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Supplementary Figure 1. Structural and compositional analysis of ZnWO4 

complex salt, and an approach to suppress the formation of complex salt. 

a Snapshot, b SEM image, c TEM image, d SAED pattern and e EDS spectrum 

of ZnWO4 complex salt, precipitated by mixing Zn(NO3)2 25 mM and Na2WO4 

0.25 mM in 100 ml deionized (DI) water without polyethyleneimine (PEI) addition. 
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f Precipitated amount of ZnWO4 complex salt when varying the amount of W 

precursor. In this experiment, Zn precursor concentration (CZn) and volume of DI 

water are kept to be 25 mM and 100 ml, respectively. g Snapshots of the 

nanowire growth solution with varying the PEI concentration in the range of 0-1 

mM. In this experiments, CZn, and CW are 25 mM and 1.25 mM. h Snapshots of 

the nanowire growth solution with varying the sequence of reagent addition. In 

this experiment, the concentrations of Zn precursor CZn, W precursor CW and PEI 

are 25 mM, 1.25 mM and 0.2 mM, respectively. i Molecular structure and detailed 

information of PEI employed in this study. j Schematic images for the interactions 

between WO4
2- ion and various Zn ion species, which are coordinated with PEI. 
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Supplementary Note 1. 

Role of PEI in growth solution 

In this study, polyethyleneimine (PEI) is utilized as a dispersant. As shown in 

Supplementary Fig. 1a, we found that white precipitate is readily formed when mixing 

Zn(NO3)2 25 mM with Na2WO4 0.25 mM in DI water 100 ml without PEI. In this case, 

W precursor in growth solution is almost exhausted prior to the nanowire growth. The 

white precipitate has a granular structure and is partially crystalline as shown in SEM 

image of Supplementary Fig. 1b-d. EDS analysis shows that the precipitate is mainly 

composed of Zn, W and O with the ratio of Zn : W = 52.4 : 47.6, implying that the 

precipitate is ZnWO4 complex salt (Supplementary Fig. 1e). When we assume the 

formation of ZnWO4, the weight of precipitate linearly increases with slope=1 by 

increasing the amount of W precursor in Supplementary Fig. 1f. This clearly confirms 

that the precipitate is ZnWO4 complex salt. The formation of ZnWO4 complex salt is 

gradually suppressed by adding PEI prior to mixing Zn(NO3)2 and Na2WO4 as seen in 

Supplementary Fig. 1g that the solution becomes transparent with increasing PEI 

concentration. Since the pH values of growth solution changes from 6.6 to 6.7 with adding 

PEI, the variation of pH value is not a main factor for suppressing the precipitate. 

We found that the precipitate formation is suppressed only when the addition of Zn 

precursor is following the W precursor addition. When the Zn precursor is added prior to 
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the W precursor addition, as shown in Supplementary Fig. 1h. The mechanism of this 

reagent addition sequence dependence can be interpreted in terms of the coordination of 

Zn ion species and W ion species. Based on the calculation for the equilibrium 

concentrations of ionic species (Supplementary Fig. 3), positively charged and neutral Zn 

species (e.g. Zn2+, [ZnOH]+, [Zn(NH3)4]2+, Zn(OH)2) and negatively charged W species 

(e.g. WO4
2-, HWO4

-) exist in the growth solution. These Zn and W species can coordinate 

with PEI (Supplementary Fig. 1i). Although the formation of ZnWO4 complex salt is 

based on the electrostatic interaction between Zn species and W species, and the 

following aggregation of Zn-W complex ions, the coordination of W species with PEI 

substantially suppresses them. When the W precursor is added first, all W species are 

coordinated with PEI and no extra W species exist for interacting with the subsequently 

added Zn species. This may lead to the suppression of the ZnWO4 complex salt formation. 

On the other hand, the situation is different when the Zn precursor is added prior to the 

W precursor addition. Since the concentration of Zn precursor is much higher than that 

of W precursor in this study, Zn species are partly coordinated with PEI and extra Zn 

species remains in the solution. The extra Zn species must interact with the subsequently 

added W species, resulting in the formation of ZnWO4 complex salt. Note that the number 

of coordination point in PEI is more than the amount of Zn species. Therefore, only the 
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concentration difference between Zn species and W species cannot explain the obtained 

result. Since the Zn species is known to form a chelating structure with PEI via bipodal 

bonds,1 the coordination of Zn species and PEI may shrink PEI structure as shown in 

Supplementary Fig. 1j, which plausibly suppresses the further coordination with Zn 

species and increases the remaining Zn species in the solution. These results highlight 

that PEI serves as a dispersant for the nanowire growth solution and the PEI addition with 

W precursor is of crucial importance to suppress the complex salt formation. 
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Supplementary Figure 2. PEI concentration effects on length and diameter 

of ZnO nanowires. PEI concentration dependence on the length and diameter 

of ZnO nanostructures grown with a CW 0 mM and b CW 0.25 mM. In these 

experiments, CZn is kept to be 25 mM. 
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Supplementary Note 2. 

PEI effect on anisotropic crystal growth of ZnO nanowires 

Here we discuss the effect of PEI addition on the anisotropic crystal growth of ZnO 

nanowires. PEI is well-known surfactant for promoting the crystal growth on (0001) plane 

by capping on (101�0) plane.2 In fact, the promotion of longitudinal nanowire growth 

and the decrease of diameter by PEI addition is seen in Supplementary Fig. 2a. On the 

other hand, when the W species is added, the crystal growth is promoted on (101�0) 

plane as shown in Fig. 1 and Fig. 2. We assume that the observed face-selective promotion 

of crystal growth is associated with the increase of local Zn precursor concentration near 

(101�0) plane, which is induced by the weak coordination of Zn ions to WO4
2- ions. As 

discussed in Supplementary Note 1, WO4
2- ions preferentially coordinate with PEI and 

the formation of Zn-W complex salt is interrupted by suppressing the interaction between 

Zn ions (e.g. Zn2+, Zn(OH)+, [Zn(NH3)4]2+) and WO4
2- ions. Although the Zn-W complex 

salt formation is interrupted by PEI, the coordination between Zn ions and WO4
2- ions 

must still exist. Since PEI preferentially caps on (101�0)  plane as confirmed in 

Supplementary Fig. 2a, weakly coordinated Zn ions with WO4
2- ions on PEI may increase 

the local Zn precursor concentration near (101�0) plane. This plausibly leads to the face-

selective enhancement of nucleation on (101�0) plane. In fact, the increasing trend of 
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nanowire diameter is seen when increasing PEI at low concentration range in 

Supplementary Fig. 2b, strongly supporting our model. 
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Supplementary Figure 3. pH values and calculated equilibrium 

concentrations of ionic species in growth solution. a pH value of growth 

solution with various CW. In this experiment, CZn and PEI concentration are kept 

to be 25 mM and 1.25 mM, respectively. b Thermodynamically calculated 

equilibrium ion concentrations in growth solution for CW 0 mM (left) and CW 0.25 

mM (right). Zn(NO3) 25 mM and hexamethylenetetramine (HMTA) 25 mM are 

utilized for the calculation. The dot lines represent the measured pH value in 

growth solution at these conditions. The arrows represent the supplemented ion 

species via the addition of Na2WO4. 
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Supplementary Note 3. 

Ionic species for influencing growth direction and elemental doping of ZnO 

nanowires 

In order to identify the possible adsorption species on ZnO nanowires, we measure the 

pH value and calculate the equilibrium concentrations of ionic species in growth solution. 

When adding Na2WO4, the pH value of 6.7 remains almost constant and the equilibrium 

concentrations of each Zn species are not influenced while Na+, WO4
2-, HWO4

- ions are 

supplemented. Since the both (101�0) and (0001) planes of ZnO nanowires, where their 

isoelectric points (IEPs) are 10.2±0.2 and 8.7±0.2 respectively,3,4 must be positively 

charged at pH=6.7 and its equilibrium concentration of WO4
2- ion is much higher than 

HWO4
- ions, WO4

2- ions are the most plausible species for the electrostatic adsorption or 

the chemisorption on ZnO nanowire surface. 
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Supplementary Figure 4. Zn precursor concentration effect on ZnO 

nanowire synthesis. Side view and top view SEM images of ZnO 

nanostructures/nanowires grown with a CW 0 mM and b CW 0.25 mM, respectively, 

when varying CZn. 
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Supplementary Figure 5. Technical approaches and compositional analysis 

to identify the dopant incorporation pathway of W-doped ZnO nanowires. a 

Top view SEM images of ZnO nanostructures grown on (0001) and (101�0) 

oriented single crystalline ZnO substrates. In this experiment, CZn and CW are 25 

mM and 0.25 mM, respectively. b Side view and top view SEM images of 2 step 

grown ZnO nanowires. In this experiment, non-dope ZnO nanowires are grown 

on a Si substrate with CZn 25 mM (step 1) and W-doped ZnO shell is then grown 

with CZn 25 mM and CW 0.25 mM (step 2). The images are taken after step 1, 

step 2 and dry etching process, respectively. The etching depth is about 150 nm. 

Schematic illustrations represent the non-dope ZnO crystal (grey), the W-doped 

ZnO crystals grown on (0001) plane (blue) and (101�0)  plane (light blue), 

respectively. c W concentration of ZnO nanostructures grown on (0001) and 

(101�0)  oriented single crystalline ZnO substrates and of 2 step grown ZnO 

nanowires before and after dry etching. 
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Supplementary Note 4. 

Discussion for dopant incorporation pathway of W-doped ZnO nanowires 

In order to confirm the hypothesis for the dopant incorporation pathway, we examine 

the composition analysis of the nanostructures grown on (101�0) and (0001) oriented 

single crystalline ZnO substrates. Supplementary Fig. 5a shows the SEM images of ZnO 

nanostructures grown on single crystalline ZnO substrates with W addition. The film with 

smooth surface is formed on (0001) oriented substrate while the nanostructure with rough 

surface is formed on (101�0) oriented substrate. The measured W concentration of ZnO 

structures grown on (0001) and (101�0) substrates are 1.03 % and 0.04 %, respectively, 

supporting that W is mainly incorporated on (0001) plane. This result is further confirmed 

by using the 2 step grown nanowires. The 2 step growth is conducted by the initial growth 

of non-dope ZnO nanowires (step 1) and the subsequent growth of W-doped ZnO shell 

(step 2). By removing the top part of 2 step grown nanowires with a dry etching, only the 

shell layer grown on (101�0) plane of non-dope ZnO nanowires remains. Supplementary 

Fig. 5b shows the SEM images of 2 step grown nanowires observed after step 1, step 2 

and dry-etching. We found that the W concentration becomes undetectable level after the 

etching, clearly confirming that W is incorporated on (0001) plane rather than (101�0) 

plane (Supplementary Fig. 5c). 
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Supplementary Figure 6. Spatial dopant distribution analyses in a W-doped 

ZnO nanowire. a Top view and b side view SEM images of ZnO nanowires grown 

with CZn 15 mM and CW 0.125 mM. c HAADF-STEM image of single nanowire 

sliced by FIB technique. d Magnified HAADF-STEM image in the projected area 

in c. e EDS spectra of outer region and inner region, which are projected in d. f 

EDS elemental map of W Lα taken at bottom part in c. g Lateral and h longitudinal 

line profiles of W concentration in the projected area in c. 
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Supplementary Note 5. 

Discussion for spatial dopant distribution of individual W-doped ZnO 

nanowire 

Spatial distribution of incorporated W in ZnO nanowire was evaluated by HAADF-

STEM observation with EDS analysis. We selected a nanowire with ca. 150 nm diameter 

as a specimen, in which there is the sidewall growth i.e. nucleation on (101�0) plane. In 

the HAAD-STEM image, we found that the shell region has relatively brighter contrast 

while the core region has darker contrast (Supplementary Fig. 6d). In the EDS spectra, 

the weak shoulder peak associated with W Lα was seen only at the darker region. EDS 

elemental map of W Lα at the bottom part of nanowire confirmed that dopant is mainly 

distributed in the core region (Supplementary Fig. 6f). Note that the quantitatively 

analyzing the W ratio in ZnO nanowire is rather difficult by EDS because Zn Kα peak 

(8.629 keV) and W Lα peak (8.392 keV) are relatively close and hardly separated. 

Therefore the dopant distribution was qualitatively analyzed here. The EDS line profile 

in Supplementary Fig. 6g,h showed that the dopant distribution of nanowire is 

inhomogeneous in radial direction while that in longitudinal direction is relatively 

homogeneous. 
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Supplementary Figure 7. 3DAP sample preparation and mass spectroscopy 

analysis. a Fabrication procedure for a sample of 3D atom probe (3DAP) 

analysis. b Mass spectrum of ZnO nanowire obtained by 3DAP. The ZnO 

nanowires were grown with CZn 15 mM and CW 0.125 mM. 
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Supplementary Method. 

Sample preparation and evaluation of applicability to 3DAP 

3DAP sample was fabricated by the process shown in Supplementary Fig. 7a. Firstly, 

Ni protection layer was deposited on nanowires in order to support the nanowires in the 

following focused ion beam (FIB) milling process and 3DAP analysis. Then FIB milling 

was performed to make a needle-shaped specimen composed of a single ZnO nanowire. 

Mass spectrum of ZnO nanowire obtained by 3DAP (Supplementary Fig. 7b) clearly 

evidenced the existence of W dopant in nanowires. 
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Supplementary Figure 8. Slab model used in this work to perform DFT 

calculations. An example is shown for ZnO (101�0) surface with WO4
2- ion and 

counter cations K+. The methods for calculating the adsorption energy and 

interaction energy of various coordinated structures are shown. 
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Supplementary Note 6. 

Computational details 

We used density functional theory (DFT) to estimate adsorption energies of WO4
2- on 

ZnO (101�0) , Zn-terminated (0001) or (101�1)  surfaces, and interaction energies 

between Zn species (i.e. Zn2+, Zn(OH)2, [ZnOH]+) and WO4
2- on ZnO (101�0). Vienna 

Ab initio Simulation Package (VASP) version 5.4.4 was employed to perform DFT 

calculations.5-8 We chose RPBE for the exchange-correlation functional.9 The projector-

augmented wave (PAW) approach was used to describe core electrons.10 We adopted the 

Gaussian smearing method with the width of 0.05 eV and the gamma point approximation. 

The cut-off energies were 400 and 520 eV for geometry optimizations and subsequent 

interaction/adsorption energy calculations, respectively. The convergence criterion for 

geometry optimizations was 0.01 eV/Å. Interaction/adsorption energy calculations were 

performed by considering water solvation effects using an implicit water solvation model 

implemented as an extension to the VASP code by Mathew and Hennig.11,12 

The slab model for the ZnO(101�0) surface consists of a (4×2)-supercell (a=12.85Å, 

b=10.31Å) and three ZnO atomic layers as shown in figure S8, while that for ZnO (0001) 

consisted of a (3×3)-supercell and four ZnO atomic layers (a=b=9.64Å, γ=120.0º). 

The ZnO (101�1) surface was described by a (2×4) four-layer slab model (a= 12.15 Å, 

b= 12.86 Å, γ=74.7 º). We applied the 20 Å vacuum region to the slab models. The 



S20 

 

bottom layers were kept fixed during the optimizations. The bottom layers of ZnO (0001) 

and (101�1) were passivated by hydrogen atoms, as their surfaces are not symmetric. 

Potassium or fluorine atoms were introduced as counter ions to maintain cell's charge 

neutrality. They were put at least 12Å apart from the adsorbed layer of ZnO. 

The adsorption energies of WO4
2- were estimated as the energy difference between a 

surface with an adsorbed WO4
2- molecule and that with a desorbed WO4

2- in aqueous 

phase. In the desorbed state, we positioned a WO4
2- ion 7 Å above the topmost surface 

layer. The coordinate of the tungsten atom of the desorbed ion was frozen during 

geometry optimization. The average resident time of WO4
2- ion on ZnO surface was 

estimated by using the Frenkel equation with the adsorption energies. We tentatively set 

a molecular vibration period along with the surface normal to be 1.0×10-13 seconds. 
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Supplementary Figure 9. Control over morphology and elemental doping of 

W-doped ZnO nanowires. a TEM iamges, SAED patterns and b XRD patters of 

ZnO nanowires grown with CW 0.25 mM at 95 ºC and 75 ºC, respectively. 
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Supplementary Table 1. Review on ZnO nanoplatelet formation. 
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