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Olemical and Optical Properties of Electrochrani.c Nickel Oxide Films 
C. M. Iairpert, T.R. anstead*, P. C. Yu 

Applied Science Division and Materials and Molecular Research Division, 
Lawrence Berkeley Laboratory, University of california, Berkeley, calif. 94720 U.S .A. 

Abstract 

'lhin films of nickel oxid~nickel hydroxide are investigated to detennine electrochranic switching proper­
ties. Crystalline nickel oxide films are synthesized by electrochemical deposition and by arxxlization of 
nickel electrodes. Electrochemical deposition using nickel sulfat~based chemistry is used to deposit films 
directly on doped tin oxide-coated glass. Spectral solar transmittance is obtained for films switched in 
liquid cells containing a I<CH electrolyte. 'lhe solar transmitt.a.noQ (Ts) can be switched fran Ts (bleached) = 
0.73 toTs (colored)= 0.35 for films with thicJcness of about 500 A. Voltarrmetric data is correlated to knc::wn 
electrochemical prcx::esses for nickel electrodes. '!he nickel oxide films are chemically analyzed using a 
sputter-Auger microprobe and x-ray photoelectron spectroscopy. As a result of cari:>ined analysis, it was 
determined that these films transform fran UlXX)lored to colored states by the reversible transfOIII'Btion of 
nickel hydroxide Ni(OH)2 to nickel oxyhydroxide Ni<XH and that dehydrated films correspond chemically to NiO. 

Introduction 

'lhe prcprrty of electrochranism. is very i.nportant to the develcprent of larg~area optical shutters and 
infornation displays, where switching speed is not a key CCt'lSideration. Fran a building energy efficiency 
viewpoint in regard to glazings, the ability to dynamically control the i.nccmi.ng solar radiation either in the 
visible or near-infrared spectral regions is very attractive. Also, electrochranism has importance to future 
autaroti ve and aerospace glazings. 

Electrochranism is known to occur in several transition-netal oxides. A fe.~ reviews on the subject detail 
the outccme of different investigations (1-4). Oliefly, tungsten oxide (~) and hydrated iridium oxide 
(IrOx'nH20) have been studied in~ detail. As for the other oxides, such as NiOOx'nH~ and MnOx'nH2o, very 
little is la1cwn atout their electrochranic properties (5). 

'lhe characteristics ·of electrochrani.sm are rra.nifested by a reversible color change, usually switching fran 
an uncolored state to a colored one, as a result of an aJ_:plied electric current. Electrochranic rraterials 
exhibit both chemical and optical changes by dual ion and electron ejection or injection. As a result, color 
centers are fortred in the rraterial that produce optical adsorption in the visible wavelength region. Also, in 
certain cases, large changes in electrical ocnfuctivity can occur causing significant infrared reflectivity 
switching effects (6). Coloration of an electroc:hrani.c material can occur on either the cathodic or arxxiic 
cycle. Fbr nickel oxide, coloration occurs by chemical oxidation during anodization. A very i.nportant pro­
perty of electrochranic films is that they exhibit mixed ocnfuctivity, both electrcnic and ionic, in which 
ions can be. rapidly and reversibly inserted in step with injected or ejected electrons (7). 

As a rratter of exanple, it is i.nportant to detail the switching effect of the electrochranic layer in an 
actual solid-state device structure. Shaom in Figure 1 is the cross section of a typical solid-state device. 
AlthJugh other configurations exist, including liquid electrolytes in place of the ion conductor, this exanple 
serves to daronstrate the device call>lexity. In this fi~layer rrodel there is synmetry atout the ion conduc­
tor. lbth the electrochranic layer and ccunter-electrode (ion storage rredia) exhibit mixed ionic and elec­
tronic conduction. These layers are flanked by transparent conductors ·(SrlO:!:F, Cl or rn~3 :sn), which serve 
as electrical conduct.ors. The ionic conduct.or provides a rrediiill by which ions can be transported between the 
elect.rochrani.c layer to the CCI..Ult.er-electrode depending upon the polarity of the aJ_:plied potential. As a 
result, a reversible ionic reaction bet:loleen the electrochrani.c rraterial and ca.mter-electrode allows for the 
apprcpriate CFtical switching effect. Before the developnent of such a device, it is iitp;)rtant to fully 
characterize the electrochemical and optical properties of the electrochranic rraterial. In the follcwing 
experiments, nickel oxide film properties are determined by techniques of voltanmetry, sputter Auger spectros­
copy. x-ray photoelectron spectroscopy (XPS, ESCA.), and optical ~ . 

• Orrrently with Univ. of Minnesota, Dept. of Olemical Engineering and Material Science, Minneapolis, MN. 
55455. 
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Figure 1. Schematic cross section of an electro­
chromic optical shutter. 
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Figure .2. Cyclic voltanmetry of NiO/ Ni electrod~ 

in 1M KOH solution after twelve cycles. 

Ex}?eri.mental Procedures 

In this study both net.allic nickel electrodes and transparent conductive oxide-ooated glass electrodes 
were used. 'lhe rret.al electrode was made fran a 1.59-mn nickel plate (0.999 p.~re). It was polished with sili­
con carbide paper (in sequence fran 180-600 grits) folla.led by 6-micra1 diai!DOO paste and finished by a series 
of alunina abrasives (in sequence fran 1 to 0.3 to 0.05 microns). Distilled water was used as a lubricant for 
polishing. To provide electrical cx:ntact, a nickel wire was spot welded at to the back of the electrode. 

By using a scanning potentiostat, Princet.al Applied :Research Model 362, a cx:ntrolled wavefunction was 
applied to the electrode. Electrooxidatiat was adlieved by using a sawtooth wavefunction alternating between 
-800 rrW and +1800 rrfoJ in a 1M KOH electrolyte. 'lhe wavefunctiat was nonitored by an oscillos~, and the 
voltage was rronitored by a !!Ult.ilreter. After several hours of cyclic oxidatiat of the electrode, visible opt­
ical switching was observed at the surface. 'lhe observed coloratiat was fran transparent (rret.allic) to 
bronze. Also, it was observed that the electrode, when rerroved fran the bath, could last a fe.t hours in the 
colored state with negligible fading. 

'lhe second group of experiments was dale on fl"IX)I"ine doped tin oxide-coated glass. 'lhe tin oxide (SI"l02: 
F, Cl) ooating was produced by cx:nventional chemical vapor depositiat, involving hydrolysis of SnC4 and NH4F 
(8). 'lhis ooating had a sheet resistance of llO 0/sq., and a c:qJper wire was attached to the conductive 
coating with silver epoxy. 

'lhe elect.rochemical working solutiat used to deposit the nickel oxide was a mixture of O.lM NiS04 .6H2o and 
O.lM Nli4Cti at 2J<>c. A platinun electrode served· as the counter-electrode. 'lhe applied potential was a 
sawtooth wavefunct.iat fran -275 rrW to +750 rrfoJ at 0.1 Hz frequency. 'lhe nickel hydroxide film fonred after 
three cycles. After rinsing in distilled water, the electrode was transferred to an:Jther electrolyte of 1M 
KOH. In this bath elect.roc:hranic !Jofi.t.ching oc:cured after at least twelve cycles at +200 rrW to +900 rrW (SHE). 
Depen:ling upon the exact cxnliticns of depositiat, the electrode could remain o.rt. of solutiat in its colored 
state for several haJ.rs before fading. nte electrode color ranged fran transparent to dark bronze. 

Other bath c:x:rtp)Siticns were experimented with before the former was developed. A bath cx:nsisting of O.IM 

NiS04 "6H2'J. O.IM NaAc, and O.OOIM KOH urder the same ccn:llticns made acceptable films but provided less uni­
fornri.ty in the deposit. Another bath cx:nsisted of 0.45M Ni(NJ3 ) "6H2'J, and 1. 75M Nacti. It provided good uni­
fornri.ty but lesser stability than the sulfate baths. 

Spectral transmittance rreasurerrents were made to investigate the cptical respcnse of the films. Spectral 
data were obtained at a Perkin Elmer Lmbia 9 spect.rqXlot.ar fran 2()()-3200 1"111. 

The chemical c:x:rtp)Sitiat of the ccnduct.ive electrode was analyzed with the Scanning Auger Microprobe, Phy­
. ·sical Electronics Inc., Model 590. A pri.nBry beam energy of 5 keV was used. 01emical depth profiles were 
obtained by usW<J an argcn sputter ia1 beam insitu in the vacuum d\amber. 'lhe sputter etch rate was cali­
brated to 1000 A/min in Taj)5 . 
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X-ray photoelectron spectroscopy (Physical Electronics Inc., fot:>del 548) was used to analyze the chemical 
states of the various elemental species. The spectrometer was calibrated so that the gold 4F712electron bind­
ing energy was at 83.8 eV, and adventitious carbon occured at 284.4 eV ± 0.1 ev. Magnesium x-ray radiation at 
400 W was used as the excitation radiation. 

Results and Discussion 

~is section is divided into two major parts. The first part concerns results on the nickel electrode. 
The second portion details studies on the nickel oxide/tin oxide/glass electrode. 

\) Nickel Electrode Study 

Electrochemical information was obtained by cyclic voltalmletry of the electrooxidized nickel electrode. 
'<.J The scanning potentiostat was used with a triangle potential from 0-800 mV (SHE) at 23°C The cell was IR com­

pensated, and the 1M KOH electrolyte was purified of oxygen by nitrogen gas saturation. In Figure 2, the 
results of this experiment are shown for sweep characteristics of 20 mV/sec after twelve cycles. The anodic 
peak (B) at 625 mV corresponds to-Ni(OH) 2 NiOOH + H+ + e-, and the cathodic peak (A) at 500 mV corresponds to 
NiOOH + W + e--> Ni (OH) 2• These reactions have been observed by various authors (9-14). The electrooxida­
tion sequence begins with nickel metal (Ni), which is electrooxidized by an anodic potential occurring at +500 
mV (SHE) resulting in the formation of NiO or Ni (OH) 2 ruring this process the nickel surface has been 
transformed from Ni--> Ni(II). In the voltammogram shown in Figure 2, the first anodic peak (B) corresponds 
to electrooxidation of. Ni (II)--> Ni (III), forming a nickel oxyhydroxide phase such as fi-NiOOH. ~e next 
anodic peak corresponds to oxygen evolution (750- 775 mV). For the cathodic cycle, electroreduction of 
Ni(III) yields Ni(II), identified as NiO or Ni(OH) 2 These compounds can be further electroreduced to nickel 
only at high cathodic potentials. 
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Figure 3. Auger sputter depth profile of NiO/ Ni of 
its peal< to peal< intensities showing nickel a.OO oxy-

, gen as a func;ion of depth fran the surface (sputter 
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Figure 4b. Auger electron spectroscopy of NiO/ Ni 
after 15 seconds of argon-ion sputtering. 
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Figure 4a. Auger electron spectroscopy of NiO/ Ni 
electrode, as received. 
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Figure 4c. Auger electron spectroscopy of NiO/ Ni 
after 60 seconds of argon-ion sputtering. 
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Figure Sa. Auger sputter depth profile of Si'l02:F, 
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Figure 5c. X-ray photoelectron spectroscopy of tin 
3d electrons in Sn02:F, Cl, showing the characteris­
tic binding energies. 

Cl 
u c 
~ 
e • c .. 
;= 

1100 1300 1100 2300 2100 3200 

Wavelength (nm) 

Figure 6b. Nornal ~ral solar transmittance of 
electrochran.ic NiO/Sn02 :F, Cl/glass in bleached and 
colored states: T5 (bleached) = o. 73, Tg (oolored)= 
0.35, TNIR (bleached)= 0.72, and 'INIR (oolored) = 
0.55. 
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Figure 5b. Auger electron spectroscopy for SnOi:F, 
Cl/glass electrode surface. 
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Figure 6a. Norna! spectral visible transmittance of 
electroc:hranic NiO/S~: F, Cl/ glass in bleached and 
colored states: Tv (bleached) = 0. 77 and Tv 
(colored) = 0.21. 
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The separation of the oxygen evolution potential fran the coloration (B) and bleaching (A) potentials, 
which ·is evident for nickel oxide, is an i.np:>rtant factor in the production of a practical solid-state optical 
switching device based on proton transfer. F\lrthernore, for coloration and bleaching of the electrode, only 
an instantaneous pulse of current is required for the reversible transfornation. 

Auger spectroscx:py and x-ray protoelectron spectroscx:py (XPS, ESCA) were used to obtain chemical infonna­
tion alxlut the electrode in the bleached (dehydrated) cx:ntition. A dlemical depth profile for oxygen and 
nickel was obtained by sequential argcn-ion sputtering and Auger electron analysis. These results are shewn 
in Figure 3. A full survey analysis is given for different ·depths into the film as sho.m in Figure 4a-c. 
Three general regions are noted in the oxide: (1) a surface layer containing a high concentration of oxygen 
and inplrities (Figure 4a), (2) a nickel oxide region (Figure 4b), and (3) a graded nickel-nickel oxide inter­
face (Figure 4c). The principle electronic transitions are N~ = 61, 102 eV, NiJ<IL = 716, 783, 848, and 865 

eV, and <1<:u. = 468, 483, and 503 ev. Inplrities were identified as SI.M1 = 152 ev, Cl!.M1 = 181 eV, Cf<u. = 212 
eV, ~ = 379 eV, F'et-lNN = 47 eV, Fer.J..t.l = 598, 651, and 703 eN, and NaJ<IL = 990 eN (15). All of the impuri­
ties can be attributed to either bath chemistry additions or intrinsic chemical inplrities. These btp..lrities 
probably account for the shoulder noted after the first anodic peak (B) shewn in Figure 2. Because the 
results of the nickel oxide/nickel electrode experiments were pranising in terms of elect.rochrani.c switching, 
research was ccntinued on transparent electrodes. 

Transparent Tin Oxide Electrode Study 

Nickel oxide fil.ns were deposited onto doped tin-oxide coated glass electrodes. Since doped tin oxide was 
used in place of metallic nickel, it was :inportant to characterize this material. Using sputter Auger tech­
niques, a chemical analysis of this electroge was made. The sputter depth profile is shoom in Figure Sa. It 
was taken at a sp1tter rate of about 400 A/min. The Auger elemental survey for an as-received condition is 
depicted in Figure Sb. Fran these results, the principle CCI!pJSition was determined to be sne2 :F, Cl. The 
Auger transitions were. <1<u. = 272 ev, Cll.l+f' 181 eV, s~ = 316, 367, 430, and 437 ev, Of<rL = 468, 483, and 
503 eV, anq ~ = 647 eV, which oorrespcnd to standard data (15). By x-ray protoelectron spectroscopy, the 
bi.rrli.ng state of tin in tin oxide was determined. These results are sho.m in Figure Sc. The positions of the 
tin bi.rrli.ng energies are Sn 3d3/2 = 494.8 eN and Sn 3dsj2 = 486.3 eN. Standard reference data show that for 
S~ the bi.rrli.ng energies are Sn 3d3/2 = 494.9 eN and Sn 3ds;2 = 486.4 eN (16). Therefore by cx:rrt>ined 
analysis, the conductive oxide is S~:F, Cl. 

After electrochemical deposition of nickel oxide on the tin oxide substrate, solar and visible transmit­
tances were neasured using a spectrc:photaleer. CJloration was obtained by applying a one-volt pulse poten­
tial at 0.1 Hz. The film was rerroved fran the electrolyte and then rinsed in distilled water witb:lut effect­
ing coloration. ~tical spectra are shoom in Figures 6a and 6b for the visible and solar regions, respec­
tively. By integration with respect to the solar (11M2) (17) and photopic spectra (hunan eye visible response) 
(18), the folla.ring values were obtained for photopic transmittance and solar transmittance: Tp (bleached) = 
0.77, Tp (colored) = 0.21, Ts (bleached) = 0.73, and Ts (colored) = 0.35. If the solar near-infrared is 
integrated separately (11M2), the values are TNIR (bleached)= 0.12 and TmR (colored)= o.ss. Also, the pro­
perties of the substrate coated with tin oxide were measured; they are Ts = 0. 74, Tp = 0.80, and TNIR = o. 11. 
Therefore in the bleached state, the nickel oxide only slightly alters the optical properties of the tin 
oxide-coated glass electrode. 

Volt.amretry was performed on the nickel oxide/tin oxide electrode under the san-e conditions as for the 
metal electrode. As depicted in Figure 7, the anodic peak occurs at 630 mJ and the cat:b:xtic peak occurs at 
500 mJ. Oxygen evolution occurs at alxlut 750 mJ. This volt.arrmJgram is very similar to that noted for the 
oxidized nickel electrode and lacks the anodic sho.llder, thought to be caused by inplrities. 

Olemical analysis of the elect.rcde was detennined by Auger spectrosoopy and x-ray protoelectron spectros­
copy. An Auger depth profile is shown in Figure Sa. Here again near the surface is a highly oxidized inp.lr­
i ty region. This is followed by the nickel oxide regi.al and the interfacial region beO.Ieen nickel oxide and 
tin oxide. A survey Auger scan after 15 secaxls of sputtering is shown in Figure 8b. This survey details the 
nickel i.nplrities to be dllorine, carbon, and nitrogen. Argon was i.nplanted fran the sp1tter beam. 'It> 
further probe the nickel oxide dlemistry, x-ray protoelectron spectroscopy was enployed. Fran this study, the 
binding energy of the adventit.icus cartx:n ls .electron was noted at 284.7 ev. OJring calibration, adventitia.tS 
carbon ls occurred at 284.4 eN, so sanple charging ancunts to the energy difference. The shape and position 
of the nickel aro oxygen peaks are depicted in Figures 9 and 10, respectively. Q:::rlp!ritive bi.rrli.ng energies 
are shown in Table l. This data correlates well to 'known energies for NiO by other investigators (19-22), but 
there have been sare nickel electrode studies that i.nii.cate further c::arplexity for this reaction (23, 24) · 
The nickel hydroxides all fonn a layered structure where there are alternate layers of nickel and hydroxide 
ions. There exist two Fhase5, d and a for Ni(OH)2, and a and Y for NiCXE. These phases play an .intxJrtant 
role in the electro1e reaction and quite probably in the electrodlranic insertion of ar or: injection of ft". 
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Table I. XPS Bindi~ Energies for NiO and Ni Compounds* 
Material Ni2p312 Satellite Ni2p112 Satellite 2J.s- Ref. 

(ev)-- (ev)-- (eVJ 

'Ibis 'w'Ork 854.7 860.7 872.7 878.7 530.5 

NiO 854.3 861.5 529.7 19 

NiO 854.4 529.5 20 

NiO 855.0 861.1 873.0 879.8 21 

Ni(OH) 2 856.4 862.2 531.5 19 

Ni (OH)2 855.7 531.2 22 

Ni 852.3 869.7 16 

*A!l data adjusted for charging and differences in calibration. 
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Figure Sa. Auger sputter depth profile of 
Ni0/Sno2 :F, Cl/glass electrode of its peak to peak 
intensities (sputter rate in TatJs = 1000 A/min). 
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Figure 9. X-ray photoelectron spectroscopy of 
nickel 2p electrons in NiO, showing the characteris­
tic binding energies. 
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Calclusial. 

As a result of these CCJ!i:>ined studies, it has been detennined that nickel oxide can exhibit favorable 
electrochrani.c switching properties for possible use for windcw glazings. By electrochenical techniques, 
nickel oxide can be groom on nickel el~es or deposited onto a oc:n:iuct.ive oxide such as sna2 : F, Cl on 
glass. '!be optical properties of a 500 A NiO/ S~:F, Cl/ glass electrode were Tp (bleached) = 0. 77 and Tp 
(colored) = 0.21, and Tg (bleached);:: 0.73 and Ts (colored) = 0.35. '!be electrochenical properties of both 
types of electrodes were detennined by cyclic volt.anm:!try. FOr both the metal and transparent electrode, the 
voltanmet.ry shewed the electrochranic switching reactioo. to be Ni(OH) 2 <-> NiOOH + a++ e-. '!be chemistry of 
the electrodes has been detennined to be a hydrated fonn of NiO. ·Further research is clearly necessary, espe­
cially with regard to nickel oxide/ hydroxide fil.nB on transparent electrodes, which have not been studied in 
detail prior to this "WOrk. Cbntirued studies . utilizing electroo. microsc::xv.f and infrared spectroscopy is 
planned, in order to detennine the exact phases of nickel oxide/ hydroxide fil.nB. 

'!be authors wish to thank Dr. B. Beard, K. Gaugler, and Dr. s. Cogan (EIC Labs, NoniOCld, Mass.) for their 
help with ESCA analysis, scanning Auger microprobe, and electrochenistry, respectively. A special thanks goes 
to Steve Selkaori.tz, Prof. J. washblrn, and Dr. T. Sands (Bell Cbrporate Research Labs, Murray Hill, N.J.), 
for supporting this effort. 'Ibis "WOrk was performed at the Lawrence Berkeley Lalx>ratory, Materials and ~:).ec­
ular Research Division, I.D'lder a joint program with the Applied Science Divisioo.. '!be "WOrk was fi.D'lded by the 
Assistant Secretary for Cbnservatioo. and Renewable Energy, Office of Solar Heat Technologies, Passive and 
Hybrid Solar Energy Divisioo. of the Depart:ment of Energy I.D'lder a:mtract No. IE-Aa:>3-76SFOOQ98. 
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