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16Microcrystalline tungsten bronze thin films were prepared using wet chemical techniques to reduce a tungsten
17oxide thin film that was prepared by thermal oxidation of a sputter deposited tungsten metal film on a quartz
18substrate. The crystallinity of these films was determined by X-ray diffraction and the surface was characterized
19byX-ray andUltra-Violet Photoelectron spectroscopy. The total amount of hydrogen incorporated in thefilmwas
20monitored using absorbance spectroscopy at 900 nm. The oxidation kinetics of the film and the hydrogenation of
21nitrobenzene in hexane were measured as a function of film thickness. A satisfactory fit of the resulting kinetics
22was obtained using a model that involves two simultaneous processes. The first one is the proton diffusion from
23the bulk of the film to the surface, and the second is a reaction of the surface protons with the oxidants. Finally,
24the dependence of the reaction rates on the presence of catalytic amounts of first row transition metals on the
25surface of the film was explored.

26 © 2015 Published by Elsevier B.V.
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31 1. Introduction

32 The hydrogen bronzes of molybdenum and tungsten are interesting
33 compounds derived from the reduction of molybdenum or tungsten tri-
34 oxide with hydrogen or a hydrogen source such as an alcohol [1–6].
35 These mixed valence oxide species are highly-colored compounds that
36 contain pentavalent metal centers attached to hydroxides. The attached
37 hydroxides have the unusual property of reacting as if they are hydridic
38 rather than in the expected protic manner [2]. This reaction behavior is
39 due to the fact that the transfer of the hydrogen ion is accompanied by
40 electron transfer and reoxidation of themetal ion back to thehexavalent
41 state. In some respects, the bronze can be considered to be a convenient
42 storage medium for reactive hydrogen and this property has been
43 exploited in hydrodechlorination of chlorocarbons [1,7]. A later investi-
44 gation found that these reagents neutralize both peroxide-based impro-
45 vised explosives and military explosives (such as RDX and TNT) under
46 ambient conditions during which a dramatic color change is observed
47 [8]. For the military explosives, the process is suspected to occur via a
48 reduction of the nitro groups to amines. To investigate the surface
49 chemistry occurring during the reduction of the nitro-based explosives
50 and oxidation of the bronze, this paper discusses the development of a
51 model system, based on tungsten oxide films that mimic these
52 nanometric materials.

53Films of tungsten oxide exhibit a wide spectrum of electrochromic
54and photochromic properties [9–13]. Chromogenic properties of evapo-
55rated tungsten oxide filmswere first intensively explored by S. K Deb in
561970s [14]. The observed alteration of its optical properties in response
57to the external stimuli (light, temperature, and applied voltage) makes
58tungsten oxide one of the most promising chromogenic materials for a
59wide range of applications [15]. The ability to reversibly change color
60creates opportunities for its use in emerging technologies, especially
61for highly energy efficient buildings with incorporated “smart win-
62dows” [16]. Other possible applications for optical switching films in-
63clude sensors for noxious gases [17], hydrogen sensors [18], adjustable
64surface emissivity devices for satellite applications [19], UV and Co-60
65radiation detectors, electrochromic displays, and variable reflectance
66mirrors [20].
67The mechanism of WO3 hydrogenation (reduction) follows the
68scheme:

69WO3 (yellow) + xH+ + xe− ↔ HxWO3 (dark blue).
70

71The reverse reaction occurs upon reaction with an oxidizing agent.
72Given that chemical reactions occur at the surface, a relevant parameter
73is the diffusion coefficient for hydrogen to migrate from the bulk of the
74sample toward the surface. A diffusion constant (D) can be written that
75includes both diffusion of the H+ ion and the electron. It is shown that
76diffusion coefficient varies both with hydrogen content [21,22] and de-
77position parameters aswell as the density of thefilms [23]. The diffusion
78coefficient turns out to depend on the crystallinity and the hydrogen
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79 concentration of the bronze. In different electrochemical experiments,
80 the reported values lie in the range of 1.5 × 10−9 to 3 × 10−12 cm2/s
81 for approximately 500-nm-thick WO3 films deposited by evaporation
82 [13,23]. The diffusion coefficient for hydrogen atoms in crystalline
83 films is estimated to be several orders of magnitude greater than that
84 in amorphous WO3 films [24]. Indeed, NMR kinetic studies resulted in
85 an extrapolated value for D of 7 × 10−6 cm2/s at room temperature
86 [25]. The rate of hydrogen insertion is also related to the presence of
87 water in the reaction (reduction) media. Bludska et al. reported that
88 water increases the rate of hydrogenation and that the rate also be-
89 comes greater with an increase in the number of reduction–oxidation
90 cycles [26].

91 2. Experimental

92 Three different preparativemethods were explored: sputter deposi-
93 tion followed by oxidation, evaporative deposition and sol–gel deposi-
94 tion. As discussed later, the sputter deposition oxidation method was
95 chosen for all the kinetic studies in this paper. For this method, quartz
96 slides measuring 0.5 cm × 2 cm were pretreated by heating in a solu-
97 tion of 1:3 ratio of 30% (v/v) hydrogen peroxide and 18.0 M sulfuric
98 acid. This process removes any organicmatter andhydroxylates the sur-
99 face. We found that organic residues result in poor adhesion of the ini-
100 tially sputtered metal coating. The ion beam sputtering was performed
101 in a vacuum chamber under a vacuum of 1 × 10−6 Torr. Pure argon
102 gas for 2.5 cm× 22 cm linear ion source and a plasma bridge neutralizer
103 were controlled by a GFC-1000-U gas flow controller (Ion Tech, INC.) at
104 4.0 sccm and 2.0 sccm, respectively. The energy for the argon ion beam
105 voltage was 900 V during deposition, controlled by MPS-3000 power
106 supply (Ion Tech, INC.). A Maxtek thickness monitor (TM-350/400)
107 was used with a crystal-based microbalance to measure the rate of de-
108 position. The sputtering rate of the described apparatus was measured
109 to be 2.0 Å/s. The substrates were rotated at 10 rpm during the deposi-
110 tion and were positioned 20 cm from a tungsten metal target. The
111 resulting tungsten metal films were then annealed in a Thermolyne
112 21100 tube furnace under an oxygen atmosphere at 600 °C for 4 h to
113 create tungsten oxide films. X-ray diffraction (XRD) patterns recorded
114 using a Bruker Advance D8 diffractometer (copper Kα radiation) of
115 these films showed only one broad peak, implying an amorphous film.
116 The samples were oxidized within a quartz tube by a stream of gaseous
117 oxygen at one atmosphere and heating up to 450 °C for 3 h to produce
118 slightly yellow WO3 films on the quartz substrate. The oxidation step
119 was the main reason for the use of a quartz substrate as opposed to
120 cheaper borosilicate glass slides due to the tendency of the tungsten ox-
121 ides to pull impurities out of the glass slides during oxidation. The final
122 thickness of the oxide film was calculated using the thickness reported
123 by the crystal-basedmicrobalance corrected for the rotation of the sam-
124 ple during disposition and the density difference between theWmetal
125 and its oxide. The assumption is that the film's surface length andwidth
126 was constant and the only change upon oxidation was in the thickness.
127 The colored HxWO3 films were created via the reaction of tungsten
128 oxidefilmswith nascent hydrogen released using zincmetal and hydro-
129 chloric acid. As a result, colored tungsten bronze are produced. For most
130 preparations, the slidewas placed in a containerwith 5ml of 1Mhydro-
131 chloric acid. Approximately 1 g of powered zinc metal was added and
132 the inhomogeneousmixture was swirled by hand until the reaction be-
133 tween the acid and the zinc was complete. The samples formed using
134 the wet chemistry method were compared to tungsten oxide films re-
135 duced by atomic hydrogen generated by splitting molecular hydrogen
136 on a hot filament in an UHV-chamber for 3.5 h. During deposition, the
137 temperature of the samplewas recorded to be 369 K and pressure of hy-
138 drogen in the chamberwas equal to 1× 10−5 Torr. Bothmethods result-
139 ed in the formation of stable blue HxWO3 films.
140 In addition to films made using sputtering followed by oxidation,
141 films were also created using either direct thermal evaporation of the
142 oxide or sol–gel chemistry. For thermal evaporation, tungsten (VI)

143oxide (99.8%, Alfa Aesar) was deposited directly onto cleaned (as de-
144scribed above) 3″ × 1″ × 1 mm microscopic slides (Fisher Scientific)
145by performing repetitive conventional thermal evaporation technique
146under a vacuum of 1 × 10−5 Torr. For direct thermal evaporation of
147the oxide, an electrically heated tungsten-coated foil boat (MDC) was
148fixed 10 cmdirectly below the substrate. Themanuallymanipulated de-
149position rate is a function of applied voltage and ranges from 10.0 to
15030.0 Å/s. For the sol–gel approach, a colloidal tungsten oxide film was
151produced using tungstic acid generated from sodium tungstate by an
152ion-exchange column. A solution of 1.0 M sodium tungstate dihydrate
153(99%, Sigma-Aldrich) was eluted through a column containing analyti-
154cal grade cation exchange resin AG 50W-X2, 50–100 mesh in its hydro-
155gen form (Bio-Rad). This produces a tungstic acid solution that was
156deposited onto cleaned 3″ × 1″ × 1 mmmicroscope slides (Fisher Sci-
157entific). The sol–gel films were dried at room temperature for 24 h
158and were usable for a few days. The bronze films were prepared with
159hydrogen released by the oxidation of zinc metal with hydrochloric
160acid as described above.
161The XPS and UPS equipment used in this investigation has been pre-
162viously described [27]. Briefly, it consists of a surface analysis system
163with a typical base pressure of 2 × 10−10 Torr measured using an un-
164corrected nude ionization gauge. The XPS measurements were per-
165formed using the Mg anode of a PHI 300 Watt Twin Anode X-ray
166source. The resulting photoelectrons were detected by a PHI double-
167pass cylindrical mirror analyzer (CMA) with a pass energy of 50 eV.
168UPS was implemented using a differentially pumped He discharge
169ultra-violet source (UG Microtech) to provide He(I) radiation. The
170same double-pass cylindrical mirror analyzer with a pass energy of
1715 eV was used to detect the resulting photoelectrons. A copper foil pro-
172vides the Fermi level reference for the UPS photoelectron energies. XRD
173measurements were performed using a Bruker D8 Advance X-ray pow-
174der diffractometer with indexing, crystallite size, search/match, and
175quantitative analysis capabilities. Finally, UV–vis spectra were recorded
176manually using a DMS-200 Dual-Beam Spectrophotometer with a beam
177size of 2 × 8 mm.
178Control experiments showed that impurities in the hexane slowly
179reacted with the bronze films. Therefore the hexane was purified by
180shakingwith concentrated sulfuric acid followed by vacuumdistillation
181under nitrogen from sodium benzophenone ketyl solubilized with
182tetraglyme. Once purified, the HxWO3 filmswere indefinitely stable im-
183mersed in the hexane. It was also found that continuous exposure to the
184900 nm light from the spectrometer source also impacted the rate mea-
185surement. For this reason, the hydrogen bronze Q5samples were stored in
186the dark after their preparation and were exposed to the 900 nm radia-
187tion only for the time needed to obtain an absorbance measurement
188(less than 1 min).

1893. Results and discussion

1903.1. Film preparation

191The synthetic method used for the preparation of tungsten oxide
192films can strongly influence their properties. For example, thin films
193produced using one method can have an electrochromic sensitivity ex-
194tremely different from that of films produced by other methods [28].
195Surface defects, oxygen vacancies and interstitials may be responsible
196for optically active materials obtained under different deposition condi-
197tions [29]. In addition, absorbed water can increase the surface conduc-
198tivity and thus enhance the proton mobility required for efficient
199electrocoloration [30]. To understand how the properties are affected
200by different deposition methods, tungsten oxide films were produced
201by sputter deposition followed by oxidation, evaporative deposition
202and sol–gel deposition. Films of tungsten oxide formed using sol–gel
203or thermal evaporation were found to be significantly less reactive in
204comparison to films prepared by sputter deposition followed by
205oxidation. Although the colloidal films had excellent electrochromic
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