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Supported catalysts are widely used in industry and can be 

optimized by tuning the composition, chemical structure, and 

interface of the nanoparticle catalyst and oxide support. Here we 

firstly combine a bottom up colloidal synthesis method with a top 

down atomic layer deposition (ALD) process to achieve a 

raspberry-like Pt-decorated Fe3O4 (Fe3O4-Pt) nanoparticle 

superlattice. This nanocomposite ensures the precision of the 

catalyst/support interface, improving the catalytic efficiency of 

the Fe3O4-Pt nanocomposite system. The morphology of the 

hybrid nanocomposites resulting from different cycles of ALD was 

monitored by scanning transmission electron microscopy, giving 

insight into the nucleation and growth mechanism of the ALD 

process. X-ray photoelectron spectroscopy studies confirm the 

anticipated electron transfer from Fe3O4 to Pt through the 

nanocomposite interface. Photocurrent measurement further 

suggests that Fe3O4 superlattices with controlled decoration of Pt 

have substantial promise for energy-efficient 

photoelectrocatalytic oxygen evolution reaction. This work opens 

a new avenue for designing supported catalyst architectures via 

precisely controlled decoration of single component superlattices 

with noble metals. 

Hybrid nanocomposites are a rapidly growing field because of 

their unique optical,
1
 catalytic,

2
 and electrochemical 

properties
3
 generated through the interactions between each 

component. Precise control of the structure, size, morphology 

and interface of these nanocomposites has made it possible to 

tailor the properties of the nanocomposites for better catalytic 

activity and selectivity.
4, 5

 Supported catalysts composed of 

noble metals on metal oxide supports have been widely used 

in catalysis,
6, 7

 however, these catalysts are typically not 

uniform in composition and/or structure. This makes the 

formation of ordered hierarchical structures with new 

functionalities based on noble metals/oxide interface a 

fundamental materials challenge. Driven by a variety of 

technological applications and global scientific interest, metal 

oxides can now be routinely synthesized as monodisperse 

spherical colloids with precise control over the size and 

morphology even on a large-scale, making it simple to 

assemble them into single component NP superlattices.
8, 9

 The 

use of binary nanoparticles to form superlattices has been an 

effective approach to achieve the needed metal–metal oxide 

interfaces, but the process of assembly remains laborious and 

difficult to scale to large areas.
10, 11

 Alternatively, decorating 

the single-component superlattices using noble metals with 

precise and efficient control provides a facile and scalable 

route to design and fabricate ideal supported catalysts. One 

technique that offers unique possibilities for the controlled 

deposition of the noble metal catalyst on oxide support is 

Atomic Layer Deposition (ALD). The initial stages of noble 

metal ALD typically deviate from the characteristic layer-by-

layer growth due to differences in wetting behavior and 

catalytic activity of the noble metals.
12

 This leads to the 

formation of noble metal nanoparticles rather than ultrathin 

films. Due to the self-limiting behavior of ALD, excellent 

control of the noble metal nanoparticle size can be achieved.
13, 

14
 In addition, ALD is known for the uniform deposition on 3D 

structures.
15

 Furthermore, ALD of noble metals can be made 

selective towards catalytic surfaces.
16, 17

 ALD is therefore a 

promising approach for the preparation of noble metal 

catalysts on metal oxide nanoparticles.  

 Recently, studies on developing hybrid Pt decorated Fe3O4 

have either focused on multiple-step, bottom-up, and 

solution-based syntheses,
18

 or top-down deposition of thin-

films directly on the substrates. These often result in poor 
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control over the material structures and/or high cost due to 

the large amount of noble metal catalyst required. In this 

study, we combine a bottom-up colloidal synthesis technique 

with top-down ALD for the synthesis of Pt decorated Fe3O4 

(Fe3O4-Pt) nanoparticle superstructures. The addition of Pt on 

the Fe3O4 superlattices can be well-controlled by ALD and 

allows for easy formation of raspberry-like hybrid 

superstructures (Figure 1b and c). The synthesis process is 

monitored by scanning transmission electron microscopy 

(STEM), and the growth mechanism is discussed. The size of 

the Pt NPs is precisely controlled by the number of deposition 

cycles. Furthermore, we demonstrate synergistic inter-particle 

interactions using a combination of X-ray photoelectron 

spectroscopy (XPS) and photoelectrocatalytic water splitting 

measurements to reveal the interfacial energetics. This 

precision design method, combining ALD with colloidal 

synthesis techniques, opens a new avenue for the engineering 

of various hybrid catalysts.    

 The Fe3O4 NPs used in this study were synthesized by 

colloidal synthesis as reported in the literature with slight 

modification.
9
 Large-scale Fe3O4 nanoparticle superlattices 

were formed via assembly at the air-liquid interface.
19

 The 

narrow size distribution of the Fe3O4 NPs is demonstrated by 

the formation of single component superlattices (Figure 1a). 

The ordered area can be larger than 10 μm, and shows 

hexagonal symmetry, further confirmed by FFT. (Figure S1).  

After the transfer of the Fe3O4 superlattices to the TEM grids, 

the Fe3O4 NPs were decorated with Pt NPs by ALD.  The ALD 

process took place at 300°C using MeCpPtMe3 as the precursor 

and O2 as the co-reactant. It should be noticed that the partial 

Fe3O4 could be oxidized to Fe2O3 during the ALD process, 

although the substrate heater the temperature of the samples 

is only ~120 °C due to the bad thermal contact between 

samples and the substrate heater. Figure 1b and 1c confirm 

the deposition of the Pt NPs. Figure 1b shows a representative 

hexagonal order of the superlattice has been maintained after 

ALD, and figure 1c shows good contact between Fe3O4 NPs and 

Pt NPs.               

 
Figure 1. (a) TEM image of Fe3O4 Nanoparticle Superlattices 

formed by air-liquid assembly process, (b) and (c) STEM images 

of Fe3O4-Pt (200 cycles Pt ALD) 

 

 In order to study the nucleation and growth mechanism of 

Pt ALD on Fe3O4 NPs, we simply drop casted the Fe3O4 NPs on 

TEM grids. It was observed that this process also leads to the 

formation of a hexagonal ordered structure, but over a 

relatively small area (Figure S2). After colloidal self-assembly, 

the TEM grid was subjected to Pt ALD.  

 Figure 2 a)- f) shows the Fe3O4 particles decorated with Pt 

as a function of the number of ALD cycles. The Pt NPs have 

been successfully deposited on the surface of the Fe3O4 

spheres. The HR-STEM shown in the Fig S3 showed good 

contact between Fe3O4 and Pt NPs. It can be seen that the 

amount of Pt deposited on the Fe3O4 particles increases with 

cycle numbers up to ~ 100 cycles. After 100 cycles, the amount 

of Pt deposited on the Fe3O4 no longer appears to increase. 

This indicates that the growth of Pt is inhibited after a certain 

amount of Pt ALD cycles. This is also confirmed from the size 

distribution of the particles, determined from the TEM images, 

shown in Figure 3. Additionally, it was noticed that the average 

particle size after 30 cycles is larger compared to 50 cycles. 

This is most likely due to the conversion of 2D Pt islands to 3D 

particles, once the Pt clusters have reached a certain size. 

However, this could also be caused by some sample to sample 

variation leading to small differences in the nucleation delay.   
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Figure 2. High angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) images of Fe3O4 NPs after (a) 

10, (b) 30, (c) 50, (d) 100, (e) 200 and (f) 500 Pt ALD cycles respectively.  

 
Figure 3. Pt particle size distribution as a function of the 

number of Pt ALD cycles determined by analyzing the HAADF 

STEM images. (Analysis of each sample with snapshots taken 

at different locations of the sample) 

 

 The inhibition of the Pt ALD growth after a certain number of 

ALD cycles could be caused by the poisoning of the growth surface 

due to the formation of a carbon rich layer on the particles.
20, 21

 ALD 

of Pt NPs proceeds because of the favorable catalytic activity of the 

Pt nuclei.
12

 However, the size of the catalyst NP (in this case Pt) is 

known to play an important role in its catalytic activity.
22-24

 It could 

therefore be that once the particles have reached a certain size 

(~1.6 nm), a reaction pathway opens that leads to the poisoning of 

the Pt particles. This layer could block the adsorption of the 

MeCpPtMe3 precursor on the existing Pt NPs during prolonged 

growth. The adsorption of the MeCpPtMe3 precursor on a surface is 

very sensitive to the presence of organic compounds, which are 

known to inhibit Pt growth.
25-27

 To confirm if the formation of a 

carbon rich film is indeed the cause for the blocking of the Pt 

growth, 200 cycles of Pt ALD were performed on several samples 

with Fe3O4 NPs. For some samples, the deposition was interrupted 

by a short O2 plasma treatment after every 50 cycles or 100 cycles 

to remove any carbon that might have formed on the Pt particles. 

Figure 4 a-c shows that the use of an O2 plasma to clean the Pt 

particles after every 50 or 100 cycles results in the deposition of 

substantially more Pt on the Fe3O4 then when the particles are not 

cleaned once in a while. The O2 plasma treatments allow for the 

continued growth of the Pt particles, as can also be observed from 

the particle size distribution shown in Figure 4d. Interrupting the 

ALD process every 50 cycles already results in the agglomeration of 

the Pt particles and the initial stages of the creation of a Pt-shell 

around the Fe3O4 particles. The air-liquid method is better for 2-D 

self-assembly at larger length scales due to the templating effects 

naturally present at the interface. However, as we did not notice 

any effect of self-assembly method on the Pt NP deposition or the 

photocatalytic activity of the composites, we simply chose the drop 

casting method for studying the nucleation and growth mechanism 

of Pt ALD on Fe3O4 NPs. 

 
 

Figure 4. High angle annular dark field (HAADF) scanning 

transmission electron microscopy (STEM) images of Fe3O4 

spheres after (a) 200 Pt ALD cycles, (b) 2x 100 ALD cycles 

separated by an O2 plasma treatment and (c) 4x 50 cycles 

separated by an O2 plasma treatment (d) Pt particle size 

distribution after 200 Pt ALD cycles and 2x 100 ALD cycles 

separated by an O2 plasma treatment. The size distribution is 

determined from the HAADF STEM images shown in (a) and (b) 

 

 The core electronic structure of Fe3O4-Pt was probed 

qualitatively via X-ray photoelectron spectroscopy (XPS). Pt 

ALD was performed using the same conditions for both a bare 

Si wafer substrate (control) and Fe3O4 superlattices deposited 

on a Si wafer substrate. Figure 5a shows the electron binding 

energy of Pt 4f determined from XPS for Pt NPs grown on a 

bare Si substrate. In comparison, we observe a ~0.4 eV 

decrease in the Pt 4f binding energy for Pt NPs grown on an 

Fe3O4 superlattice relative to Pt NPs grown on bare Si (see 

Figure 5b). This decrease in core electron binding energy 

corresponds to an increase in electron density in the Pt 

domain. Note that all spectra were calibrated to the C 1s 

reference peak at 284.5 eV to account for any charging effects, 

consistent with previous literature, and that the observed shift 

was reproducible over multiple experiments.
28

 The shift in core 

electron density is likely due to charge transfer from Fe3O4 to 

the Pt domain, indicative of good electronic interaction 

between the Fe3O4 and Pt NPs. The Pt chemical shift by XPS 

has also been reported in thin film studies of the Pt/oxide 

interface,
29

 indicating that metal-oxide-metal contact has been 

formed in the nanocomposite, a result which further highlights 

the benefits of our conceptual approach to the design and 

synthesis of supported catalysts. 
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Figure 5. Pt 4f XPS spectra of Pt NPs (a) and Fe3O4-Pt 

nanocomposites (b) on Si substrates. 

 

 In order to further study the existence of charge transfer 

from Fe3O4 to Pt, photocurrent measurements were 

performed in an Ar-saturated 1 M NaOH electrolyte. Our 

electrode has been fabricated by electron beam depositing a 

Ag film followed by a TiO2 film for ensuring good contact and 

stability during the O2 plasma treatments for ALD. It can be 

seen in Figure 6 that the Fe3O4 in Fe3O4-Pt has a 2-fold 

enhancement in photocurrent intensity. This enhancement is 

due to the coupling of Fe3O4 NPs and Pt NPs, further proving 

the strong interaction through the Fe3O4-Pt interface. In order 

to confirm photoelectrocatalytic oxygen evolution reaction 

(OER) exists in this system, the current under chopped light 

was measured for sample Ag-TiO2-Fe3O4-Pt with 200 ALD 

cycles at 0.2 V, showing the dark and light current could be 

constant for 10 seconds (See Figure S4). The dark current is 

very flat and close to zero, suggesting no redox reactions occur 

under the dark. In addition, the remarkable photocurrent at -

0.2∽0.6 V (VS Ag/AgCl) (Figure 6) suggests that the 

photoelectrocatalytic activity is more likely related to OER.
30

 

However, the bare TiO2 could couple with Pt for OER as well, 

and thus the photocurrent due to TiO2-Pt coupling is strong for 

the TiO2-Pt sample. Since our Fe3O4 almost fully covered the 

TiO2 substrate, the dominant interaction for sample Fe3O4-Pt is 

from the Fe3O4-Pt nanocomposite, suggesting good electron 

transfer through the interface of Fe3O4 and Pt NPs. As Fe3O4 

NPs are poor light absorbers compared to TiO2 this led to 

slightly lower photocurrent intensity for Fe3O4-Pt coupling 

than TiO2-Pt coupling. The incident to photon-to-current 

efficiency (IPCE) result showed in Figure S5 further confirmed 

that the Fe3O4-based composite has higher catalytic activity in 

the visible light range. However, due to the strong absorption 

of TiO2 in the UV range, the overall photocurrent through a 

condenser lens (transmission: 350 nm – 700 nm) of TiO2 based 

composite is slightly higher than Fe3O4 based composite. 

Further, the IPCE of Ag-TiO2-Pt and Ag-TiO2-Fe3O4-Pt with 250 

cycles and 500 cycles of ALD showed the evidence for 

enhanced IPCE with more cycles (Figure S5 in SI). It should be 

noticed that Ag-TiO2-Fe3O4-Pt with 250 cycles has higher 

intensity than Ag-TiO2-Fe3O4-Pt with 500 cycles in UV range. 

This is probably due to the better coverage of TiO2 on sample 

Ag-TiO2-Fe3O4-Pt with 250 cycles, which mainly absorbs UV 

light. The higher intensity peak at 565 nm for Ag-TiO2-Fe3O4-Pt 

with 500 cycles indicates the good interaction between Fe3O4 

and Pt.  The bump at 0.4 V was due to the oxidation of 

remaining organic ligands in the nanocomposites. Overall, 

decoration with Pt enhanced the activity of Fe3O4 NPs 

significantly, proving the efficient electron transfer from Fe3O4 

to Pt NPs. The deposition of Pt forming Fe3O4-Pt 

nanocomposite induces significant improvement for Fe3O4 for 

photoelectrocatalysis. Additionally, this result corroborates 

our conclusions from the XPS study, providing further evidence 

of effective interphase charge transfer within the components 

of the Fe3O4-Pt superlattices. Long-duration durability testing 

was carried out on the photocurrent measurement (shown in 

Figure S6). The results indicated the system was active for 

more than 1000 s. The gradual decreasing of the intensity of 

the photocurrent might be due to the detachment of the 

Fe3O4-Pt from the substrate as the Fe3O4 has been deposited 

on the substrate through solution-based deposition method. 

However, achieving excellent stability of the photoelectrode is 

not the focus of this report; we plan future investigations on 

how to enhance stability such as functionalization of the 

surface of the substrate to form a strong bond between the 

substrate and NPs. 
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Figure 6. (a) Photocurrent measurements of Pt NPs (red), 

Fe3O4 NPs (black) and Fe3O4-Pt nanocomposites (blue) on the 

Ag-TiO2 electrode. TiO2 film (80 nm thick) was deposited on Ag 

thin film (100 nm thick) on a glass substrate.   

Conclusions 

In summary, we have developed Fe3O4-Pt superstructures by 

using a bottom-up colloidal synthesis and top-down ALD, 

resulting in controllable superstructure formation with good 

interaction between each components of the hybrids. In 

particular, good metal-oxide-metal contact has been formed 

by this design, which open a new avenue for tailoring of 

supported catalysts.  Future work will be focused on using 

different metal oxide NPs as the oxide supports and 

systemically studying the influence of the Pt deposition on the 

photoelectrocatalysis. 
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