygen 

reduction reaction (ORR) was 2.5 times more active than that of 

the commercial Pt/C catalyst and 5 times more active than Pt-

black catalyst.39 Carbon-supported Pd NDs have been found to be 55 

4.8 times more active for ORR than commercial Pd/C catalyst.36 

Previous literature reported that Ir NCs can be used as important 

catalysts for CO oxidation40 and ammonia decomposition,41 

therefore, it is reasonable to expect that Ir NDs with large specific 

surface area and many high index facets will exhibit unexpected 60 

catalytic activities as a catalyst to oxidize CO and decompose 

ammonia. 

Herein, we report a facile one-pot method to synthesize 

branched Ir NDs based on the oriented attachment mechanism, 

with primary amine served as the solvent, reductant and ligand. 65 

Fe(OH)x-supported Ir NDs catalyst exhibits remarkable CO 

catalytic activity, and the temperature for full conversion of CO is 

as low as 120 °C, 40 and 100 °C lower than that of the Fe(OH)x-

supported Ir nanoparticles (NPs) and commercial Ir black, 
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respectively. Furthermore, compared to Ir NPs and commercial Ir 

black, the mass activity of the as-prepared Ir NDs is 7 and 2.6 

times higher than that of the both catalysts for ammonia oxidation, 

respectively. The superior performance of the Ir NDs could be 

attributed to the large specific surface area, many high index 5 

facets, rich edge and corner atoms which are highly desirable for 

improving the catalytic activity. 

Experimental 

Materials: Iridium (III) chloride hydrate (IrCl3 99.9%), 

trioctylphosphine (TOP, 90%), oleylamine (OLA, ≥ 70%) and 10 

iridium black (Ir, 99.8%) were obtained from Alfa Aesar. 

Hexadecylamine (HDA, ≥ 98%), octadecylamine (ODA, > 90%) 

were purchased from Fluka. Toluene, methanol, chloroform and 

acetone were commercially available analytical-grade products. 

All chemicals used in the experiments were utilized without 15 

further purification. 

Synthesis of Ir NDs and NPs: typically, IrCl3 (0.33 mmol), 

ODA (5 mL) were loaded into a 50 mL three-neck flask at 

ambient environmental conditions. Then the flask was connected 

to the Schlenk line equipped with a condenser. The equipment 20 

was heated gradually to 120 °C, under a nitrogen flow and 

vigorous magnetic stirring conditions, and was kept at this 

temperature for 30 min. Then the mixed solution was heated to 

290 °C at a rate of 10 °C/min. Aliquots were taken out from the 

reaction solution at different time intervals for further 25 

characterization. Finally, the black precipitate from the reaction 

solution was isolated by centrifugation at a speed of 13000 r/min 

and washed with toluene and methanol for three times, and then a 

trait of chloroform and an excess amount of acetone were added 

to be washed for another two times. Finally, the products were 30 

dissolved in nonpolar solvents forming stable colloidal solutions. 

Besides, Ir NPs were synthesized by similar procedures to those 

described for the synthesis of branched Ir NDs except that the 

solvent was changed to a mixture solution of ODA and TOP with 

a 1:1 volume ratio. 35 

Characterization: X-ray powder diffractometer (Shimadzu, 

XRD-6000) operating at 40 kV and 40 mA with Cu Kα radiation 

was used to record the X-ray diffraction (XRD) patterns of the 

samples. Data were collected from 30° to 90° with a sampling 

interval 0.02° per step and a scan speed of 4° per minute. Samples 40 

for Transmission electron microscopy (TEM) characterization 

were prepared by adding several drops of Ir products solution 

onto the 300-mesh copper grids with carbon support film. TEM, 

high-resolution transmission electron microscopy (HRTEM) 

images and selected area electron diffraction (SAED) patterns 45 

were acquired with a JEM-2200FS TEM operating at 200 kV. 

Composition of the specimens was analyzed using energy-

dispersive X-ray (EDX) spectroscopy attached to the JEM-

2200FS. 

Catalysts preparation: The Fe(OH)x-supported Ir catalyst was 50 

prepared by a colloid-deposition route. Typically, under stirring 

at room temperature, a dispersion of the Ir NDs in ethanol was 

added into an aqueous solution of Fe(NO3)3·9H2O and sonicated 

for 10 min. Afterwards, an excess amount of NaOH aqueous 

solution was added dropwise to the mixture under stirring. After 55 

stirring for 2 h, the resulting precipitate was centrifuged and 

washed with hot distilled water and then dried at 80 °C for 6 h. 

The Al2O3-, TiO2- and CeO2-supported Ir catalysts were prepared 

by adding a defined amount of corresponding support to a 

chloroform colloidal solution of Ir NDs. Then, the solution was 60 

sonicated for 5 min and dried at 80 °C for 6 h. 

Measurements of catalytic activities of CO oxidation: The CO 

oxidation tests were carried out in a continuous fixed-bed reactor 

with about 100 mg of a solid catalyst sample (40-60 mesh). The 

mixture gases for CO oxidation were about 1 vol% CO+10 vol% 65 

O2 balanced with Ar. The total flow rate was 100 mL/min 

corresponding to a space velocity of 60000 mLh-1gcat
-1. The 

concentrations of CO in the effluent gas were analyzed by 

Shimadzu GC-8A gas chromatography equipped with a thermal 

conductivity detector. The CO conversion was calculated from 70 

the change in CO concentration of the inlet and outlet gases. CO 

conversion (%) = {([CO]in – [CO]out)/[CO]in}×100. 

Measurements of electrocatalytic activities of ammonia 

oxidation: The electrochemical catalytic investigation of the 

unsupported Ir NDs, Ir NPs and Ir black was carried out with a 75 

CHI 660E electrochemical workstation (Shanghai Chenhua 

Apparatus, China). The working electrode was a catalyst-coated 

glassy carbon (GC) electrode (d = 3 mm, geometric area 0.07 

cm2). The Pt wire with a diameter of 1 mm and Hg/HgO (CHI, 1 

M KOH) were used as the counter and reference electrodes, 80 

respectively. To prepare the working electrode, a GC electrode 

was first polished with alumina slurries (0.05 µm) and then 

cleaned by sonication in distilled water and ethanol, respectively, 

for 5 min to remove any alumina residues, and then allowed to 

dry. 2 mg of Ir NDs or Ir NPs were dispersed in 0.4 mL 85 

chloroform and sonicated for 3 min. 2 µL of the catalyst ink was 

added onto the GC electrode surface by a microliter syringe, then 

the working electrodes were obtained after the solvent was dried 

naturally, resulting in a catalyst loading of 10 µg. The loading 

amount of Ir black for the ammonia catalytic oxidation is the 90 

same with Ir NDs. 6 µL of 0.5 wt% nafion solution was dropped 

on the surface of the above catalysts modified GC and dried 

naturally before electrochemical experiments. 1 M KOH aqueous 

solution deoxygenated with purified nitrogen was used as the 

supporting electrolyte. Ammonia solutions were prepared with 95 

ammonia sulfate in 1 M KOH, at different concentrations in the 

range of 0.005-0.8 M for cyclic voltammetric (CV) curves and 

0.1 M for chronoamperometry curves. The potential scan rate was 

5 mV/s for the CV measurement. The accelerated durability tests 

were carried out in N2-saturated 1 M KOH + 0.1 M NH3 solutions 100 

by applying cyclic potential sweeps between -0.9 and 0 V versus 

Hg/HgO at a sweep rate of 100 mV/s for 1000 and 3000 cycles, 

respectively. All the experiments were conducted at room 

temperature. 

Results and Discussion 105 

Morphological and Structural Characterization  

The detailed synthetic procedures of Ir NDs are described in the 

experimental section. As the reaction proceeded, the color of the 

reaction solution was gradually changed from light yellow (250 

°C) to black (290 °C), as shown in Fig. S1. TEM images of the 110 

as-synthesized product are shown in Fig. 1a, b. The lower 

magnification image (Fig. 1a) indicates the product is made up of 

well-dispersed Ir NDs strikingly uniform in both morphology and 
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size. Higher magnification image (Fig. 1b) shows that the well- 

 

Fig. 1 Characterization of Ir NDs prepared by the reduction of IrCl3 in the 

solution of ODA: (a, b) TEM images of the Ir NDs; (c) powder XRD 

pattern of the as-prepared Ir NDs; (d) HRTEM image of a single Ir ND; 5 

(e) magnified HRTEM image of one arm of the Ir ND (the square area) 

and (f) the corresponding FFT pattern of the Ir ND shown in (d). 

defined Ir NDs are about 20 nm across composed of smaller 

particles with diameters of about 3 nm. 

XRD pattern (Fig. 1c) of the Ir NDs is well indexed with the 10 

standard JCPDS No.87-0715, indicative of the metallic face-

centered cubic (fcc) structure. The EDX of the branched NDs 

suggests that the obtained nanostructures are completely made up 

of pure Ir (Fig. S2). The lattice fringes of the dendritic structure, 

with interconnected arms branching in various directions, are 15 

coherently extended across several branches, as shown in Fig. 1d. 

However, the lattice fringes of a single Ir dendrite are not 

perfectly aligned across the entire particle, thus the individual Ir 

ND is polycrystalline, which is further confirmed by the 

corresponding fast Fourier-transform (FFT) pattern (Fig. 1f) of a 20 

complete Ir nanodendrite. The polycrystalline nature of the Ir 

NDs is attributed to the involvement of twinning and/or imperfect 

oriented attachment characterized by a small mis-orientation at 

the interface.42 The branched polycrystalline Ir NDs possess 

many crystal facets, edges, corners and a number of atomic steps 25 

on their surfaces, as revealed by the HRTEM image (Fig. 1d). 

HRTEM image collected from one of branches shows obvious 

lattice fringes with a lattice spacing of 0.22 nm (Fig. 1e), 

corresponding to that of the (111) plane of Ir.  

Investigation of the Formation Mechanism  30 

To investigate the formation mechanism of the Ir NDs, aliquots 

of the reaction solution were taken out at 1, 2, 5 and 15 min and 

examined using XRD and TEM analysis. XRD patterns of the 

products validate that Ir3+ is reduced into Ir0 by the reductant, 

ODA, at the initial stage (Fig. S3). The decreasing of the full-35 

width at half-maximum of the (111) reflection demonstrates that 

the size of the Ir NPs increases gradually with the reaction 

proceeding. In the initial stage, in addition to some of the bud-

like NPs, the products mainly contained a large amount of small 

NPs (Fig. 2a). As the reaction proceeded to 2 min, a number of 40 

bud-like Ir NPs appeared, attributed to the self-aggregation of 

discrete Ir NPs to reduce the surface energy (Fig. 2b). When the 

reaction proceeded to 5 min, some Ir NDs could be observed 

owing to the self-aggregation of bud-like Ir NPs (Fig. 2c). After 

15 min, essentially all the Ir particles disappeared and evolved  45 

 

Fig. 2 The shape evolution process of dendritic Ir NCs, proposed 

schematic of oriented attachment mechanism on the formation of Ir NDs. 

(a-d) show the time-dependent morphologies at 1, 2, 5, and 15 min, 

respectively; (e) schematic illustration of the proposed growth mechanism 50 

for Ir NDs. 

into a highly branched structure with an overall dendritic 

morphology (Fig. 2d). The morphological evolutions combined 

with the polycrystalline nature of Ir NDs that are composed of 

several single-crystalline branches indicated that the Ir NDs were 55 

formed through oriented attachment formation mechanism,43 

where initially formed small Ir particles self-aggregated, thus 

they share a common crystallographic orientation. The proposed 

schematic illustration of self-aggregation based growth 

mechanism on the formation of Ir NDs is depicted in Fig. 2e. 60 

Similar growth mechanism was also reported in the synthesis of 

Pt NDs.43 Moreover, the nanostructures of Ir NDs did not exhibit 

any morphological change during the next 2 h (Fig. S4).  

Nanocrystals growth based on the self-aggregation is often 

observed among small particles, because of their higher energy 65 

arising from the large surface-to-volume ratio, higher collision 

frequency and the reduction in surface energy upon the 

attachment of particles.44 It was found that the binding affinity of 

the ligands have an important effect on both the nucleation and 

growth stages related to the formation of nanostructures, and thus 70 

the final morphologies. Particularly, it was found that ligands 

with intermediate binding affinity towards Pd
2+ 

ions adjust their 

gradual reduction and contribute to the aggregation-based 

assembly of the weakly passivated Pd NPs into NDs, while 

strongly coordinated ligands delay burst-like nucleation, and 75 

facilitate growth of quasi-spherical well-passivated NPs through 

atomic addition.45 It was observed that ineffective stabilization by 

the surfactant contributed to coalescence and self-aggregation, 

which played an important role in the NDs growth. Compared to 

TOP, ODA is a less effective stabilizer, which has been 80 

confirmed previously.46 Skrabalak et al. found that the formation 

of Pd dendrites through aggregation-based growth is linked to 

weak ligand interactions to both Pd
2+

 ions and the generated Pd 

NPs.45 Herein, as a weak ligand and reductant, ODA is of 

significant importance for the formation of Ir NDs in regulating  85 

 

Fig. 3 (a) Catalytic activities of CO oxidation on Fe(OH)x-, Al2O3-, TiO2-, 

and CeO2-supported Ir NDs and Fe(OH)x-supported commercial Ir black 

catalysts; (b) conversion of CO as a function of reaction temperature over 

pure Fe(OH)x and Fe(OH)x-supported Ir NDs catalysts with different Ir 90 

loading. Reaction conditions: 1 vol% CO, 10 vol% O2, and balance Ar. 

Weight hourly space velocity (WHSV): 60000 mLh-1g cat 
-1. 

Ir3+ gradual reduction and promoting the aggregation-based 

assembly of the weakly passivated Ir NPs into NDs. In order to 

confirm our point of view, the effect of the binding affinity of 95 

ODA on the formation of Ir NDs was then examined by using a 

strong binding affinity agent, TOP. Fig. S5a depicts the TEM 

image of Ir NPs prepared in a mixed solution of ODA and TOP. 

It can be seen that the product was composed of relatively 

uniform spherical NPs with a diameter of about 3 nm. The 100 

HRTEM image (Fig. S5b) and XRD (Fig. S5c) pattern of the Ir 

NPs confirm the fcc crystal structure of the Ir NPs, which is 

consistent with the SAED result (Fig. S5d). Moreover, in order to 

investigate the effect of the carbon chain on the morphology of 

the Ir NPs, explorations were also carried out by replacing ODA 105 

with HDA or OLA. Fig. S6 shows the TEM images of the 

product obtained with HDA, OLA and ODA as solvents, 

respectively. In the case of HDA, the morphology and size of the 

product are similar to those obtained with ODA, owing to the 

similar structures of HDA and ODA except that the carbon chain 110 

length of HDA is shorter than that of ODA. However, in the case 

of OLA, the product consists of larger NDs with a size of about 

30 nm and small NPs of about 4 nm in size, resulting from the 

C=C bond in the OLA, which has been confirmed that the bond 
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strength of [Au(CH2=AuCH2)]
+ is larger than that of 

[Au(NH3)]
+.47 In the present reaction system, the precursor 

concentrations have also an effect on the shape of the Ir NDs. A 

low Ir precursor concentration gives rise to irregular NPs with 

bud-like dendritic structures, whereas higher Ir precursor 5 

concentration is favorable for facilitating the production of 

dendritic nanostructures (Fig. S7). In addition, it was found that 

temperature had a limited effect on the resulting morphologies of 

the Ir nanostructures in this system, as shown in Fig. S8. 

Catalytic Oxidation of CO 10 

Metal NPs supported on transition-metal oxides are used not only 

to obtain a beneficial dispersion of metal NPs but also to shift the 

main task of the support from ensuring sufficient particle 

dispersion to participating in the catalytic reaction. Many 

transition-metal oxides, such as TiO2,
48 CeO2

49 and Fe3O4,
50 have 15 

been proven to show a strong metal-support interactions (SMSI) 

effect which can strongly influence the electronic structure of 

metal catalysts and thus the catalytic performance. Fe(OH)x, as a 

support, which was wildly used to disperse metal NPs, has been 

confirmed to effectively enhance catalytic activity.51 As a 20 

consequence, the contribution of the support to the catalytic  

 

Fig. 4 Cyclic voltammograms of Ir NDs and Ir NPs catalysts recorded in 

N2-saturated 1 M KOH + 0.1 M NH3 aqueous solution with a sweep rate 

of 5 mV/s. Inset: the mass activity of Ir NDs and Ir NPs. 25 

activity of the catalyst should be taken into account. In the 

present research, we studied the performance of catalytic 

oxidation of CO about Fe(OH)x-, Al2O3-, TiO2- and CeO2-

supported Ir NDs catalysts by temperature-programmed method. 

To better investigate the catalytic effect of the Ir NDs on CO 30 

oxidation, Fe(OH)x-supported commercial Ir black catalyst with a 

4 wt% Ir loading (denoted as IrbFe4) was selected as a reference 

to compare their catalytic properties. Fig. 3a shows the profiles of 

CO conversions as a function of reaction temperature for the 

Fe(OH)x-, Al2O3-, TiO2- and CeO2-supported Ir NDs and 35 

Fe(OH)x-supported Ir black catalysts with a 4 wt% Ir loading 

(denoted as IrFe4, IrAl4, IrTi4, IrCe4 and IrbFe4, respectively). 

At lower temperature (< 100 °C), all of the catalysts show a 

similar inferior catalytic activity. The CO conversion is only 

about 20% at 160 °C for IrbFe4 and the temperature for 100% 40 

CO conversion towards this sample is up to 220 °C. However, a 

sudden jump could be observed for IrFe4 and IrAl4 at 

temperatures more than 100 and 160 °C, respectively. This is 

attributed to the fact that organic ligands would tune strong 

metal-support interaction for CO catalytic oxidation50 for our 45 

present ODA capped Ir NDs. Compared to Ir NDs deposited on 

chemically inert metal oxide supports, Fe(OH)x-supported Ir NDs 

catalyst perform better with a full conversion of CO at 120 °C. 

Therefore, in the following experiment, we focused on Fe(OH)x-

supported Ir catalysts as the main object of study. As a 50 

comparison, we also tested the activity of Fe(OH)x-supported Ir 

NPs with a 4 wt% Ir loadings (denoted as Ir-PFe4) for the CO 

oxidation, as shown in Fig. S9. The sudden jump of IrFe4 occurs 

at T = 100 °C which is 40 °C lower than that of Ir-PFe4. This is 

owing to dendritic structure of Ir NDs possessing larger specific 55 

surface area, many high index facets, rich edge and corner atoms. 

It is well known that the metallic nature of metal NCs supported 

on transition-metal oxides plays an important role in improving 

catalytic activity. In addition, Gracia et al. found that fully 

oxidized Pt particles exhibited low activity for CO oxidation.52 60 

Fig. S10 shows the TEM and HRTEM images of the as-prepared 

IrFe4, suggesting that the shape, size and metallic nature of Ir 

NDs had no obvious change after drying at 80 °C for 6 h. The  

 

Fig. 5 (a) cyclic voltammograms of Ir NDs in 1 M KOH + 0.1 M NH3 65 

aqueous solution with different scan rate; (b) the peak current density as a 

function of square root of the potential scan rate. 

metallic nature of Ir NDs in the IrFe4 may be another reason for 

its high performance in CO oxidation. Fig. 3b illustrates the 

profiles of CO conversions for the Fe(OH)x-supported Ir NDs 70 

catalysts with a 2.5 wt%, 1 wt% Ir loading (denoted as IrFe2.5 

and IrFe1, respectively) and pure Fe(OH)x. We can observed that, 

under the experimental conditions, pure Fe(OH)x itself had a 

lower activity for the oxidation of CO to CO2. However, the 

IrFe2.5 and IrFe1 exhibited comparable levels of activity in the 75 

oxidation of CO and the temperature for fully CO conversion 

increased to 180 °C. This result indicated that the temperature 

ranges for the total conversion of CO could be adjusted, to a 

certain extent, by varying the loading of Ir NDs. It also suggested 

that Ir NDs affect the behavior and performance of the catalysts. 80 

Electrocatalytic Oxidation of Ammonia 

Electrochemical oxidation of ammonia received particular 

interest from the viewpoint of potential application in direct 

ammonia fuel cells and hydrogen production. Thereby, we 

studied the electrocatalytic activities of the as-prepared products 85 

toward ammonia oxidation by an electrochemical workstation. 

Fig. 4 shows the cyclic voltammograms of the Ir NDs and NPs 

recorded at room temperature in N2-saturated 1 M KOH + 0.1 M 

NH3 solution with potential scanned from -0.9 to 0 V versus 

Hg/HgO, at a sweep rate of 5 mV/s. Well marked anodic peaks in 90 

the forward sweeps, associated with the oxidation of ammonia, 

could be observed for both catalysts at about -0.35 V.53 The 

oxidation current values were normalized with respect to 

electrochemically active surface areas, which were calculated by 

measuring the amount of charges involved in the hydrogen 95 

adsorption/desorption region after double-layer correction and 

assuming a value of 218 µC/cm2 for the adsorption of a hydrogen 

monolayer. The specific ECSA (the ECSA per unit weight of 

metal) of Ir NDs is 30.9 m2/Irg, much higher than that of Ir NPs 

(7.4 m2/Irg) and Ir black (2.8 m2/Irg), respectively. The extensive 100 

agglomeration of Ir black should be account for their small 

specific ECSA (Fig. S11). For Ir NDs, not only the specific 

activity (i.e., peak current of ammonia oxidation per unit surface 

area of catalyst) of ammonia oxidation (0.042 mA/cm2) is much 

higher than that of the Ir NPs (0.024 mA/cm2), but also the 105 

oxidation starts at a more negative potential (-0.35 V) than that of 

Ir NPs (-0.31 V), which highlights the high ammonia oxidation 

activity of the Ir NDs catalyst. Furthermore, the Ir NDs have a 

higher mass activity which is 7 and 2.6 times higher than that of 

the Ir NPs and Ir black (Fig. 4 inset and Fig. S12). Compared 110 

with Ir NDs, well marked anodic peaks in the forward sweeps, 

associated with the oxidation of Ir black, could be observed at -

0.25 V. Therefore, the obtained oxidation current of ammonia  
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Fig. 6 (a) Cyclic voltammograms of Ir NDs catalyst before and after 1000 

and 3000 cycles; (b) chronoamperometric results of ammonia oxidation at 

different potentials on Ir NDs catalyst in N2-saturated 1 M KOH + 0.1 M 

NH3 aqueous solution. The durability tests were performed in N2-5 

saturated 1 M KOH + 0.1 M NH3 aqueous solution at a scan rate of 100 

mV/s between -0.9 and 0 V versus Hg/HgO. 

over Ir black should contain the contribution of the oxidation of 

catalyst itself, and thus the actual mass activity of Ir black for 

ammonia oxidation should be lower than 5 mA/mg. The reason 10 

for the excellent activity of Ir NDs catalyst for ammonia 

oxidation should be due to their large specific area, many high 

index facets, rich edge and corner atoms.54 The effect of ammonia 

concentration on the electrocatalytic activity of Ir NDs is shown 

in Fig. S13. Ammonia oxidation peak current density at around -15 

0.35 V increases up to the maximum at 0.3 M NH3, and then it 

decreases with increasing ammonia concentration. This behavior 

could be accounted for the rate of Nads (nitrogen adsorbates) 

formation increases with the increase of ammonia concentration, 

and thus ultimately poisoning Ir NDs catalyst.55 Fig. 5a presents 20 

the cyclic voltammograms of Ir NDs catalyst in 1 M KOH + 0.1 

M NH3 solution at different potential sweep rates. The ammonia 

oxidation current density at about -0.35 V increase significantly 

with the increase of potential sweep rate. The peak potentials at 

around -0.35 V are almost independent of the potential sweep rate 25 

and the difference is close to 43 mV. An expression associated 

with the current response to the potential sweep rate was given by 

Gabrielli et al.56 The peak current density follows a linear υ1/2 (υ: 

potential sweep rate) dependence (Fig. 5b), indicating the 

diffusion controlled processes of the ammonia oxidation 30 

reaction.57 

The ammonia oxidation stability of the Ir NDs catalyst was 

investigated by potential cycling between -0.9 and 0 V in N2-

saturated 1 M KOH + 0.1 M NH3 aqueous solutions, with scan 

rate of 100 mV/s. After 1000 and 3000 cycles the peak current 35 

densities of the Ir NDs still remained 0.038 and 0.030 mA/cm2, 

corresponding to an activity loss of 8.6% and 28.7%, 

respectively, which indicated the high stability of Ir NDs catalyst 

(Fig. 6a). The long term stability of Ir NDs toward ammonia 

oxidation was also evaluated through the chronoamperometric 40 

measurements at various potentials in 1 M KOH + 0.1 M NH3 

aqueous solutions, as shown in Fig. 6b. Although the current 

density of Ir NDs at -0.29 V versus Hg/HgO was much higher at 

the beginning, it decreased rapidly and higher current density was 

obtained at -0.41 V versus Hg/HgO after 131 seconds. 45 

Chronoamperometric testing confirms the higher stability of the 

Ir NDs catalyst at the potential of -0.41 V versus Hg/HgO. It is 

possible that NHx (x = 1 or 2) cannot be oxidized completely to 

produce N2 at a more negative potential, while at a more positive 

potential, the main adsorbates becomes Nads and both cases block 50 

catalyst active sites. At the same potential, the specific activity of 

the Ir NDs is still higher than that of the Ir NPs after 1000 s (Fig. 

S14). These results indicate that the Ir NDs have higher 

electrocatalytic activity and stability than the Ir NPs toward 

ammonia oxidation. 55 

Conclusion 

In conclusion, we have demonstrated a simple method for one-pot 

synthesis of Ir NDs based on the oriented attachment mechanism. 

Ir NPs was also prepared by using a strong ligand in the reaction 

solution. Reaction parameters (precursor concentration, reaction 60 

temperature) have little effect on the shape and size of Ir NDs. 

Compared to Fe(OH)x-supported Ir NPs and Ir black, Ir NDs on 

the identical support exhibit enhanced activity for CO oxidation 

with a full conversion of CO at 120 °C. Moreover, the mass 

activity of Ir NDs is 7 and 2.6 times higher, respectively, than 65 

that of Ir NPs and Ir black for ammonia electrocatalytic 

oxidation. The higher catalytic activities of Ir NDs are owing to 

their large specific surface area, many high-index facets and rich 

edge and corner atoms. We expect that the Ir NDs are a 

promising candidate for the potential application in proton-70 

exchange membrane fuel cells and direct ammonia fuel cells. 
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