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Abstract: 

Doped metal oxide nanocrystals (NCs) attract immense attention because of their ability to exhibit 

a localized surface plasmon resonance (LSPR) that can be tuned extensively across the infrared 

region of the electromagnetic spectrum. LSPR tunability triggered through compositional and 

morphological changes during the synthesis (size, shape and doping percentage) is becoming well-

established while the principles underlying dynamic, post-synthetic modulation of LSPR are not 

as well understood. Recent reports have suggested that the presence of a depletion layer on the NC 

surface may be instrumental in governing the LSPR modulation of doped metal oxide NCs. Here, 

we employ post-synthetic electron transfer to colloidal Sn-doped In2O3 NCs with varying size and 

Sn doping concentration to investigate the role of the depletion layer in LSPR modulation. By 

measuring the maximum change in LSPR frequency after NC reduction, we determine that a large 

initial volume fraction of the depletion layer in NCs results in a broad modulation of the LSPR 

energy and intensity. Utilizing a mathematical Drude fitting model, we track the changes in the 

electron density and the depletion layer volume fraction throughout the chemical doping process, 

offering fundamental insight into the intrinsic NC response resulting from such electron transfer 

events. We observe that the maximum change in electron density that can be induced through 

chemical doping is independent of Sn concentration, and subsequently, the maximum total electron 

density in the presence of excess reductant is independent of the NC diameter and is dependent 

only on the as-synthesized Sn doping concentration. This study establishes the central role that 

surface depletion plays in the electronic changes occurring in the NCs during post-synthetic doping 

and the results will be instrumental in advancing the understanding of optical and electrical 

properties of different colloidal plasmonic NCs.

Introduction: 

Degenerately doped semiconductor nanocrystals (NCs) and in particular, doped metal oxide NCs 

have emerged as an important class of materials in the last decade for their ability to sustain 

localized surface plasmon resonance (LSPR) in the mid- to near-infrared region of the 

electromagnetic spectrum. LSPR, which arises due to the resonant oscillations of carriers with 
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electromagnetic radiation, has predominantly been studied in noble metals such as Au and Ag.1-4 

Already in that context, LSPR has found a variety of applications such as photothermal therapy,5 

photovoltaics,6 electrochromic windows,7-9 sensing10 and surface-enhanced infrared absorption 

spectroscopy.1 Unlike noble metals whose LSPR remains restricted to a narrow window in the 

visible region, doped metal oxide NCs offer an advantage in that their LSPR that can be tuned 

across a wide spectral range in the infrared region. While in noble metals, infrared resonance 

requires large sizes or highly anisotropic shapes, in doped semiconductors this tunability can also 

be achieved by merely altering the free carrier density in the NCs (see equation 1).  

𝜔𝑝 =   √
𝑛𝑒𝑒2

𝜀𝑜𝑚∗
  (1) 

where 𝜔𝑝 is the bulk plasma frequency that governs the LSPR, 𝑛𝑒 is the carrier density, 𝑒 is the 

elementary charge, 𝜀𝑜 is the dielectric constant of free space, and 𝑚∗ is the effective carrier mass.4  

While many reports have focused on modifying carrier density through intrinsic doping (vacancy 

generation) and extrinsic doping (aliovalent doping), a distinctive advantage of LSPR in doped 

semiconductor NCs is the opportunity for substantial dynamic post-synthetic modulation of the 

carrier density.7, 11-15 This post-synthetic modification of the carrier density can be achieved using 

an external source of carriers, such as an electrochemical potential, light-activated reduction, or a 

chemical redox agent.7, 16-19  

For instance, addition of an aliovalent dopant during In2O3 NC synthesis leads to degenerate 

doping of the semiconductor and consequently, doped In2O3 NCs exhibit LSPR in the near-infrared 

region.20-24 The electrons provided by post-synthetic doping are expected to have a chemical 

potential above the Fermi level potential. However, due to the presence of surface states, the Fermi 

level is pinned to the surface potential, triggering the formation of a depletion (low carrier density) 

region at the surface of the NC.25 Therefore, modulation of surface sensitive properties like LSPR, 

catalysis, sensing and electrical conductivity in degenerately doped materials such as doped In2O3 

NCs becomes inherently dependent on the presence of this surface depletion layer.25-29 

Indeed, studying electrochemical modulation of LSPR in thin films of Sn-doped In2O3 (Sn:In2O3) 

NCs showed that the extent to which the LSPR shifts during charging is controlled by the fraction 

of the NC volume occupied by the depletion layer at the surface, which depends on both NC size 

and Sn dopant concentration.30 However, in electrochemically charged thin films, net LSPR shift 

of doped metal oxide NCs is dependent on a competition between depletion effects and changes 

in plasmonic coupling between NCs, which makes it difficult to precisely identify the contribution 

of depletion effects in controlling LSPR modulation of doped metal oxide NCs.19 Performing 

spectroelectrochemical investigations on colloidal dispersions of polymer-wrapped Sn-doped 

In2O3 NCs circumvents LSPR coupling effects, but it’s difficult to stabilize colloidal dispersions 

over a wide range of electrochemical conditions, limiting the range of information that has been 

gleaned by this approach.31 Thus, we sought a method of post-synthetic doping in colloidal 

dispersions of Sn:In2O3 NCs that maintained NC stability, in order to isolate the effects of the 

depletion layer on the LSPR modulation. In that respect, chemical doping can be performed on 
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stable colloidal dispersions of NCs and with an appropriate reducing (oxidizing) reagent, it also 

enables facile transfer of electrons to (from) the NCs. Thus, to deconvolute the contribution of 

depletion effects in governing the extent of LSPR modulation, we carried out chemical doping on 

Sn:In2O3 NCs of varying sizes and doping concentrations. In addition, this also allowed us to 

systematically investigate the effects of chemical doping on LSPR of NCs with different size and 

doping percentage to compare with earlier electrochemical studies carried out on similar NCs.30-31  

Chemical doping has been extensively utilized in dispersions of metal oxide NCs to reveal 

information about electronic energy levels and their relationship to their chemical environment 

and to other NCs.32-36 The optical band gap energy and magnitude of near-infrared absorption due 

to free electrons increases in undoped ZnO NCs when decamethylcobaltocene (CoCp*2) is added 

to a dispersion, signifying electron transfer to the ZnO NCs.33 CoCp*2 is an ideal reductant to use 

because it is highly soluble in nonpolar solvents typically used to disperse NCs. CoCp*2 has a high 

standard reduction potential of −1.95 V vs Fc+/0 (ferrocenium/ferrocene redox pair), high enough 

to reduce ZnO and presumably other metal oxide NCs.19 Further, the magnitude of electron transfer 

from CoCp*2 to NCs is increased substantially by addition of an acid to facilitate proton-coupled 

electron transfer.20 Given that ZnO and In2O3 have similar band gap energy and band-edge 

positions,37 we hypothesized that CoCp*2 should also be able to spontaneously reduce Sn:In2O3 

NCs.  

Here, results show that volumetric additions of CoCp*2 to colloidal dispersions of Sn:In2O3 NCs 

indeed causes a systematic blue-shift of the LSPR, while also retaining the colloidal stability of 

the NCs. With an increase in NC size or Sn doping percentage, we observed a progressive decrease 

in the maximum LSPR shift achieved, which is in excellent correlation with the observations 

previously made for Sn:In2O3 NC films.30 Notably, the magnitude of maximum LSPR shift 

achievable through chemical doping is significantly higher than that achieved in films or even with 

solution phase electrochemical doping, for NCs of similar size and Sn doping percentage.31 

Through a recently developed Drude fitting model that accounts for depletion,38 we demonstrate 

that electron transfer from CoCp*2 to NCs during chemical titration results in a decrease in the 

volume fraction of the depletion region. The plasmonic core of the NC expands and the 

concentration of electrons in that core region increases. We rationalize the trends in the maximum 

achievable LSPR shift across a range of NC diameters and doping concentrations by analyzing 

changes in the depletion region volume fraction and using quantitative analysis, we track the 

changes in the electron density throughout the chemical reduction process. 

Results and Discussion: 

The extent of the depletion layer is determined by synthetically controlled physical attributes such 

as the doping percentage, radial dopant distribution, size and shape of the NCs. Therefore, 

synthetic conditions must be optimized to yield NCs with precise control over these parameters to 

set the stage for a reliable quantitative assessment of electron transfer. Thus, by adapting a 

continuous injection procedure developed by the Hutchison group,39-40 we first synthesized highly 

monodisperse spherical Sn:In2O3 NCs with different sizes and Sn doping percentages and uniform 

dopant distribution. More precisely, by adjusting the injection volume and ratio of the metal ion 

precursors (see experimental section for more details), NCs with average diameter between 8-21 
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nm and Sn doping percentage between 4.5-13% were synthesized. A summary of synthesized NCs 

listing the doping percentages obtained from inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) and the average diameter from scanning transmission electron 

microscopy (STEM) is provided in Table 1.  

Table 1: Summary of the doping percentage determined by ICP-AES and diameters determined 

by STEM of different Sn:In2O3 NCs employed for chemical titration experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All NCs exhibit spherical morphology with low polydispersity (~10%) in their diameter (Figure 

1a-d and S1-S3). Across the sample series, an increase in the NC diameter leads to a progressive 

increase of the LSPR peak energy, because of higher dopant activation and a decrease in surface 

scattering, both of which contribute to a higher electron density (Figure 1e and S4).28, 41-42 For a 

given size, the LSPR peak shifts to higher frequency as Sn doping percentage increases, owing to 

a progressively higher electron concentration (Figure 1f and S4).20, 28   

To study the effects of depletion on LSPR modulation through chemical doping, the as-synthesized 

NCs were dispersed in anhydrous toluene/tetrahydrofuran (THF) (1:1 ratio) mixture anaerobically. 

50 µL of 0.02 M [H(OEt2)]
+ [BArF

4]
- (also known as Brookhart’s acid)43 in THF was subsequently 

added to the NC dispersion and this mixture was titrated with 5 µL aliquots of 0.02 M CoCp*2 

solution in THF : toluene (1:1) while extinction measurements were performed continuously 

through an optical fiber assembly (see experimental section for details).    

Nominal Sn % Actual Sn % Diameter (nm) 

4.5% 

3.9 ± 0.02 8.3 ± 0.7  

4.3 ± 0.02 12.5 ± 0.6  

4.3 ± 0.05 17.0 ± 2.0  

4.3 ± 0.03 20.7 ± 1.7  

   

6% 

6.1 ± 0.04 7.6 ± 0.9  

5.8 ± 0.02 11.4 ± 1.0  

5.8 ± 0.01 12.7 ± 1.0  

6.8 ± 0.03 17.3 ± 1.4  

7.2 ± 0.17 21.6 ± 3.2  

   

10% 

9.8 ± 0.08 7.3 ± 1.6  

10.0 ± 0.03 15.3 ± 0.8  

9.6 ± 0.01 22.3 ± 1.5  

   

13% 

13.1 ± 0.07 8.8 ± 0.7  

13.2 ± 0.02 12.2 ± 1.9  

11.7 ± 0.13 22.2 ± 1.1  
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Figure 1: (a-d) STEM images of 4.5% Sn:In2O3 NCs with spherical morphology and different 

diameters. All scale bars are 100 nm (e) normalized extinction spectra for 4.5% Sn:In2O3 NCs with 

different diameters (f) normalized extinction spectra for different Sn:In2O3 NCs with 8 nm as 

average diameter. 

Addition of [H(OEt2)]
+ [BArF

4]
- acid solution to the NC dispersion preserves the original LSPR 

frequency and peak width (Figure S5), which suggests that addition of protons doesn’t deteriorate 

the colloidal stability of NCs or initiate any electron transfer. This observation is consistent with 

the previous assessment that proton-coupled electron transfer occurs only upon addition of a 

reducing agent such as CoCp*2, to [H(OEt2)]
+ [BArF

4
-]-, likely through intercalation of charge-

balancing H+ ions in the NCs.32-33  

Subsequent addition of 5 µL aliquots of 0.02 M CoCp*2 to a mixture of NCs and [H(OEt2)]
+ 

[BArF
4]

- acid causes a systematic shift of the LSPR energy to higher wavenumbers and an increase 

of the LSPR extinction even while the concentration of the NCs is being diluted (Figure 2a). Both 

observations suggest that there is a transfer of electrons from CoCp*2 to the Sn:In2O3 NCs which 

increases the electron density and overall electron population and, thus, the increased LSPR energy 

and extinction, respectively. The use of CoCp*2 as a reducing agent, the mechanism of proton-

coupled electron transfer, and the role of [BArF
4]

- as a counter ion have been elucidated in previous 

reports32-33 and won’t be further described in the current manuscript. 
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Figure 2: Representative chemical reduction using 8 nm, 4.5% Sn:In2O3 NCs (a) Evolution of the 

LSPR extinction spectra during volumetric additions of CoCp*2 to a colloidal dispersion of NCs 

and 50 µL 0.02 M Brookhart’s acid (b) Variation in the LSPR peak extinction and LSPR energy 

with additions of CoCp*2 (c) Establishing the reversibility of the chemical reduction by titrating 

with a mild oxidant tri-tertbutylphenoxy radical.  

Both LSPR energy and extinction reach a saturation point around the same amount of added 

reducing agent (Figure 2b). Further addition of CoCp*2 aliquots results in broadening of the LSPR 
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linewidth and decrease in the LSPR extinction signifying partial loss in the colloidal stability of 

the NCs. This suggests that NCs have been charged beyond their thermodynamic ability to take up 

electrons within the conduction band and their spontaneous precipitation may be associated with 

other charging pathways, for example leading to a build-up of surface charge. The maximum LSPR 

shift throughout the manuscript is therefore reported as the difference in the LSPR energy of the 

saturation point and that of the original NC dispersion, ∆𝜔 𝐿𝑆𝑃𝑅 = 𝜔𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝐿𝑆𝑃𝑅 −

𝜔𝑎𝑠−𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑧𝑒𝑑 𝐿𝑆𝑃𝑅. The increase in the LSPR energy can be completely reversed by the addition 

of an oxidizing agent such as 2,4,6-Tri-tert-butyl-phenoxy radical44 validating that the LSPR 

modulation is due to a change in electron density in the NCs, rather than changes in the dielectric 

environment, for example. 

 

Figure 3: Effect of the addition of chemical reductant CoCp*2 on the LSPR extinction spectra of 

(a-c) 8 nm Sn:In2O3 NCs with different doping percentages (d-f) 4.5% Sn:In2O3 NCs with different 

NC diameters. 

As expected, the maximum LSPR shift for a given NC composition (size, dopant concentration) 

is independent of the concentration in dispersion over a wide range (Figure S6). This consistent 

saturation behavior suggests that CoCp*2 makes an excess of electrons available, always exceeding 

the maximum number that can be added to the NCs. Therefore, the maximum LSPR frequency 

shift can be compared across samples, regardless of differences in NC concentration. Furthermore, 

to confirm reproducibility of the maximum LSPR shift values, each NC composition was measured 

in triplicate under the same conditions and the average of their maximum LSPR shift values are 

reported with uncertainties obtained from statistical analysis. 
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Although addition of CoCp*2 solution results in a simultaneous increase in the LSPR extinction 

and frequency for all samples, the maximum LSPR shift is significantly affected by the NC 

diameter and Sn doping concentration. To separate the effects of each of these parameters on the 

LSPR shift, we compare a Sn:In2O3 doping series with consistent diameter and a size series with 

consistent Sn doping concentration. Increasing the Sn doping concentration while keeping the 

diameter nearly constant leads to a decrease in the maximum LSPR shift (Figure 2a and 3a-c). 

Highly doped NCs have a thin depletion layer and a plasmonic core with a high initial 

concentration of electrons, which changes little when extra electrons are added, thus limiting the 

change in LSPR frequency.30-31 Similarly, when we increase the diameter of the NCs while keeping 

the doping percentage almost constant, we observe a decrease in the maximum LSPR shift (Figure 

2a and 3d-f). In larger NCs, added electrons are also accommodated mostly in the depletion layer 

with the electron concentration in the plasmonic core remaining nearly unchanged. Conversely, in 

smaller, lightly doped NCs, the band bending due to depletion extends through much of the NC 

volume, so adding electrons in this region does significantly increase the electron concentration  

Figure 4: Summary of the maximum LSPR shift for Sn:In2O3 NCs with (a) similar average 

diameter but different doping percentage (b) similar doping percentage but different average 

diameter.  

responsible for the LSPR. To summarize, increasing the NC diameter or the Sn doping 

concentration leads to a decrease in the depletion layer volume fraction and corresponding 
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maximum LSPR shift. These trends with size and Sn doping are all in excellent correlation with 

prior observations regarding electrochemical charging made by Zandi et al.30  

These maximum LSPR shift trends are confirmed across all other size and doping series (Figures 

S7-S11). For all NC diameters, the maximum LSPR shift decreases with increasing Sn doping 

concentration (Figure 4a). However, the maximum LSPR shift changes only moderately because 

at the relatively high doping concentrations studied here, the initial electron concentrations are 

already high, so a large change in electron population is needed to significantly shift the LSPR. 

Independent of the Sn doping concentration, increasing the NC diameter similarly leads to a 

decrease in the LSPR shift (Figure 4b). The change with NC diameter is more drastic than with 

dopant concentration because a small change in the NC diameter causes a large change in the 

volume fraction of the depletion region and ultimately the maximum LSPR shift.  

While the overall trends of LSPR modulation obtained through chemical doping and 

electrochemical doping are qualitatively similar, on a quantitative scale, some stark differences 

can be observed. Inter-NC LSPR coupling becomes stronger as electrons are added in thin films, 

counteracting and convoluting the individual NC trends in LSPR shifts and making a clear 

assessment of the importance depletion effects on the LSPR of each NC challenging. Underscoring 

the significance of this complicating factor, the chemically induced LSPR shift of ~13 nm NCs 

studied here is greater than 500 cm-1, in contrast to 226 cm-1 for 11.5 nm and -191 cm-1 for 16 nm  

for electrochemical doping in thin films 10% Sn:In2O3 NCs.19, 30 Therefore, chemical doping has 

allowed us isolate the effects of depletion layer charging on the LSPR modulation by removing 

inter-NC plasmon coupling as a strongly competing factor.  

In fact, electrochemical doping in colloidal dispersions also eliminates inter-NC LSPR coupling 

and can, in principle, reveal the physics governing LSPR modulation in individual NCs. Indeed, 

the LSPR shifts achieved through electrochemical doping of colloidal dispersions of Sn:In2O3 NCs 

are greater than those obtained in thin films of similar NCs.31 However, even in colloidal 

dispersions, there is partial offsetting of the individual NC trends due to the deposition of NCs on 

the electrode surface. In any case, the LSPR shifts obtained through chemical doping are 30-40% 

greater  than those obtained through electrochemical doping of colloidal dispersions of 5 nm 10% 

Sn:In2O3 NCs (435 cm-1).31 The effective applied potential through CoCp*2 exceeds that which 

could be achieved by electrochemical doping without overly destabilizing the dispersion. The 

reduced pH during chemical doping lowers the energy of the bands, facilitating the enhanced 

electron transfer compared to electrochemical doping.37 Thus, while electrochemical doping and 

chemical doping are both capable of charging dispersed NCs, chemical doping is more efficient at 

producing large LSPR shifts, indicating that a high electron concentration is achieved.  

Although the trends in the LSPR shifts imply differences in electron concentration, to assess the 

number of electrons transferred and discover their spatial distribution within the NCs, we need to 

analyze the LSPR spectra quantitatively. Specifically, considering changes in the extinction, peak 

energy, and lineshape during the course of the chemical reduction we can track changes in 

depletion width and electron concentration in the plasmonic core. In previous reports, ‘extra’ 

electrons added by chemical or photochemical reduction have been counted by titrating with an 

oxidizing agent such as [FeCp*
2]

+,17, 32-33, 45 but this does not account for the distribution of those 
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electrons within each NC, nor among the ensemble. Polydispersity in the NC diameter and doping 

percentages, and surface depletion all can significantly affect the LSPR peak energy.38 Calculating 

changes in electron concentration while ignoring depletion, in particular, can lead to an 

underestimation of the electron concentration change due to the assumption that electrons occupy 

the total volume of the NC. Further, there exists the possibility of oxidized electrons being lost to 

the very trap states that form the depletion layer, which could hinder the accuracy of this method.  

Figure 5: (a) Representative fits using HEDA model on LSPR extinction spectra of 8 nm 4.5% 

Sn:In2O3 NCs. Change in the (b) electron density (c) volume fraction of the undepleted core (d) 

number of electrons per NC for different diameters of 4.5% Sn:In2O3 NCs. Symbols are data 

points, solid lines are a guide to the eye and dashed lines are least squares fits to the data points.  

To overcome these limitations, we fit the LSPR spectra of our NCs with a recently developed 

generalization of the Drude model that takes into account heterogeneity in size and doping 

percentage, as well as surface depletion effects in NCs.38 The heterogeneous ensemble Drude 

approximation (HEDA) model takes in fixed input values from experimental data including mean 

NC radius, NC radius standard deviation, and NC volume fraction in dispersion. The model then 

fits the LSPR peak for electronic parameters including the electron concentration (ne), standard 

deviation in the electron concentration (σne), the electron accessible volume fraction (fe) and, the 
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mean free path of the electron (lMFP) (see experimental section for more details on HEDA 

modeling). While employing spectra from an ensemble measurement, the HEDA model yields a 

more microscopic view of electron transfer events happening at a single NC level while 

deconvoluting the effects of heterogeneous peak broadening. Further, this model allows us to track 

depletion layer charging as a function of added reducing agent by fitting for fe throughout the 

titration, a critical aspect in correlating depletion layer volume fraction with LSPR modulation. In 

the development of the HEDA model, results were compared with Mie Scattering theory and 

physical trends with size and dopant concentration were consistent with expectations for the 

depletion effects. Given that the HEDA model also determines standard deviation in electron 

density, it is possible to verify that trends in electron density are not due to wide standard deviation 

or significant changes in electronic heterogeneity. We expect the HEDA model to be a reliable 

method for fitting the LSPR of chemically doped samples because the redox agents should modify 

the electron population in the NCs without substantively changing the fundamental physics 

governing mean free path, or other parameters built into the model. 

All extinction spectra produced in the titration experiments were fit with the HEDA model, 

resulting in uniformly excellent fits (Figure 5a and S12). The electron concentration in the 

plasmonic core (ne) increases progressively as CoCp*2 is added to the NC dispersion (Figure 5b 

and S13), a result of electron transfer from CoCp*2 to the NCs. The associated standard deviation 

in the electron concentration (σne) does not change significantly with increased addition of CoCp*2 

(Figure S14). Concomitantly, there is also an increase in the volume fraction of the undepleted 

core (fe), so added electrons are distributed both in the core (where they increase ne) and in the 

depletion layer (causing the core to expand) (Figure 5c). These results validate our interpretation 

of the increasing LSPR frequency as arising from higher ne in the core and reveal that the 

increasing extinction upon with addition of CoCp*2 is due to the addition of electrons in an 

increasingly large plasmonic core. This is also in general agreement with previous observations on 

electrochemical doping of Sn:In2O3 NCs, however, previous interpretations have been complicated 

by the presence of inter-NC plasmonic coupling, which partially obscured the increasing electron 

density in the plasmonic core.19, 30-31 While the electron density at saturation is comparable for 

different sizes (Figure 5b), the maximum number of electrons per NC scales with NC volume 

(Figure 5d and S15), similar to previous reports.33, 46 While the smallest NC (8 nm) accommodates 

a maximum of ~270 electrons per NC, 21 nm NCs are able to hold as many as 4650 electrons per 

NC. 

In calculating the electron density and electrons per NC from the HEDA fitting results, we identify 

contributions to these values from the as-synthesized NCs and from the reduction process, then 

correlate them to the NC diameter and Sn doping concentration.  For a fixed doping concentration, 

we find a progressive increase in the maximum number of electrons per NC, <Nmax>, with size, at 

the saturation value achieved through chemical reduction with CoCp*2 (Figure 6a and S16). This 

trend parallels the trend for the electrons per NC in as-synthesized NCs <Nsys>, as does the 

maximum electrons supplied through the chemical titration <Ntitr>. As might be expected, a greater 

number of electrons can be accommodated in larger NCs, which have a higher number of dopant 

ions and a higher number of proton intercalating sites. This result, derived here by LSPR peak 

fitting, corroborates similar results previously found by electron counting methods.17 The increase 
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in <Nmax> is approximately in proportion to the NC volume, so the maximum electron density 

<nmax> after chemical reduction with CoCp*2 is independent of the NC diameter and seems to be 

fixed around ~1021 cm-3 for 4.5% Sn doping (Figure 6b). We note that the electron density of as-

synthesized, <nsys>, larger NCs is more than that for smaller NCs, however, less electron density 

is added on chemical reduction, <ntitr>, as compared to small sized NCs. This offset between <nsys> 

and <ntitr> leads to stagnancy in the <nmax>. The constancy of <nmax> at saturation suggests that 

for the same doping percentage, irrespective of the NC diameter, the Fermi level is at the same 

energy with respect to the conduction band minimum of In2O3 at complete chemical reduction. 

These observations are in excellent correlation with those made during both the chemical reduction 

and photodoping of undoped ZnO NCs.33, 47 However, <nmax> in undoped ZnO NCs was found to 

be on the order of 1020 cm-3, which is an order of magnitude smaller than that for doped In2O3 

NCs, where aliovalent doping is expected to increase the electron density.13, 17, 45 Very similar 

trends in electron density are obtained with size series of Sn:In2O3 NCs with different Sn at% 

(Figure S17).  

 Figure 6: Variation of (a) electrons per NC (b) electron density, as a function of nanocrystal 

diameter in 4.5% Sn:In2O3 NCs. Variation of (c) electron per NC (d) electron density, as a function 

of Sn doping concentration in 8 nm NCs.  Symbols are data points; solid lines are a guide to the 

eye and dashed lines are least square fit to the data points. 

Analogous to the results of the size series, for the doping series, volumetric addition of CoCp*2 

leads to an increase in the electron density and simultaneous increase in the volume fraction of the 

plasmonic core (Figure S18). The maximum number of electrons per NC is quite similar for 
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different doping percentages (Figure 6c, S16). Moreover, the electron density of the as-synthesized 

NCs, <nsys>, increases in an approximately linear fashion with Sn doping percentage (Figure 6d, 

S19), indicating a near-constant fraction of activated dopants.28 The electron density introduced 

through the chemical reduction, <ntitr>, is insensitive to the Sn doping concentration (Figure 6d) 

and is ~2.38 x 1020 cm-3 which causes <nmax> to increase with doping in the same way as <nsys>. 

Photodoping studies on a doping series of Sn:In2O3 NCs and other doped metal oxides have 

reported similar observations.17, 32-33, 35 45 Here, we confirm and interpret these trends by analyzing 

the distribution of electrons between the core and depletion layer as chemical doping proceeds. 

For a given doping percentage, larger NCs contain a larger number of electrons (<Nsys>) and a 

higher electron density (<nsys>) after the synthesis, as compared to smaller NCs. Since the doping 

percentage is the same for all NCs in a size series, the width of the depletion layer is close to 

constant but constitutes a different volume fraction for each NC depending upon the diameter of 

the NC. When electrons are added through chemical doping, larger NCs can accommodate a larger 

number of electrons per NC (<Ntitr>) in their relatively large depletion volume. However, the 

electron concentration change in the core (<ntitr>) is lower. Thus, with an increase in the diameter 

of the NC, <Ntitr> increases but (<ntitr>) decreases (Figure 6a,b). Since this trend runs opposite to 

the trend for (<nsys>), the maximum electron density after chemical doping, (<nmax> = <nsys> + 

<ntitr>) is approximately constant with size. Further, since smaller NCs having a smaller <nsys> 

add a correspondingly larger <ntitr>, there is a larger change in total electron density, which leads 

to larger LSPR shift (equation 1) for smaller NCs than larger NCs having the same Sn doping 

percentage.    

For a fixed NC diameter, NCs with a higher doping percentage logically contain a larger number 

of electrons per NC (<Nsys>) and a higher electron density (<nsys>) after the synthesis than NCs 

with smaller doping percentage (Figure 6c,d). Since the width of the depletion region is dependent 

upon the doping percentage, NCs with a higher doping percentage generally have a larger 

plasmonic core than NCs with a smaller doping percentage. Considering that we have employed 

relatively large doping percentages throughout our study (>4.5% Sn), the volume fractions of our 

plasmonic cores are high and do not vary drastically for different doping percentages (Figure 

S18).38 Nonetheless, when electrons are supplied through chemical doping, the size of the 

plasmonic core increases along with a concomitant increase in the core electron density for all NCs 

(Figure S18). Irrespective of the doping percentage, there is an almost constant addition of <ntitr> 

~ 2.38 x 1020 cm-3 to the total electron density for different doping percentages of 8 nm Sn:In2O3 

NCs (Figure 6d). We note that this is not the maximum achievable electron density in the NCs, as 

the volume fraction of the plasmonic core hasn’t reached unity for most samples (Figure 5c and 

S13). If no depletion were present, the maximum electron density in the NC may have been even 

higher than what was observed. Considering that the number of CoCp*2 molecules is much larger 

than the number of NCs present in the solution (Figure S6), the data suggest that there is a 

thermodynamic limit to the maximum electron density that can be transferred from CoCp*2 to the 

NC. Electron transfer between CoCp*2 and the NCs happens due to a difference in the chemical 

potential of both the species. As electrons are added to the NCs, the chemical potential (Fermi 

level) of the electrons increases, thereby decreasing the mismatch in chemical potential. It is 

possible that once a certain electron density has been transferred to NC, the chemical potential of 



 14 

the reducing agent equilibrates with the NC Fermi level and no additional electrons can be 

transferred to the NC conduction band. An increase in the Sn doping percentage increases the 

electron density by lowering down the energy of the conduction band minimum while the Fermi 

level stays at the same chemical potential.45 Since the absolute position of the Fermi level is not 

affected by the doping percentage, this thermodynamic limit is independent of the Sn doping 

percentage.17,45 This limit is also evident from the observation that when the chemical potential of 

the electrons is raised by employing larger NCs having the same doping percentage, the maximum 

electron density that can be transferred to the NCs decreased further to 1.4 x 1020 cm-3 for 21 nm 

(Figure S19). Previous reports also suggests that when a reducing agent with lower chemical 

potential was employed, a smaller electron density is transferred from the reducing agent to the 

NCs.33, 35 Nonetheless, although the same ~ 2.38 x 1020 cm-3 electron density is added to all NCs 

in a doping series of 8 nm Sn:In2O3 NCs, there is a larger relative change in the electron density 

of NCs with lower as-synthesized doping concentrations than high as-synthesized doping 

concentration. This increase in electron density leads to the increased LSPR frequency modulation 

capable at lower doping percentages (see equation 1). Once the maximum electron density <nmax> 

is reached and no more electron density can be transferred to the Fermi level of NCs, the electron 

density is likely being transferred to other chemical species such as surface ligands which leads to 

a loss of colloidal stability of NCs.  

In conclusion, chemical doping allows a clear elucidation of the effects of surface depletion on the 

dynamic optical properties of doped metal oxide NCs, without convoluting effects of LSPR 

coupling. Volumetric additions of the reducing agent CoCp*2 to colloidal dispersions of Sn:In2O3 

NCs  systematically shift the LSPR energy and increase the extinction. The maximum shift in the 

LSPR was found to depend on NC diameter and Sn doping concentration, qualitatively consistent 

with reports on electrochemical charging,19, 30 but quantitatively the maximum shift was 

significantly larger for chemical doping. By fitting the LSPR extinction data with a recently 

developed Drude model that accounts for heterogeneity in doping and NC diameter and the effects 

of surface depletion,38 we extracted the electron densities and undepleted core volume fractions 

during the chemical titration and found that the increase in LSPR energy was accompanied by a 

simultaneous increase in both quantities. We established that the maximum electron density 

achievable through chemical titration is independent of the NC diameter and depends only on the 

doping percentage, thus generalizing the conclusions of previous reports on photodoping of a 

single size of Sn:In2O3 NCs that were analyzed by electron counting titrations.  Larger (smaller) 

NCs have a higher (lower) as-synthesized electron density, so they can accommodate less (more) 

additional electron density through chemical doping leading to an almost size-independent 

maximum electron density. We propose that an equilibration of the chemical potential of NCs with 

the reducing agents restricts the additional transfer of electrons beyond a dopant concentration-

dependent maximum electron concentration. These results provide a systematic understanding of 

post-synthetic modulation of LSPR as it occurs in individual doped metal oxide NCs and lays an 

important foundation for interpreting modulation in thin films, like those investigated for smart 

window applications.7 Similar investigations using chemical titrations to interrogate other doped 

metal oxide NC compositions will shed light on the relevance of surface depletion in understanding 

properties across this emerging class of plasmonic nanocrystals, with implications for their 

potential applications in catalysis, sensing, therapeutics, and more.5, 10, 26, 29, 48   
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Experimental Section: 

Chemicals: For the synthesis and characterization of Sn-doped In2O3 (Sn:In2O3) nanocrystals 

(NCs), all chemicals were acquired commercially and employed without further purification prior 

to their use. Indium(III) acetate (STREM, ≥99.99%), tin(IV) acetate (Sigma-Aldrich 99.99%), 

oleyl alcohol (Sigma-Aldrich, 85%) and oleic acid (Sigma-Aldrich, 90%) were used for the 

synthesis of different Sn-doped In2O3 NCs. Oleylamine (Sigma-Aldrich, 70%), ethanol (Fischer 

Chemical, 90%), hexane (Fischer Chemical ≥99.9%), tetrahydrofuran (Sigma-Aldrich, ≥99.9%) 

and toluene (Sigma-Aldrich, 99.8%) were utilized for washing the resulting nanocrystals and 

characterizing them through different techniques. For chemical reduction of Sn:In2O3 NCs with 

decamethylcaboltocene, Sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate and 

Bis(pentamethylcyclopentadienyl)cobalt(II) were acquired from Sigma-Aldrich and dried prior to 

their use.  

Nanocrystal Synthesis:  

Sn-doped In2O3 NCs of different sizes and doping percentages were synthesized following the 

slow-injection synthetic procedure developed by the Hutchison group.39-40 In brief, on a standard 

Schlenk line apparatus, In and Sn precursor in a desired stoichiometric ratio were dispersed in oleic 

acid to yield a 0.5 M solution and this mixture was degassed at 100  ̊C under vacuum conditions. 

This was followed by an undisturbed heating at 150  ̊C and constant stirring under N2 atmosphere 

for 2 hours. Using a syringe pump, different volumes of this mixture were subsequently injected 

at the rate of 0.35 mL/min into different flasks containing 13 mL oleyl alcohol kept at 290 ◦C 

(under N2 conditions). Injection of different volumes yielded NCs with a constant doping 

percentage but different sizes. Synthesized NCs were separated from the reaction mixture by 

repeated precipitation with anti-solvent ethanol, centrifugation at 9000 rpm for 5 min, and re-

dispersing in hexane before finally being prepared as a colloidal dispersion of NCs in hexane. 
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During each cycle of centrifugation, extra oleic acid and oleylamine were added as ligands to 

stabilize the NC dispersion.  

Nanocrystal Characterization: 

Scanning transmission electron microscopy (STEM): The average NC diameter, polydispersity 

and morphology of the Sn:In2O3 NCs were examined through low-resolution STEM microscopy 

on a Hitachi S5500 operating at an accelerating voltage of 30 mV in the STEM mode. Sample 

were prepared by drop-casting a 20 μL dilute solution of NCs in hexane (~15 mg/mL of NCs in 1 

mL hexane) on a copper 300 mesh TEM grid and drying it in vacuum overnight. The average NC 

diameter and standard deviation in sizes of different NCs were determined by analyzing 200-300 

particles from their respective STEM images using ImageJ software and fitting the statistics to a 

Gaussian size distribution.  

Inductively coupled plasma-atomic emission spectroscopy (ICP-AES): Sn doping percentages 

in In2O3 and volume fraction of NCs in solution was experimentally determined by utilizing ICP-

AES technique on a Varian 720-ES ICP Optical Emission Spectrometer. Samples for the ICP-AES 

were processed by digesting a known volume of the stock solution of NC in aqua-regia mixture 

for 48 hours. This was followed by diluting the aqua-regia solution with milli-Q water such that 

the total acid concentration becomes approximately 2% v/v.  Standard solutions of variable 

concentration for different elements were prepared by diluting the commercial ICP-AES standard 

with 2% HNO3 solution in milli-Q water. The Sn doping percentage was calculated by taking a 

mole fraction of Sn concentration with respect to the total metal concentration (In + Sn) obtained 

in the ICP-AES. The volume fraction of Sn:In2O3 NCs was calculated from the concentration of 

In and Sn in the analyte using an assumed stoichiometry of (In+Sn)2O3 and density of 7140 mg/mL. 

Chemical reduction of Sn:In2O3 NCs with decamethylcobaltocene (CoCp*2):  

For the chemical reduction of Sn:In2O3  NCs, 0.02 M CoCp*2 solution in tetrahydrofuran 

(THF):toluene (1:1) mixture and 0.02 M [H(OEt2)]
+ [BArF

4]
- acid solution in THF was first 

prepared following literature reports. Afterwards, NCs from their hexane solution were first 

precipitated with ethanol and a stock solution of NCs in anhydrous THF:toluene (1:1) mixture was 

prepared. To perform the titrations, 50 µL of 0.02 M [H(OEt2)]
+ [BArF

4]
- solution was added to 

200 uL of NC stock solution in a quartz cuvette with 1 mm pathlength. Subsequently, 5 uL aliquots 

of 0.02 M CoCp*2 solution were added to this mixture and shaken. During each addition to the 

quartz cuvette, in situ spectroscopy measurements were performed in absorbance mode with a 

fiber-coupled ASD Inc. PANalytical spectrometer. To establish equilibrium, each measurement 

was carried out 1.5 minutes after the addition of an aliquot. For each sample, titrations were 

repeated three times for the same volume of the stock solution to check reproducibility in data. 

Chemical oxidation of Sn:In2O3 NCs with 2,4,6-tri-tert-butylphenoxy radical (t-Bu3ArO•): 

t-Bu3ArO• solution was prepared from the parent phenol, 2,4,6-tri-tert-butylphenol, by following 

earlier literature reports.49 The chemical oxidation of Sn:In2O3 NCs was carried out by first 

reducing the NCs to the LSPR saturation point using 0.02 M CoCp*2 and thereafter, subsequent 

additions of 5 µL aliquots of 0.02 M t-Bu3ArO•  solution in toluene were made until the LSPR peak 

position corresponded to the LSPR energy of the as-synthesized NCs. 

Heterogeneous Ensemble Drude Approximation (HEDA) Model: 



 17 

A detailed discussion of this analytical model and a copy of the MATLAB script that runs the 

fitting procedure can be found in reference 38. To summarize, the HEDA model uses four input 

values obtained from experimental data, volume fraction of NCs in the dispersion 𝑓𝑣, the average 

diameter 𝜇𝑟, and the standard deviation in diameter 𝜎𝑟, along with an experimental extinction 

spectrum of a dilute solution of NCs. From this, the HEDA model fits for four optoelectronic 

variables, the average electron concentration 𝑛𝑒, the standard deviation in a normal distribution of 

charge electron concentrations 𝜎𝑛𝑒
, the mean free path of a charge electron 𝑙𝑀𝐹𝑃, and the electron 

accessible volume fraction 𝑓𝑒. The model accounts for heterogeneity, unlike the simple Drude 

approximation, by considering distributions in the size and electron concentration. Additionally, 

the depletion layer and surface scattering are considered in the optical response to improve upon 

the Drude approximation. A successful fitting procedure enables the determination of the 

properties of an average NC in an ensemble, unclouded by the effects of heterogeneity.  

In our fitting procedure, it was necessary to place physically realistic bounds on the fit parameters, 

𝑙𝑀𝐹𝑃 and 𝜎𝑛𝑒
. An upper bound of 17 nm was placed on 𝑙𝑀𝐹𝑃 because as the NC radius is decreased 

to become much smaller than the mean free path, surface scattering becomes the dominant 

damping mechanism and bulk damping becomes negligible. The fit becomes insensitive to the 

value of  𝑙𝑀𝐹𝑃, which tends to increase indefinitely if not constrained; constraining 𝑙𝑀𝐹𝑃 to a 

maximum 17 nm circumvents this issue. The lower bound placed on the 𝜎𝑛𝑒
 parameter is attributed 

to the minimum standard deviation in the number of dopant atoms incorporated into a single NC. 

This value is approximated by Poissonian statistics to follow the relationship: 𝜎𝑁𝑑
≈ √𝜇𝑁𝑑

. After 

quantifying the dopant concentration in each sample by ICP-AES, we set the lower boundary of 

𝜎𝑁𝑑
  to √𝜇𝑁𝑑
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Figure S1: STEM images for different diameters of 6% Sn:In2O3 NCs. All scale bars correspond 

to 100 nm. 

Figure S2: STEM images for different diameters of 10% Sn:In2O3 NCs. All scale bars correspond 

to 100 nm. 

Figure S3: STEM images for different diameters of 13% Sn:In2O3 NCs. All scale bars correspond 

to 100 nm. 
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Figure S4: Normalized extinction spectra for (a) 6% Sn:In2O3 NCs (b) 10% Sn:In2O3 NCs (c) 

13% Sn:In2O3 NCs with different diameters; (d) different Sn:In2O3 NCs with 13 nm as average 

diameter (e) different Sn:In2O3 NCs with 21 nm as average diameter. 

 

Figure S5: Normalized extinction spectra of Sn:In2O3 NCs before and after addition of [H(OEt2)]
+ 

[BArF
4]

- acid. 
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Figure S6: Establishing independence of maximum LSPR shift from the NC concentration by 

performing chemical reduction on dispersions of 15 nm 10% Sn:In2O3 NCs with different 

concentrations. 

 

Figure S7: Effect of the addition of chemical reductant CoCp*2 on the LSPR extinction spectra of 

6% Sn:In2O3 NCs with different NC diameters. 
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Figure S8: Effect of the addition of chemical reductant CoCp*2 on the LSPR extinction spectra of 

10% Sn:In2O3 NCs with different NC diameters. 

 

Figure S9: Effect of the addition of chemical reductant CoCp*2 on the LSPR extinction spectra of 

13% Sn:In2O3 NCs with different NC diameters. 
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Figure S10: Effect of the addition of chemical reductant CoCp*2 on the LSPR extinction spectra 

of 13 nm Sn:In2O3 NCs with different doping percentages. 
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Figure S11: Effect of the addition of chemical reductant CoCp*2 on the LSPR extinction spectra 

of 21 nm Sn:In2O3 NCs with different doping percentages.  
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Figure S12: HEDA fits (dashed red) to the experimental LSPR spectra (blue) of Sn:In2O3 NCs 

belonging to different size and doping series as they evolve during the chemical titration 

experiment.  
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Figure S13: Evolution of electron density of the plasmonic core during the chemical reduction 

experiment with CoCp*2 for (a-c) constant doping percentages with different NC diameter (d-e) 

constant NC diameter but different doping percentages. Symbols are data points and solid lines 

are a guide to the eye. 

 

Figure S14: Standard deviation of electron density as obtained by fitting the LSPR with the 

HEDA model for a 13 nm, 4.5% Sn:In2O3 sample. 
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Figure S15: Change in electrons per NC for Sn:In2O3 NCs with (a-c) constant doping percentages 

with different NC diameter (d-f) constant NC diameter but different doping percentages as NCs 

are titrated against 5 µL aliquots of 0.02 M CoCp*2. Symbols are data points and solid lines are a 

guide to the eye. 
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Figure S16: Change in maximum number of electrons per NC for Sn:In2O3 NCs with (a-c) the 

same doping percentages and different NC diameter (d, e) the same NC diameter but different 

doping percentages after completion of the chemical reduction experiment. Symbols are data 

points and solid lines are a guide to the eye. 

 

Figure S17: Change in maximum electron density for differently sized Sn:In2O3 NCs with (a) 6% 

Sn doping (b) 10% Sn doping (c) 13% Sn doping. Symbols are data points and dashed lines are a 

least-square linear fits to the data points.  
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Figure S18: Evolution of (a) electron density (b) volume of the undepleted core during the 

chemical reduction experiment with CoCp*2 for 8 nm Sn:In2O3 NCs having different doping 

percentages. Symbols are data points and solid lines are a guide to the eye. 

 

Figure S19: Change in maximum electron density as a function of doping percentage of Sn:In2O3 

NCs with (a) 13 nm diameter (b) 21 nm diameter. Symbols are data points and dashed lines are a 

least-square linear fits to the data points.  

 

 

 


