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Zinc oxide (ZnO) is of great interest for advanced energy devices because of its low cost, wide 

direct band gap, non-toxicity, and facile electrochemistry. In zinc (Zn) alkaline batteries, ZnO 

plays a critical role in electrode passivation, a process that hinders commercialization and remains 

poorly understood. Here, we disclose novel observations of an electroactive type of ZnO formed 

in Zn-metal alkaline electrodes. We measure the electrical conductivity of battery-formed ZnO to 

vary by factors of up to 104, which provides a first-principles-based understanding of Zn 

passivation in industrial alkaline batteries. Simultaneous with this conductivity change, protons 

are inserted into the crystal structure and electrons are inserted into the conduction band in 

quantities up to ~1020 cm-3 and ~1 mAh/gZnO. Electron insertion causes blue electrochromic 

coloration with efficiencies and rates competitive with leading electrochromic materials. The 

electroactivity of ZnO is evidently enabled by rapid crystal growth, which forms defects that 
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complex with inserted cations, charge-balanced by the increase of conduction band electrons. This 

property distinguishes electroactive ZnO from inactive classical ZnO. We apply knowledge of this 

phenomenon to improve cycling performance of industrial-design electrodes at 50% zinc 

utilization and propose other uses for ZnO such as electrochromic devices.

1. Introduction

Zinc oxide (ZnO) is of significant interest to next-generation energy systems and is studied 

extensively for many technologies such as (i) rechargeable zinc alkaline batteries,[1,2,3,4] (ii) 

transparent front-contacts on thin-film solar cells and electrochromic windows,[5,6] (iii) 

semiconductor lighting and switching,[7,8] and (iv) catalysts for solar energy conversion and water 

splitting. [9,10]  Despite this widespread interest, commercialization of devices based on ZnO has 

been limited due to difficulty controlling its electronic properties in part due to an incomplete 

understanding or control of the effects of doping and native defects. [7] A better understanding of 

the origins of these properties must be developed to promote the commercialization of ZnO-based 

devices. 

These considerations are particularly important for ZnO in rechargeable zinc (Zn) metal alkaline 

batteries, abbreviated “Zn alkaline batteries”, which are attractive for electric grid integration of 

renewable energy sources because of the low cost, inherent safety, environmental friendliness, and 

high energy density of Zn. However, rechargeable Zn alkaline batteries have not yet been widely 

commercialized due to poor cycle life of zinc anodes at high utilization. Failure analyses show 

ZnO passivation of Zn metal to be a leading failure mechanism. [1,2,3,11] The exact passivation 

mechanism of Zn metal by ZnO has stood uncontrolled and unexplained for decades since the first 

reports of so-called “type I” and “type II” ZnO. [12,13,14,15,16] Recent studies have attempted 

empirical solutions to the passivation problem by use of Zn sponge architecture,[17] water-in-salt 

electrolyte,[18] or conductive carbon frameworks,[19] but these improvements often require 

significant extra costs and increased battery volume, negating key benefits of Zn battery chemistry. 

The properties, behavior, and effects of the different types of ZnO formed in alkaline batteries are 

clearly complex, and they must be better understood to improve Zn battery performance.

ZnO used in Zn batteries is historically generated via the indirect (French) process in which Zn 

metal is vaporized and exposed to oxygen at high temperature (>1000°C) to form wurtzite ZnO. 

This “classical ZnO” is well-known to have stoichiometric composition, no electrochromic 
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activity, no electrochemical intercalation capacity, high transparency to infrared and red 

wavelengths,[20] and resistivity of ~102 Ω-cm for single-crystals[21] or >108 Ω-cm for powders.[22] 

Recent publications[9,23] show new behavior from ZnO nanocrystals (1 to 10 nm) in organic-

solvent dispersions, wherein the nanocrystalline ZnO accommodates coupled insertion of electrons 

and cations My+ from the electrolyte

(1) 𝑥𝑀𝑦+ + 𝑥𝑦𝑒― + 𝑍𝑛𝑂𝑐𝑜𝑙𝑜𝑟𝑙𝑒𝑠𝑠↔𝑀𝑥𝑍𝑛𝑂𝑏𝑙𝑢𝑒
causing an increase in ZnO conduction band electrons. This electrochemical reaction is very 

similar to reactions that occur in well-studied metal oxide “bronzes” such as WO3 and MoO3, 

where simultaneous cation and electron insertion causes great changes to the color and 

conductivity of the materials. [24] A great amount of research was accomplished by these 

researchers on nanocrystalline “electroactive” ZnO, but no characterization or explanation is yet 

published for why this ZnO is electroactive, but classical ZnO is not. Generation of atomic-scale 

understanding of crystal structure and reaction mechanisms enabling this novel electrochemical 

activity would be a valuable step toward future research and development.

Here, we discover that the ZnO that forms in Zn alkaline batteries, which is not nanocrystalline 

(>100 nm), is this same electroactive ZnO reported in recent literature, and that this electroactive 

ZnO is the key material governing passivation of industrial Zn alkaline battery anodes through 

variation of its electrical conductivity by factors up to ~104. Knowledge of this variable 

conductivity leads to innovations that improve the performance of industrial-design Zn batteries. 

Deep materials characterizations, including quantitative solid-state 1H magic-angle-spinning 

(MAS) nuclear magnetic resonance (NMR) spectroscopy and operando confocal Raman 

spectroscopy, reveal that the crystal growth rate in alkaline electrolyte governs the formation of 

key defects, which enable electrochemical intercalation of cations from the aqueous electrolyte. In 

aggregate, this report explains the physical mechanism for the recently discovered ZnO 

electroactivity and demonstrates how this knowledge can be applied to improve Zn battery 

performance. We hope these results promote further research on ZnO in batteries and other devices 

for the development of next-generation energy systems.

2. Results and Discussion

2.1 Electroactive ZnO formation and Zn passivation in alkaline electrolyte
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The prevailing perspective in the alkaline battery community is that battery-formed ZnO is 

electrochemically inactive and has electrical conductivities similar to classical ZnO, introduced 

above.[25,26] However, here we report large and controllable variations of the electronic properties 

of a special type of battery-formed wurtzite ZnO that we name “electroactive” ZnO. A simple 

demonstration of this electroactivity can be observed by discharging standard industrial-design 

paste-zinc alkaline electrodes[1,2,3,4] in tight industrial battery boxes with 5.5 M aqueous potassium 

hydroxide (KOH), at either a fast rate (25 mA g-1) or a slow rate (5 mA g-1) until 50% of the Zn 

metal is oxidized. The 25 mA/g discharge, which is a typical rate for battery operation, generates 

a deep-blue ZnO layer that changes color from blue to white as electrode potential is increased 

(Figure 1a). We show later in this section that this electroactive ZnO hosts electrochemical 

reactions, and we show in section 2.2 that electroactive ZnO has higher conductivity in the blue 

state and lower conductivity in the white state. In contrast, the 5 mA/g discharge experiment 

produces ZnO that is much less reactive electrochemically and is more white in appearance, 

altogether closer in character to classical ZnO. This dependence of material properties on discharge 

rate suggests crystal growth rate is the synthesis parameter that differentiates the classical from 

electroactive ZnO forms, discussed further in section 2.5. The prior publications on nanocrystalline 

electroactive ZnO likely also held rapid growth rate due to their synthesis method of adding a 

hydroxide salt, tetramethylammonium hydroxide, to zinc acetate then precipitation of electroactive 

ZnO in nonaqueous electrolyte via addition of ethyl acetate. [9,10]
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Figure 1. (a) Microscopy of industrial-design Zn paste electrodes after 5 mA/g or 25 mA/g discharge to 50% of 

theoretical capacity: (top) before discharge, (middle row) discharged and held near 0.0 V, (bottom row) discharged 

and held near 1.0 V. (b) ZnO formed in a 30 Ah commercial battery after typical cycling. (c) A schematic of electron 

transport in a Zn anode with conductive ZnO, and (d) with non-conductive ZnO. (e,f) Cycling performance of two Zn 

anodes, one controlled to always hold electroactive ZnO in its conductive state (cell A), the other uncontrolled 

allowing electroactive ZnO to become non-conductive (cell B).

The electroactive form of ZnO is likely to be widespread in commercial Zn alkaline batteries, as 

exemplified by the factory-made (Urban Electric Power Inc) 30 Ah Zn-manganese dioxide (MnO2) 

alkaline battery shown in Figure 1b before and after ~100 cycles, where the blue ZnO growth 

covers all electrodes during cycling. Typical industrial-design paste-zinc electrodes consist of 
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packed particles (Figure 1a). The material properties of ZnO formed in these paste-zinc electrodes 

are important because electrical current must travel from particle to particle through this ZnO 

material to arrive at the current collector (Figure 1c and 1d), thus it is imperative the ZnO 

conductivity be high enough to carry electrical current. Figure 1e shows the benefit to performance 

of two industrial-design Zn anodes attempting 50% cycling of the Zn theoretical capacity, very 

high for typical operation, wherein cell A keeps the ZnO always in the conductive state (blue 

triangles) and cell B allows the ZnO state to change freely in an uncontrolled manner (grey 

squares). All known industry or literature cells operate like cell B. Conductive-state ZnO achieves 

the target 50% Zn utilization and maintains cycling much better than cell B (experimental details 

available in Materials and Methods). Figure 1f shows the resulting current and anode overvoltage 

of these two cells during a discharge procedure, where the overvoltage was used as the control 

variable to keep the ZnO in the blue-conductive state. The sharp drop of current seen in the grey 

curves of Figure 1f is classic passivation, whereas the tapered current seen in the blue curves is 

not.

The remarkable performance improvement of Figure 1e arises from control of the ZnO electronic 

properties and warrants a controlled and focused study on the ZnO itself. Repeatable and controlled 

formation of electroactive ZnO can be accomplished in aqueous KOH electrolyte by maintaining 

20 mA/cm2 discharge at the cut edge of Zn foil embedded in a pore channel (Figure 2a and Video 

S1), or by holding the cut Zn foil at 0.2 V for ~1 hr (Figure S5). This same procedure in aqueous 

NaOH or CsOH solutions also produces electroactive ZnO (Figure S24), but aqueous LiOH 

produces only the inert classical ZnO (Figure S23), which is explained in section 2.5. Discharge 

of Zn proceeds via the following reaction in which surface layers of zinc dissolve

(2) 𝑍𝑛 + 4𝑂𝐻―↔ 2𝑒― + 𝑍𝑛(𝑂𝐻)2―
4

and can then form a layer of ZnO (Figure 2a(iii)) by precipitation of zincate Zn(OH)4
2- ions

(3) 𝑍𝑛(𝑂𝐻)2―
4 ↔ 𝑍𝑛𝑂 + 𝐻2𝑂 + 2𝑂𝐻―

or possibly by direct solid-state discharge of the Zn metal.[11,12]

(4) 𝑍𝑛 + 2𝑂𝐻―↔ 2𝑒― + 𝑍𝑛𝑂 + 𝐻2𝑂
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Figure 2. Electrochemical characterization and operando optical microscopy of Zn foil electrode in KOH electrolyte. 

(a) Optical microscopy during galvanostatic discharge (20 mA/cm2) of Zn foil. (b) Cyclic voltammetry (1 mV/s) on 

bare Zn foil and on ZnO on Zn foil with visible light photographs for bare Zn foil (i, ii) and ZnO on Zn foil (iii, iv) at 

0.05 V and 1 V, respectively. (c) Electroactive ZnO capacity measurements. (d) Cyclability assessment: 

chronopotentiometry of electroactive ZnO on Zn foil for selected cycles 100, 15,000, and 35,000. (e) Optical 

microscopy of ZnO on Zn foil at (i) 0.05 V, cycle 100, (ii) 0.05 V, cycle 15,000, (iii) 0.05 V, cycle 35,000, (iv) 1.0 V, 

cycle 100, (v) 1.0 V, cycle 15,000, and (vi) 1.0 V, cycle 35,000. Scale bar: 0.5 mm.
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Growth of the ZnO layer does not begin simultaneously with Zn discharge, but shows a delay, 

likely because the electrolyte needs to become supersaturated with zincate before ZnO deposition 

proceeds, suggesting reaction (3) dominates over (4). After the blue-state electroactive ZnO layer 

grows very thick (300 to 500 μm), it shows “passive” behavior, meaning negligable current in 

response to steady overvoltage (Figure S4) [27,28], and yet if the voltage is rapidly switched between 

~0.05 V and >0.6 V it changes color between blue and white (Figure 2b) with simultaneous passage 

of current (appx. 1 e- per 300 ZnO units, 1.36 x 1020 e- per cm3 of ZnO, 1 mAh per gZnO) that is 

quantified in Figure 2c (raw data in S.I. Section 4). This electrochemical color change, which is 

classic electrochromism,[6,29] is highly reversible, and over 30,000 cycles are easily demonstrated 

(Figure 2d and 2e and Video S2 and S5). This system produces only one other type of material, 

which is a thinner layer of “amber” wurtzite ZnO created after the electroactive ZnO layer is held 

at >0.2 V for several hours (Video S3), discussed further in Section 2.5.

2.2 Conductivity variations of electroactive ZnO in alkaline environments

We directly measured the electroactive ZnO conductivity with operando electrical impedance 

spectroscopy measurements (Figure 3a, S.I. Section 9). As discussed in the introduction, classical 

ZnO has a single-crystal resistivity near 102 Ω-cm[21] and conduction band electron concentration 

ne near 1015 cm-3. In powder samples, classical ZnO resistivity can exceed 108 Ω-cm. [22] However, 

here we show electroactive ZnO resistivity is subject to large but controllable variations as a 

function of potential. We performed operando impedance spectroscopy measurements on the 

electroactive ZnO while it was held at various voltages (Figure 3a, S.I. Section 9). The 

electroactive ZnO voltage is controllable because it is connected to the zinc foil electrode. When 

this electroactive ZnO material is held at ~0.02 V, its resistivity is ~1 Ω-cm, but when it is held at 

higher voltage, its resistivity increases by factors up to 104 (Figure 3b). 
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Figure 3. Operando impedance spectroscopy and galvanostatic discharge of a Zn-alkaline battery with operando 

optical microscopy. (a) Complex plane plot of impedance data (150 kHz to 1 Hz) with model fits in red dashed lines 

(inset: model), (b) ZnO resistivity from model vs electrode potential, (c) visible light photographs taken in operando 

of Zn, cellophane separator (sep.), and MnO2, scale bar 0.25 mm, at (i) start of discharge, (ii) just before formation of 

ZnO, (iii) after formation of blue ZnO, and (iv) during passivation of Zn electrode, (d) Zn paste electrode potential vs. 

Zn reference with associated current to MnO2, and (e) relative RGB color values (red, green, and blue curves) from in 

operando imaging of Zn electrode and relative ZnO resistivity (black curve) vs. Zn equilibrium, estimated by linear 

interpolation of impedance data.

The resistivity of electroactive ZnO is clearly of great importance to the performance of 

rechargeable Zn battery electrodes via its role in passivation. To demonstrate the importance of 

electroactive ZnO for passivation, we repeated the 25 mA/g discharge experiment of Figure 1a but 

allowed it to continue past 50% of theoretical capacity, until the electrode passivated (Video S4 
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and Figure 3c), with simultaneous measurement of overpotential and current (Figure 3d). A video 

of this passivation process shows the electroactive ZnO to physically encapsulate (Figure 3c(iii)) 

the Zn metal particles in core-shell geometries. Passivation is evident in these data when the 

overvoltage rapidly rises higher in response to increased resistance to passage of current (Figure 

3d). Simultaneous to this rapid rise in voltage, the color of the ZnO changes from blue to white 

(Figure 3e and 3c(iv)) for reasons discussed in section 2.3. The correlation between voltage and 

ZnO resistivity is reliable and repeatable (Figure 3b), thus we use the electrode voltage as a proxy 

measurement of the ZnO resistivity during this 25 mA/g discharge process (Figure 3e).

An order-of-magnitude model provides rough verification that ZnO ohmic resistivity causes 

electrode passivation. The Zn-paste electrode is ~800 μm thick and is comprised initially of ~50 

μm Zn particles. At the time of passivation, the Zn particles had discharged 60% of their theoretical 

capacity and thus were covered with a layer of ZnO. The current density was forced along a 

pathway through these layers as drawn in Figure 1d. Based on the 60% discharge, the layers of 

electroactive ZnO between the Zn particles were ~20 μm thick at the time of passivation. Thus, to 

maintain discharge, electrical current (~5 mA/cm2 superficially) is estimated to travel through 

~300 μm worth of “in-series” ZnO layers to arrive at the current collector, as drawn in the 

schematic of Figure 1d. Ohm’s Law can thus be used to estimate a <1 mV drop along this path for 

blue-state electroactive ZnO and a ~500 mV drop for white-state electroactive ZnO. Overvoltages 

above ~200 mV lead toward passivation, suggesting a clear first-principles physical mechanism 

for passivation of Zn in alkaline batteries by electroactive ZnO. This blue-white change of color 

finally explains the “type I and type II” ZnO discussed in passivation literature.[3,12,30] Type I and 

II ZnO have been observed by their white and blue color, respectively, but neither have been 

explained or characterized in battery literature[31]. The very high conductivity of blue-state ZnO 

also explains the ability of single-discharge Zn alkaline batteries, for example a standard "D cell", 

to deep discharge from a ~15 mm thick cylindrical Zn-paste anode. Additional passivation may 

occur at the site of the electrochemical reaction due to reactant mass transfer limitations, but this 

seems to be of secondary importance after considering that the layers of electroactive ZnO 

exemplified in Figure 2a can grow up to 500 μm thick at 25 mA/cm2 discharge before passivation 

is induced.

2.3  Optical absorption, band gap, and conduction band carrier concentration 
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To uncover the electronic mechanisms for the variable coloration and conductivity, operando 

UV-vis spectroscopy data were collected from electroactive ZnO grown as described in section 

2.1 but in a UV-vis cuvette (Figure 4, Video S5). A specular reflection geometry was used (Figure 

4b), with wavelengths from 300 to 850 nm, to collect a full UV-vis absorption spectrum at eleven 

voltages ranging from 0.01 to 1.0 V. Because the ZnO layer is a bonded powder (Figure S27 and 

S28), a Kubelka-Munk (K-M) diffuse reflectance analysis[32] was performed to quantify the ZnO 

optical absorption coefficient α as a function of potential (details and K-M calculations of α are 

given in S.I., Section 6). The absorption coefficient data α are then analyzed with a Tauc plot to 

calculate the ZnO band gap Eg as a function of potential. The changes to Eg are then used to 

calculate conduction band electron concentration, ne, via the Burstein-Moss model in which 

inserted electrons raise the Fermi level in the conduction band and increase the energy required to 

promote an electron from the valence band to free states.

Classical ZnO has a small visible absorption coefficient, 𝛼, near 1 cm-1 but high reflectance near 

10% in the visible range,[20] resulting in its white color. In contrast, we measure the visible 

absorption coefficient of “blue-state” electroactive ZnO to be higher than classical ZnO by a factor 

of 102 in blue wavelengths and by 104 in red wavelengths (Figure 4c). This disparity in absorption 

between red and blue wavelengths causes the blue coloration of the material. When it is held at 

voltages >0.6 V its absorption coefficient is more equal to that of classical ZnO, rendering its 

coloration white. This change of optical absorption is due to the increase of conduction band 

electrons caused by the electrochemical reaction measured in Figure 2b and 2c, further analyzed 

in Figure 4g as discussed below. 
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Figure 4. Operando UV-vis spectroscopy. (a) Visible light photographs of ZnO at different potentials; (b) schematic 

of UV-vis setup; (c) electroactive ZnO absorption coefficient vs. absorbed light wavelength at different potentials with 

power law fits, red dashed lines; (d) Tauc plot for band gap calculation; (e) schematic of increased carrier concentration 

and absorption at low potential; (f) ZnO resistivity vs. carrier concentration with power law fit in red dashed line; (g) 

table of calculations (row 1) carrier concentration calculated via Burstein-Moss effect, (row 2) carrier concentration 
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calculated from electrochemical data in Figure 2c, (row 3) band gap calculated from data in (d), and (row 4) power 

law exponents from (c). Running average over 15 points (5 nm) used to reduce noise for Figure 4c and Figure 4d.

The Tauc plot analysis of the absorption data reveals changes in the bandgap of electroactive 

ZnO as a function of potential (Figure 4d), and ultimately allows calculation of conduction band 

electron concentration ne. When electroactive ZnO is held near 1.0 V, we measure a band gap of 

~3.38 eV (Figure 4d), close to the literature consensus of 3.37 eV. [7] Decreasing its potential to 

0.02 V results in a band gap increase to 3.65 eV. Assuming this shift of bandgap is due to raising 

of the Fermi level (Figure 4e) due to the Burstein-Moss effect,[33] consistent with prior work,[9] ne 

can be calculated [34] as 

(1) ∆𝐸𝐺 =
ℎ2

8𝜋
(3𝜋2𝑛𝑒)3/2

𝑚∗

Non-parabolicity of the band gap is accounted for with m* [35] according to 

(2) 𝑚∗ = 𝑚∗
0[1 + 2𝑎(∆𝐸𝐺)]

where ∆EG, h, ne, m0
*, and a are the band gap shift, Planck’s constant, ZnO effective electron mass, 

and non-parabolicity parameter, respectively. The parameter, a, was taken as 0.29 eV-1, per the 

literature. [36] The resulting values of are in good agreement with the electrochemical measurements 

of coulombs passed through the electrode during this process (Figure 4g). Combining these data 

with those from section 2.2, a connection emerges between resistivity RZnO and conduction band 

electron concentration RZnO is proportional to ne
-1.5 (Figure 4f). Although the ne

-1.5 trend deviates 

from theoretical predictions of RZnO proportional to ne
-1 for ionized-impurity scattering,[39,37] it 

agrees with empirical measurements from magnetron sputtered ZnO under zinc-rich conditions. 

[38] 

For the electroactive ZnO in its blue state, a power law correlation exists between the optical 

absorption coefficient α and wavelength λ, wherein α varies as λb (Figure 3c). This power law 

dependence is consistent with a free carrier absorption mechanism for coloration[39,40,41] facilitated 

by either a phonon-assisted or a charged-impurity-assisted mechanism. Theory[39,40] predicts b = 

3 for phonon-assisted absorption and b = 5 for charged-impurity-assisted absorption. Our 

measured value of b ≈ 5.75 (Figure 3g, S8, S9) when the ZnO is visibly blue (0.4 V and below) is 

close to the theoretically predicted one for charged-impurity-assisted free carrier absorption. 

Another correlation exists between the optical absorption coefficient and conduction band 

concentration, wherein α varies as ne
c where c is approximately 1.6 and increases with wavelength 

(Figure S8 and S9). Theory predicts c ~ 2 for charged-impurity-assisted absorption and c ~ 1 for 



14

phonon-assisted absorption. [39,42] The ne
1.6 trend here causes stronger dependence of absorption on 

ne than most electrochromic materials, such as WO3, which are often suggested to color by phonon-

assisted free-carrier absorption. [43] Though our results are consistent with charged-impurity-

assisted free carrier absorption, and we know charged-impurities intercalate during the 

electrochemical reaction, prior work on nanocrystal dispersions of electroactive ZnO showed 

evidence that plasmonic resonance was responsible for optical absorption. [44] Thus, the mechanism 

for light absorption requires further study for full clarification.

2.4 Applications, innovations, and devices based on electroactive ZnO

Reviews of ZnO electrochemistry or electrode design[2,25,27] contain, at present date, no mention 

of the huge variation of ZnO conductivity revealed in this report. Knowledge of this 

phenomenology provides an opportunity for improved battery design because (i) it explains why 

zinc alkaline electrode failure is, at least in many cases, due to the conductivity changes of 

electroactive ZnO and (ii) it allows for design of control tactics to reliably keep ZnO conductivity 

higher. Figure 1e shows the advance in performance possible for a Zn alkaline anode cycled at 

50% of its theoretical capacity due to control of the ZnO conductivity via electrode overvoltage. 

Further, because electroactive ZnO hosts rapid intercalation capacity (10 F/g or 50 F/cm3 ignoring 

double-layer contributions) with high-cyclability, it can serve a secondary purpose as an 

electrochemical capacitor near its operating voltage ~0.01 V to ~0.3 V. Since this ZnO capacity 

can be accessed simultaneously with the Zn metal conversion reaction, there exist possibilities for 

a hybrid conversion-intercalation (battery-supercapacitor) device that can deliver high power 

capacity on short time scales and high energy density on long time scales. Although intercalation 

capacity of this ZnO is lower than stand-alone supercapacitors,[45] which can host ~100 F/g or ~100 

F/cm3, ZnO delivers its benefits without added costs.

Though we focus mainly on battery applications in this report, electroactive ZnO is also a 

candidate for electrochromic applications. The infrared absorption shown in Figure 4 results in 

remarkable coloration efficiencies (CE) as calculated by CE = (α t)/(Q/A) where t, Q, and A are 

film thickness, charge transferred, and electrode area, respectively (S.I. Section 7). Coloration 

efficiency is 50 cm2/C at 450 nm, 1,000 cm2/C at 700 nm, and is expected to increase well above 

1,000 cm2/C in the infrared. Typical coloration efficiencies for other high-efficiency 

electrochromic materials, including WO3,[29] are on the order of 100 cm2/C, making electroactive 
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ZnO a high-efficiency electrochromic material ideally suited for red or infrared absorption in 

electrochromic windows and switchable heat shields.

Finally, our impedance measurements in Figure 3 show a factor 104 change in resistivity, easily 

controllable by an external voltage. Since this change in resistivity is highly reversible, wherein 

we showed facile 35,000 cycles without degradation, there may be possible applications in 

resistance-based memory[46] or novel approaches to specialty transistors. [47,48]

2.5 ZnO Crystal Structure and Reaction Stoichiometry 

Existing studies led by Mayer and Gamelin rigorously characterize the electrochemical reactions 

in nanocrystalline ZnO, including dependence on volume and intercalating cation. [9,10,49,50,51,52] 

However, these studies focused mainly on nanocrystalline (<10 nm) dispersions and did not 

identify or discuss the crystal structure or defects that enable or participate in the electroactivity 

and that differentiate it from classical ZnO. These defects are present at ~1020 cm-3 (1 defect per 

~300 ZnO units) based on the coulometry and carrier concentration measurements of Figures 2 

and 4. In this section we present advanced characterization towards better understanding of these 

crystal defects and other details of the ZnO electrochemical intercalation reaction.

Operando synchrotron X-ray diffraction (XRD) of electroactive ZnO during the blue-white 

electrochemical transitions (Figure 5a, 5b) show that wurtzite crystal structure is the only crystal 

phase present during this reaction, to within the XRD detection limit (0.4% of the wurtzite peaks). 

The XRD data also show a contraction of the d-spacing as electrode potential changes from 0.02 

V to 0.6 V but negligible contraction for potentials above 0.6 V (Figure 5c, S20, and S21), which 

correlates well with the removal of electrons and cations (see ne in Figure 4g). This lattice 

contraction can be explained by the reduced electric-field screening between Zn2+ and O2- ions 

when conduction band electron concentration decreases. As expected, voltage changes above 0.6 

V cause minimal changes to ne.
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Figure 5. Operando synchrotron XRD. (a) Schematic and visible light photographs of electroactive and amber ZnO 

on Zn foil, (b) synchrotron XRD patterns with ZnO reflections indicated, (c) d-spacing of (002) ZnO reflection as a 

function of electrode potential (inset: schematic of ZnO lattice contraction).

As mentioned in Section 2.1, when the potential of Zn metal covered in electroactive ZnO is 

held >0.2 V for several hours, the Zn forms an additional layer of amber-tinted ZnO (Video S3). 
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This “amber ZnO” also undergoes electrochromic color change (Figure 5a) but retains some of its 

amber color throughout. The operando XRD measurements show this amber ZnO is also wurtzite 

ZnO (Figure 5b), but its wurtzite reflections are broadened, likely due to increased disorder. Amber 

ZnO is reported in the literature via several different synthesis methods,[53,54,55] and its color is 

attributed to oxygen vacancy defects, discussed later in this section.

To investigate the molecular-scale nature of the defects that enable ZnO electroactivity, we 

performed quantitative solid-state 1H MAS NMR spectroscopy to compare and quantify proton 

defect environments (Figure 6) in the blue vs white states. The accuracy of this comparison was 

maximized by performing the NMR first on a blue-state ZnO sample then oxidizing that sample 

to the white state in the NMR rotor by removing the cap and exposing it to air for 2 h. This kept 

the ZnO mass constant. NMR measurements were then repeated on the resulting white-state 

sample. The solid-state 1H NMR spectra reveal that the electroactive ZnO samples show multiple 
1H peaks associated with defect and surface environments. The resolved 1H peaks span from 

approximately 0.5 to 2.5 ppm, with also an intense 1H signal at 4.9 ppm due to liquid H2O in the 

aqueous electrolyte. The solid-state 1H MAS NMR spectra for the blue vs. white states are nearly 

identical except for the blue-state having higher intensity at the 0.9, 1.3, 1.6, and 2.0 ppm peaks 

(Figure 6a, 6b). Since the NMR is quantitative, these differences in integrated signal intensity 

suggest these peaks to be associated with intercalating protons active in the electrochemical 

reaction that cause blue-white color change. Quantitative analysis of the difference spectrum 

indicates that the ZnO in the blue state ZnO holds 0.7 x 1020 cm-3 more inserted protons associated 

with these four 1H signals than the white state ZnO (S.I., section 11).  This quantity is in good 

agreement with the electrochemical and UV-vis measurements (~1.0 x 1020 cm-3), within 

experimental error, further supporting the conclusion that protons electrochemically intercalate 

during the coloration process.

Existing literature is conflicted on the precise identity of these 1H NMR signals. Using 1H-17O 

TRAPDOR NMR experiments on 17O-enriched ZnO, Wang et al.[56] indicate that 1H signals 

between 0 and 2 ppm are associated with protons occupying oxygen vacancies (HO).  However, Li 

et al.[57] used 2D dipolar-mediated 1H{1H} triple-quantum single-quantum correlation experiments 

to measure that the 1H signal at 1.3 ppm is associated with groups of three protons in sub-

nanometers scale proximity, which they suggest are -ZnOH “nests” within zinc vacancies (HZn).  

Wang et al. [58] suggest that these signals are due to surface hydroxyl protons and chemisorbed 
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water, as they are removed upon heating and reappear following water re-adsorption in air. Thus, 

the exact identity of these species cannot be assigned from a literature review alone. To determine 

the precise position of protons in the ZnO lattice, we propose future NMR studies using 67Zn 

enriched ZnO or neutron scattering experiments. 

Figure 6: Multi-dimensional solid-state 1H NMR spectra acquired on electroactive ZnO at 10 kHz MAS and 14.1 T. 

(a) Quantitative 1H MAS NMR spectra of electroactive ZnO in the blue and white states, including (b) the region 

containing the defect and surface environments of interest. The quantitative difference spectrum (black) between blue 

and white electroactive ZnO establishes multiple unique environments associated with intercalated protons. (c) 2D 

{1H}1H fp-RFDR NMR spectrum acquired on blue electroactive ZnO with a mixing time of 9.6 ms. Note that T1 noise 

associated with the intense H2O signal obscures the correlated 2D signal intensity in the indirect dimension between 

H2O protons at 4.9 ppm and ZnOH surface protons at 2.2 ppm. (d) 2D region of interest illustrating that the intercalated 

protons are dipole-dipole coupled and thus in close sub-nanometer-scale proximity to each other (solid grey lines). (e) 

Selected 1D slice from the 2D {1H}1H fp-RFDR spectrum that illustrates the proton environments centered at 2.2 ppm 

are exchanging with H2O and are therefore surface species.  



19

To gain further insight into the nature of these 1H environments, we acquired a solid-state 2D 
1H{1H} finite-pulse radio frequency driven recoupling (fp-RFDR) spectrum (Figure 6c, 6d) on the 

electroactive ZnO in the blue state, which recouples 1H nuclear spins via through-space (<1 nm) 

dipole-dipole interactions. Therefore, off-diagonal peaks in the 2D spectrum are created by 1H 

nuclei that are either (i) immobile but sufficiently proximate in space (<1 nm) to couple via dipole-

dipole interactions, or (ii) mobile enough to exchange between sites at a rate faster than the 

experimental mixing time. [59]  The 2D 1H{1H} fp-RFDR NMR spectrum reveals an off-diagonal 

peak created by the liquid H2O at 4.9 ppm and the 1H peak at 2.2 ppm (Figure 6e). The liquid H2O 

dipole-dipole interactions average to zero due to rapid orientation fluctuations. Thus, the 4.9 to 2.2 

ppm off-diagonal peak must be due to proton exchange between liquid H2O and a ZnO surface 

site, perhaps an adsorbed hydroxyl species. Other off-diagonal peaks exist between the 1.3 ppm 

signal and the 0.9, 1.6, and 2.0 ppm signals (Figure 6d), none of which exchange with liquid H2O 

in the electrolyte (Figure 6e), suggesting they are bulk-crystal proton defect sites. As already 

mentioned with Figure 6b, these same sites are more populated in the blue state vs. the white state, 

indicating protons insert into these environments during the blue coloration transition.

It is curious that the proton environments at 0.9, 1.3, 1.6, and 2.0 ppm persist even after the ZnO 

changes to the white state (Figure 6b, gray spectrum). This may be due to different defect 

environments that produce 1H MAS NMR signals at the same ppm shift, or alternatively the 

protons may play a more complex role than one-for-one insertion with the conduction band 

electrons, and hydrogen doping in general may affect ZnO properties.

To determine if other cations, beside H+, can intercalate as the charge-balancing cation, we 

placed our dry electroactive ZnO into a THF:toluene mixture in an argon glove-box then added 

chemical reductant along with a single salt (either LiBF4, NaTFSI, KTFSI, or CsCl) as described 

in previous literature[52] and outlined in the Materials and Methods section. These experiments 

prove that Li+, Na+, K+, or Cs+ in addition to H+ can intercalate into electroactive ZnO to charge-

balance inserted electrons. Classical ZnO cannot undergo these reactions with the same techniques 

(Figure S23a), indicating crystal defects present in electroactive ZnO must play a key role. 

Supporting this hypothesis is that ZnO formed rapidly is more electroactive than ZnO formed 

slowly (Figure 1a). Among the crystal growth community, it is commonly accepted that faster 

crystal growth rate typically increases defects. Further supporting this hypothesis is that ZnO 
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grown in LiOH solution is not electroactive (Figure S23b), which agrees well with the fact that 

ZnO grows much slower in aqueous LiOH solutions than in KOH, NaOH or CsOH solutions.[60] 

We sought to measure how much electrolyte cation was incorporated as a dopant during the 

same synthesis process of Figure 2. To address this, we repeated the synthesis of Figure 2 with 

NaOH or CsOH  electrolyte, then used X-Ray fluorescence spectroscopy (XRF) to measure 

concentration of Cs and solid-state 23Na MAS NMR spectroscopy to measure concentration of Na 

in our electroactive ZnO samples (Figure S25), all of which show alkali concentrations lower than 

0.4 x 1020 cm-3 in the ZnO solid, which is too low for them to be the defect, assuming a 1-to-1 

stoichiometry with the electrochemical intercalation. A 2-to-1 or higher stoichiometry could be 

consistent, but alkali doping does not appear important considering electroactive ZnO is able to be 

synthesized without alkali cations.[9]

A more likely source of ZnO electroactivity is the formation of native Zn or O defects during 

crystal growth. To investigate this possibility, we performed operando confocal Raman 

spectroscopy on the electroactive ZnO (Figure 7). Raman spectra from the electroactive ZnO show 

vibrational signals characteristic of wurtzite ZnO including E2 phonons and longitudinal optical 

(LO) phonons (Figure 7b). When the ZnO potential is held at 1.0 V (white state) the LO phonon 

peak at ~580 cm-1 is stronger under 532 nm (2.33 eV) laser stimulation than under 633 nm (1.96 

eV) stimulation. Conversely, when the ZnO potential is held near 0.0 V (blue state) that same LO 

peak is stronger under the 633 nm stimulation (Figure 7c). This ~580 cm-1 LO phonon mode is 

absent in classical ZnO (Figure 7b). Amplification of the LO phonon mode is likely due to 

resonance Raman scattering,[61,62] indicating photon-coupled electronic transitions must exist deep 

within the bandgap and are affected by the ZnO blue-to-white transition. Indeed, the 

photoluminescence spectrum of the white electroactive ZnO shows a large quantity of photonic 

transitions deep within the band gap (Figure S26), whereas commercial pure ZnO does not. [63]
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Figure 7: (a) Visible light photograph and schematic of electroactive and amber ZnO. (b) Operando confocal Raman 

spectroscopy on electroactive and amber ZnO at 0.0 V and 1.0 V and classical ZnO stimulated by 532 nm light. (c) 

Operando confocal Raman spectroscopy on electroactive ZnO at 0.0 V and 1.0 V stimulated by 532 nm and 633 nm 

light.

The amber ZnO provides clues regarding the native defect identity in electroactive ZnO. 

Although literature gives no explanation for blue-white electrochromism in ZnO, there are 

publications suggesting amber (red, orange) coloration of ZnO to be caused by oxygen vacancies, 

regardless of formation technique.[53,54,55] The Raman LO mode is stronger from the amber ZnO 

than from the blue or white electroactive ZnO (Figure 7b), and enhancement of the LO mode is 
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often hypothesized to indicate the presence of oxygen vacancies, VO, in the ZnO.[64,65,66,67,68] 

Further, the E2
high Raman peak, which is associated with the oxygen sublattice, is significantly 

broadened in amber ZnO (Figure 7b), and our XRD data reveal smaller d-spacing and broader 

peak widths for amber ZnO than for electroactive ZnO (Figure 5b), which others claim is also 

correlated with increased oxygen deficiency[69,70] due to increased lattice disorder. Finally, amber 

ZnO grows on the Zn foil only once blue-white electroactive ZnO has first covered it (Video S3). 

This layer of blue-white ZnO may introduce mass transfer limitations that promote zinc-rich 

conditions near the Zn surface, which in turn would promote VO generation in ZnO formed near 

the zinc foil. Thus, we hypothesize VO defects host the cations that are electrochemically inserted 

during coloration, enabling ZnO electroactivity via formation of a VO-cation complex. The 

vacancy VO alone is a deep donor in ZnO[7,71] and therefore is unlikely to contribute to conduction 

band electron concentration, but when a cation (H+, Li+, Na+, K+, Cs+) occupies the oxygen-

vacancy, a shallow electron donor could be formed. For example, H+ complexing with an oxygen-

vacancy forms a defect symbolized as “HO” that is commonly believed to be a shallow donor in 

ZnO,[7,72] which donates an additional electron into the conduction band. This crystal structure 

reaction mechanism explains (i) the inactivity of classic ZnO vs. electroactive ZnO,  and (ii) the 

increased conductivity and optical absorption in electroactive ZnO.

3. Conclusion

This report establishes that fast crystal growth rate of wurtzite ZnO in alkaline electrolytes 

creates a special wurtzite ZnO material called “electroactive ZnO”, which reversibly inserts cations 

(H+, K+, Na+, Li+, or Cs+) and conduction band electrons as a function of potential between 0.01 

V to ~0.6V. We propose that crystal vacancy defects formed during rapid crystal growth complex 

with inserted cations to form shallow electron donors, ultimately increasing the conduction band 

electron concentration. Operando Raman spectroscopy indicates oxygen vacancies formed during 

crystal growth host the intercalated cations, and this feature distinguishes electroactive ZnO from 

classical ZnO, which has no electroactivity. Operando UV-vis and impedance spectroscopy 

confirm the conduction band electron concentration to determine the electrical conductivity, which 

is controllable to values spanning four orders of magnitude. Quantities of inserted electrons and 

cations were measured via solid-state 1H MAS NMR spectroscopy to have a maximum 

concentration of ~1.4 x 1020 per cm3.  The advanced understanding reported here provides a first-
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principles-based method to avoid Zn passivation as a failure mechanism in Zn alkaline battery 

anodes. Novel cycling protocol produces greatly improved performance at 50% utilization of the 

Zn theoretical capacity. This report also provides the first physics-based explanation of “type I and 

II ZnO” described in the Zn alkaline battery literature for many decades. The fast intercalation 

time of cations into electroactive ZnO creates an additional opportunity to create fast response 

hybrid battery-supercapacitor Zn electrodes. Coloration efficiency of the ZnO material is 

competitive with the leading electrochromic materials, opening up ZnO as a promising alternative 

electrochromic material. Overall, these results improve the understanding of the physical 

mechanisms causing ZnO electroactivity, and knowledge of this phenomenon enables improved 

Zn battery performance and opens new possibilities for application of ZnO.

4. Materials and Methods

UV-vis spectroscopy: Electroactive ZnO was generated in situ on a 5 mm by 5 mm Zn foil electrode 

positioned at a 45 angle coincident to the illumination windows in a UV-vis cuvette. An Ocean 

Optics DH-mini UV-Vis-NIR Light source with deuterium and halogen lamp was used as a light 

source, and a Gamry Spectro-115U UV-vis spectrometer was used to collect operando UV-vis 

spectra in a reflection geometry. Further information can be found in S.I. Section 6.

Impedance spectroscopy for ZnO conductivity measurements: Electroactive ZnO was generated 

on a 0.25 mm thick Zn metal foil electrode contacted with two copper wires spaced 0.67 mm apart. 

Zn converted to electroactive ZnO, and the copper wires were observed to be in contact only with 

the electroactive ZnO. Chronoamperometry was performed on the Zn/ZnO electrode to control the 

electrochemical potential of the ZnO. Simultaneously, impedance spectroscopy was performed on 

the ZnO via the copper wires with a second potentiostat. Impedance spectroscopy measurements 

were taken between 150 kHz and 1 Hz. Further information can be found in S.I. Section 9.

Discharge of Zn-alkaline batteries: The Zn-alkaline batteries for operando optical microscopy 

was constructed using commercial battery materials including a Zn electrode, cellophane 

separator, electrolytic MnO2 provided by Urban Electric Power (UEP) or NiOOH provided by 

HighStar Battery Company of China. For the cell of Figure 1, we constructed Zn vs. NiOOH 

batteries with Zn reference electrodes, excess NiOOH, and a high Zn areal mass loading of 185 
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mg/cm2. We discharged the batteries at a fast rate of 125 mA/gZn until a voltage limit or a capacity 

limit of 50% of the theoretical capacity of the Zn (410 mAh/g) was reached. In one test, the 

electrode voltage limit was set to 0.17 V vs. Zn/Zn2+, and in another test the voltage limit was set 

to 0.6 V vs. Zn/Zn2+. Once the voltage limit was reached, constant voltage discharge was sustained 

until current reduced to a trickle or the capacity limit was reached, and then the battery was 

recharged and discharge repeated. For the cell in Figure 3, four MnO2 electrodes were used in cell 

construction to make the Zn limited in capacity compared to MnO2, and electrodes were cut to 1 

cm x 2 cm for the operando optical microscopy cell. The battery was galvanostatically discharged 

in 5.5 M KOH electrolyte. When the Zn electrode potential measured 1.25 V, the discharge step 

stopped, and the cell was allowed to relax to OCV. 

Cell housings were constructed using J-B Weld Clearweld, Devcon 5-minute Epoxy Gel, 

poly(methyl methacrylate), Thermo Scientific plain microscope slides, and Thermo scientific 

Microscope Cover Glass No. 1 Thickness, purchased from McMaster Carr. A glass viewing 

window was built into the cell housing for operando optical microscopy. A 10x objective on a 

BX51RF Olympus microscope was used for data acquisition. To generate the in-focus images in 

the figures and videos, homemade software was used to control a stepper motor and camera to 

collect 10 partially in-focus images at different depths then stitch the images together into one fully 

in-focus image. 

Synchrotron X-Ray diffraction: Electroactive ZnO was generated on a 0.05 mm thick Zn metal foil 

electrode. XRD measurements were then taken on the electroactive ZnO at selected potentials 

between 0.05 V and 1.5 V. Zn electrode potential was then held at 0.5 V for 14 hours until layer 

of amber ZnO was visible with an optical microscope. XRD measurements were then taken on the 

amber ZnO. XRD Measurements were taken using 15 keV X-rays from the 5-ID SRX beamline at 

National Synchrotron Light Source II at Brookhaven National Laboratory. Further information can 

be found in S.I. Section 10.

Nuclear magnetic resonance spectroscopy (NMR): Solid-state 1H and 23Na MAS NMR 

measurements were acquired on a 14.1 T narrow-bore superconducting magnet operating at 

600.130 MHz for 1H and 158.748 MHz for 23Na. A PhoenixNMR 1.6-mm HXY MAS probehead 

was used for all experiments, which were conducted under MAS at spin rates of 10 kHz for 1H or 
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30 kHz for 23Na. Sample temperatures were maintained 283.0 K for 1H measurements and 293.1 

K for 23Na measurements unless otherwise noted by providing temperature-controlled air to the 

probehead at 600 L/h for the duration of testing. 1H shifts were referenced to adamantane at 1.8 

ppm. 23Na shifts were referenced to 1 M NaCl in H2O at 0 ppm.

Quantitative 23Na single-pulse measurements were acquired with π/6 radio frequency (rf) pulses 

of 0.617 μs (rf field strength of 1.64 MHz) and a recycle delay of 0.1 s. Quantitative 1H single-

pulse measurements were acquired with π/2 rf pulses of 1.45 μs (rf field strength of 670 kHz) and 

a recycle delay of 30 s. Quantitative Hahn spin-echo measurements were acquired with a single 

rotor period (100 μs) delay between the π/2 and π pulses. Sample preparation information can be 

found in S.I. Section 11.

Chemical reduction and intercalation: Procedures similar to Valdez et al. were followed. All 

chemicals were obtained from Sigma Aldrich or Fisher Scientific and used as received. All work 

was performed in a glovebox under argon atmosphere. Electroactive ZnO was placed in 2 mL of 

a 1:1 v/v mixture of tetrahydrofuran (THF) and toluene. A stoichiometric excess of one salt from 

the set [LiBF4, NaTFSI, KTFSI, CsCl] was then dissolved into the solution by stirring. Finally, a 

stoichiometric excess of bis(pentamethylcyclopentadienyl) cobalt(II) (CoCp*2) was stirred into the 

same mixture to cause the redox reduction reaction to go forward and convert the electrochemical 

ZnO to deep blue. A control experiment of only CoCp*2 with the electrochromic ZnO in 

THF:toluene caused minimal color change to the ZnO.  Classical ZnO did not change color at all 

with any combination of these ingredients.

X-Ray Fluorescence (XRF): XRF measurements were performed with a Bruker M4 Tornado micro 

XRF spectrometer with a 25 μm spot size, a 40 kV tube voltage, a 600 μA tube current, and a 1-

hour measurement time. Sample preparation information can be found in S.I. Section 13.

Photoluminescence: Photoluminescence studies were carried out on an Olympus IX83 inverted 

microscope coupled to a Princeton Instruments spectrometer with a PIXIS 1024B EMCCD 

camera. A 325nm He-Cd laser passing through a 400nm short-pass filter was used for sample 

excitation through an Olympus 20x objective. The photoluminescence was collected by the same 

objective and passed through to the monochromator.
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Confocal Raman spectroscopy: Confocal Raman spectroscopy measurements were taken on ZnO 

generated in 5.5 M potassium hydroxide electrolyte previously saturated with ZnO. Electroactive 

ZnO was generated on a 0.25 mm thick Zn metal foil electrode by holding electrode potential 0.2 

V above Zn equilibrium. Amber ZnO was generated by holding electrode potential 0.5 V above 

Zn equilibrium for 12 hours until a layer of amber ZnO accumulated. A WITec alpha300R 

Confocal Raman Microscope with A 50X: Zeiss EC Epiplan, NA 0.75 HD objective was used to 

obtain measurements of the ZnO accumulated on a Zn foil electrode. For the presented data, either 

a 532 nm laser at ~1 mW or a 633 nm laser at ~5 mW was used. 300 acquisitions of 1 second each 

were taken and signal averaged. A Princeton Advanced Research Versastat 4 was used to control 

potential. 
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