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10 ABSTRACT: CuO is a nonhazardous, earth-abundant material that has exciting
11 potential for use in solar cells, photocatalysis, and other optoelectronic applications.
12 While progress has been made on the characterization of properties and reactivity of
13 CuO, there remains significant controversy on how to control the precise band gap
14 by tuning conditions of synthetic methods. Here, we combine experimental and
15 theoretical methods to address the origin of the wide distribution of reported band
16 gaps for CuO nanosheets. We establish reaction conditions to control the band gap
17 and reactivity via a high-temperature treatment in an oxygen-rich environment.
18 SEM, TEM, XRD, and BET physisorption reveals little to no change in
19 nanostructure, crystal structure, or surface area. In contrast, UV−vis spectroscopy
20 shows a modulation in the material band gap over a range of 330 meV. A similar
21 trend is found in H2 temperature-programmed reduction where peak H2
22 consumption decreases with temperature. Calculations of the density of states
23 show that increasing the oxygen to copper coverage ratio of the surface accounts for
24 most of the observed changes in the band gap. An oxygen exchange mechanism, supported by 18O2 temperature-programmed
25 oxidation, is proposed to be responsible for changes in the CuO nanosheet oxygen to copper stoichiometry. The changes induced
26 by oxygen depletion/deposition serve to explain discrepancies in the band gap of CuO, as reported in the literature, as well as
27 dramatic differences in catalytic performance.

28 ■ INTRODUCTION

29 In recent years much effort has gone toward raising the
30 efficiencies of solar cells and photocatalytic processes.
31 Researchers investigating materials such as GaAs, CdTe, InP,
32 and others have shown results as good or better than their
33 silicon counterparts.1 The main limitation of silicon is its band
34 gap, the minimum threshold energy a photon must possess
35 before it can be absorbed, which placed at ∼1.07 eV causes it to
36 miss long-wavelength light (>1100 nm).2 Indeed, one reason
37 these new materials work so well is because of their amenable
38 band gap for solar light absorption according to the Shockley−
39 Queisser limit.3 The drawback, however, of many of these novel
40 materials is their high toxicity and the fact that they contain
41 rare-earth elements, which together serve to limit the
42 sustainability of a device over its lifetime.4 In the case of
43 photocatalysis there are even more stringent constraints placed
44 on a material; not only must its band gap be amenable to light
45 absorption in the solar spectrum but also it must overcome the
46 electrochemical barriers for a given reaction.5 Other properties
47 such as catalyst stability, toxicity, and abundance must also be
48 considered.

49Cupric oxide (CuO) is a p-type semiconductor that has been
50the subject of growing interest recently in the solar community
51as well as other fields including batteries,6 sensors,7,8 catalysis,9

52supercapacitors,10,11 and others. In solar cells, CuO nanorod
53arrays have been used as an anode with TiO2,

12 as a barrier
54layer with ZnO,13 and as an active layer with C60.

14 Rajeshwar
55et al. found that differently synthesized CuO−Cu2O nanorod
56arrays could photoelectrocatalytically convert CO2 to meth-
57anol.15 Though it was also found that the different synthesis
58conditions led to different efficiencies, it is still unclear what
59material properties led to these observed differences in
60performance.
61Though much work has been done using CuO for specific
62applications, basic material properties remain poorly defined,
63most prominently band gap. The band gap of bulk copper oxide
64has been reported to be between 1.2 and 2.1 eV.10,16−19 The
65band gap of nano-CuO has been reported to be as high as 4.03
66eV.20 Additional inconsistencies exist between experimental
67results and theoretical models as to whether the transition is
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68 direct or indirect. Many researchers have synthesized a wide
69 range of CuO nanostructures through a variety of methods and
70 noted how the band gap changes with different structures.10

71 Though it is not unusual for band gap to change with nanosize
72 and structure, this explanation alone does not sufficiently
73 account for the wide range of band gaps reported in the CuO
74 system. First, strong quantum confinement effects for CuO
75 nanoparticles with crystallite sizes between 11 and 20 nm varied
76 the band gap in a range of only 4.03−3.72 eV.20 Second, the
77 argument of different nanoshapes, rather than size, was shown
78 only to vary the band gap in a range of 1.371−1.447 eV.21

79 Third, large differences in band gap are reported even in the
80 case of bulk (non-nano) CuO. This unexplained large variance
81 in reported values suggests that the band gap of CuO may be
82 highly susceptible to small material changes and therefore
83 tunable.
84 2D CuO nanosheets were chosen for this study for multiple
85 reasons: (1) CuO as a material has shown promise in a number
86 of applications due to its low toxicity, high abundance, and
87 good electrical and catalytic properties, etc. (2) A fundamental
88 unanswered scientific question exists as to why CuO has such a
89 large variation in reported band gaps even for the bulk. (3)
90 Two-dimensional nanosheet structures are often more
91 amenable to photocatalytic and solar cell applications because
92 of their increased surface area, face-dependent activity and
93 selectivity, more forgiving density of states, and ease of
94 compositing through sheet−sheet stacking. Finally, while
95 much research has been done on 0D and 1D there are only a
96 few reports that discuss tuning the properties of 2D materials
97 beyond graphene systems.22,23

98 In this work, CuO nanosheets were synthesized via a simple
99 surfactant-assisted aqueous-phase method and then annealed at
100 350 °C in oxygen for different amounts of time. This annealing
101 process was found to allow for the fine-tuning of the material’s
102 band gap as well as imbuing it with an increased reactivity.
103 Theoretical tight-binding calculations show that oxygen cover-
104 age and arrangement strongly influence much of the band gap.
105 A mechanism is finally proposed for this nondegradative
106 process and supported with evidence from isotopic oxygen
107 studies.

108 ■ METHODS
109 Experimental Section. All chemicals used here were purchased
110 from Sigma-Aldrich with purity ≥97%. All gases used were ultrahigh
111 purity obtained from Airgas.
112 Synthesis of Cupric Oxide Nanosheets. Cupric oxide nanosheets
113 were synthesized as per the following protocol:39

114 First, 120 g of sodium hydroxide and 22 g of hexadecyltrimethy-
115 lammonium bromide (CTAB) were dissolved in 900 mL of deionized
116 water and heated to 60 °C under magnetic stirring. In a separate
117 beaker, 3.4 g of copper(II) nitrate trihydrate was added to 100 mL of
118 deionized water. Once dissolved the contents of the copper nitrate
119 solution were added to the first solution such that the final
120 concentrations of all species were 3 M NaOH, 60 mM CTAB, and
121 14 mM Cu(NO3)2, respectively. The solution was held at a constant
122 temperature of 60 °C for 1 h and then removed from heating and
123 filtered. The black precipitate was washed with excess deionized water
124 and ethanol. To remove any remaining CTAB the samples were then
125 calcined at 250 °C in air for 3 h and then finely ground with mortar
126 and pestle before further treatment or characterization.
127 Oxidative and Inert Heat Treatment. The properties of cupric
128 oxide nanosheets were tuned using a flow reactor as follows. Omega
129 FMA-A2404, FMA-A2402-SS, and FMA5504 mass flow controllers
130 were calibrated and used for all gas flow experiments. ColeParmer
131 Digi-Sense R/S temperature controllers with Omega K-type

132thermocouples were calibrated and used for all temperature
133monitoring and controlling.
134An appropriate amount of cupric oxide nanosheets (50−150 mg)
135was loaded into a straight quartz tube reactor and sealed within the
136setup. A stream of 100% oxygen was flowed over the sample at a rate
137of 100 mL/min. An hour was allowed for the flow to stabilize, after
138which point heating commenced. Under the previously mentioned gas
139flow conditions the sample was heated from room temperature to 100
140°C over a period of 5 min and then heated from 100 to 350 °C over a
141period of 15 min. The sample was then left at 350 °C for a period of
14230, 60, or 120 min depending on the treatment. After treatment, the
143sample was allowed to cool naturally under 100% oxygen flow and
144then subsequently removed for analysis.
145Inert treatments were conducted under similar conditions except
146nitrogen was used as the flow gas instead of oxygen.
147Scanning Electron Microscopy (SEM), Transmission Electron
148Microscopy (TEM), and Energy-Dispersive X-ray Spectroscopy
149(EDX). SEM images and TEM images were collected on a Hitachi
150SU-70 and FEI Tecnai Osiris, respectively, both equipped with an
151energy-dispersive X-ray detector. The acceleration voltage was 15 kV
152for SEM and 200 kV for TEM. For SEM, powder samples were
153pressed onto double-sided carbon tape, while TEM samples were
154dispersed in ethanol via sonication and then added dropwise to a holey
155carbon-coated gold grid. In both cases multiple spots were examined
156to ensure sample uniformity, and the EDX spectrum was acquired to
157verify that the structures were indeed composed of copper and oxygen.
158X-ray Diffraction (XRD). XRD measurements were carried out on
159powder samples. Spectra were acquired from a Rigaku SmartLab X-ray
160diffractometer using Cu Kα radiation (λ = 1.5418 Å) with a rotating
161anode source, operated at 45 kV and 200 mA. PDXL 2 Rigaku data
162analysis software was used to obtain lattice constants and crystallite
163sizes.
164UV−Visible Spectroscopy (UV−vis). UV−vis spectra were collected
165from an Applied NanoFluorescence, LLC model NS1 Nano-
166spectalyzer. Samples were sonicated in water until dispersed and
167then aliquoted into a 1 mL UV−visible transparent cuvette.
168Measurements were repeated three to five times per sample, and
169then a Tauc plot24 was used to determine band gap. A software
170package was developed in house to automate this process as well as to
171improve interpretation consistency. The band gaps presented are the
172averages of the three to five samples, and the error bars represent the
173standard deviation of the measurements.
174BET Surface Area. The surface area of CuO nanosheet samples was
175determined using a Quantachrome autosorb. Adsorption−desorption
176isotherms were constructed using an 11-point Brunauer, Emmett, and
177Teller (BET) measurements protocol with N2 as the adsorbate.
178Typically 50−100 mg of sample was used and outgassed at 200 °C for
1793−6 h. Measurements of each sample were performed in triplicate and
180their average and standard deviation calculated.
181H2 Temperature-Programmed Reduction (TPR) and 18O2 Temper-
182ature-Programmed Oxidation (TPO). The TPR and isotopic oxygen
183studies were carried out in a reactor setup similar to that used for the
184O2 treatments with the addition of a sampling line at the outlet leading
185to a vacuum chamber operating at 10−5 to 10−7 Torr containing a SRS
186RGA 100 residual gas analyzer which was used to perform real-time
187mass spectrometry measurements. For TPR, 50 mg of sample was
188loaded into a straight tube quartz reactor, and a gas stream composed
189of 10% H2 gas (90% Argon) was flowed over it at a rate of 100 mL/
190min for 1 h prior to heating. Flow rates were controlled using mass
191flow controllers. Samples were then heated from room temperature to
192100 °C in 5 min and then allowed to sit at 100 °C for 5 min before
193ramping from 100 to 400 °C at a rate of 10 °C per minute. For TPO,
19450 mg of CuO nanosheets was loaded, and a gas stream composed of
1954% 18O2 (96% He) was flowed over the sample. The purity of the 18O
196with respect to 16O was reported as 99:1. The sample was then heated
197to 450 °C at a rate consistent with the TPR method. Again, the outlet
198gas was measured using the residual gas analyzer.
199Computational. The structure of monoclinic CuO was generated
200from a unit cell found in the literature25,26 with a = 18.612 Å, b =
20113.640 Å, and c = 25.001 Å with α = 90.000°, β = 99.481°, and γ =
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202 90.000°. The slab/supercell was generated by extending the structure
f1f2 203 along the (002) plane that was most expressed by the system (Figure
f2 204 2). It contained 96 units of [CuO] with four alternating layers of 32

205 Cu and 32 O, resulting in a 6 nm thick slab. This structure is neutral,
206 but each removed oxygen or copper atom increases the charge by 2
207 units or decreases the charge by 2 units, respectively. The long c lattice
208 vectors act to install a spacer of about 17 Å to prevent unrealistic
209 interactions between replicated slabs. The tight-binding extended
210 Hückel27−32 (EH) Hamiltonian (K = 1.75) was calculated using a
211 locally modified version of YAeHMOP,33 as described in our previous
212 work.34−39 The default YAeHMOP parameters developed by
213 Hoffmann were used.30,40 The calculation of the density of states of
214 the slab in various states of Cu or O removal was simulated with
215 periodic boundary conditions at the Γ-point with Gaussian broadening
216 with an exponent of 50, which is equivalent to a full width at half-
217 maximum (fwhm) of 235 meV. The band gap was measured by taking
218 the range of DOS intensities between the conduction and valence
219 band edges where the intensities were less than 0.1 au.
220 The EH Hamiltonian was chosen for its ability to model efficiently
221 very large structural models, with semiquantitative reliability using a
222 minimal set of semiempirical parameters.32,41−43 The method has
223 already been extensively validated as applied to a wide range of
224 semiconductor surfaces.28,29,40,44,45 More recently Raza and co-
225 workers46−48 as well as our own group34−39,41 have successfully
226 demonstrated the capabilities of the EH Hamiltonian for under-
227 standing interfacial electron transfer on semiconductor surfaces. While
228 the functional form of EH does not allow for geometry
229 optimization,49−52 it does allow for a complete treatment of orbital
230 overlaps and the valence shell electronic structure. It performs well

231once supplied with the equilibrium geometry as described by
232crystallographic models or DFT methods,32 as reported in this
233study. DFT calculations (SI, Section III) show minor surface
234reconstruction effects induced by changes in the level of oxygen
235coverage, providing robust structural models essential for an accurate
236description of changes in the band gap.

237■ RESULTS AND DISCUSSION

238Imaging. After synthesis, all samples were imaged to
239determine their nanostructure. Figures 1a and 1b show a typical
240TEM and SEM image (respectively) of an untreated sample.
241Here, we see that the material is in the form of nanosheets
242whose dimension ranges from 250 to 1000 nm in length and
243width. In previous work, we have found the nanosheet range in
244thickness between 15 and 25 nm.53 Also of note is the
245nonuniformity in the edges of the nanosheets, which others
246have cited as a result of the nanosheet growth process.10

247An EDX spectrum in Figure 1c provides elemental analysis of
248a structure found in the untreated sample and confirms it
249contains copper. Since carbon tape was used to adhere the
250sample to the stage and since this method is not sensitive
251enough to differentiate between the energies of carbon and
252oxygen, other methods (e.g., XRD) were used to confirm the
253material is in fact cupric oxide.
254Figures 1d, 1e, and 1f show samples of copper oxide
255nanosheets after 30, 60, and 120 min of heat treatment at 350
256°C, respectively. Here, we see that the nanosheet structure
257remains largely intact. Minor perturbations in the structure are,
258however, observable. For example, for the 120 min treated
259sample, there appears to be a rounding of the normally jagged
260edges present in the untreated sample. Indeed, for longer
261treatment times or for higher temperatures more extreme
262structural changes have been observed to occur (Figure S1).
263The temperature of 350 °C was chosen for this study because
264at higher temperatures structure loss was observed to occur too
265quickly.
266Crystal Structure. X-ray diffraction (XRD) was used to
267determine the oxidation state and overall composition of the
268samples. Copper has two oxides: cuprous oxide (Cu2O) with
269copper having a +1 oxidation state and cupric oxide (CuO) in
270which copper has a +2 oxidation state. Fortunately each of
271these oxidation states has exactly one associated crystal
272structure, which for cupric oxide is monoclinic. This makes

Figure 1. TEM (a) and SEM (b) images of untreated CuO nanosheets accompanied by EDX spectra (c) detailing its composition (copper and
oxygen). The C and Al peaks are present because carbon tape was used to adhere powder samples to an aluminum stage. SEM images of 30, 60, and
120 min treated samples are presented in (d), (e), and (f), respectively.

Figure 2. XRD spectra of CuO nanosheet 30 min (blue), 60 min
(green), and 120 min (purple) treated and untreated (red) samples.
Each peak is labeled with its corresponding face.
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273 XRD an ideal technique for differentiating between samples of
274 cupric and cuprous oxide. Figure 2 shows XRD spectra
275 collected for treated and untreated samples.
276 Peaks corresponding to each crystal face are labeled in Figure

t1 277 2, and the lattice parameters of each are presented in Table 1.

278 Lattice constants were found to be approximately 4.69, 3.43,
279 and 5.14 Å for a, b, and c, respectively, and approximately 95°
280 for β (α = γ = 90°). The crystallite size was found to be
281 approximately 200 Å which agrees with our previous studies39

282 as well as empirical thickness calculations derived from surface
283 area (vide inf ra).
284 The lattice parameter values agree very well with literature
285 values of CuO, and little change was observed for these values
286 as a function of treatment time, which would suggest that the
287 oxidative treatment has little to no effect on crystal structure or
288 on the overall oxidation state. No cuprous oxide was detected
289 in any sample.
290 Also of note is the increased amplitude of the peak associated
291 with the (002) plane with respect to the other peaks compared
292 to bulk (non-nano) CuO, which suggests an overexpression of
293 the (002) plane in these CuO nanosheet samples, which other
294 researchers have noted exhibits increased catalytic performance
295 in the case of CO oxidation.10,54 The high reactivity of this
296 plane may leave it more susceptible to alterations such as by
297 introducing or annealing away defects or by functionalization of
298 its surface. Below, we will demonstrate how changes to the
299 surface of CuO nanosheets lead to differences in optical
300 properties and reactivity.
301 Optical Properties. UV−visible spectroscopy was used to
302 test differences in the optical properties of the CuO nanosheet
303 samples. This technique has been extensively implemented in
304 semiconductor research to determine a material’s band gap.
305 Here, absorbance spectra of CuO nanosheets dispersed in
306 deionized water were collected and plotted as a function of
307 wavelength, which were then converted into Tauc plots24 via
308 the following transformation

να ν= −h A h E( ) ( )n1/
g309 (1)

310 where h is Planck’s constant; ν is the frequency of light; α is the
311 absorption coefficient; n is 1/2 for a direct band gap transition
312 and 2 for an indirect band gap transition; A is a proportionality
313 constant; and Eg is band gap. The band gap of a material may
314 be determined by constructing a Tauc plot, that is by plotting
315 (αEphot)

2 against Ephot, where Ephot is the energy of a photon
316 (hν). Linear extrapolation of each sample’s trace down to the
317 Ephot axis should yield the value of the band gap of the materials.
318 Software was developed in house to automate this process and
319 increase the consistency of the band gap determined for a given
320 data set.
321 Example Tauc plots of each treatment are depicted in Figure
322 S2, and calculated band gaps for each sample are plotted in

f3 323 Figure 3 as a function of treatment time. It was found that CuO

324nanosheets exhibit a direct band gap transition of 1.53 eV in the
325untreated sample. It was subsequently found that 30 min of
326oxidative treatment increased the band gap to 1.75 eV and 60
327min to 1.86 eV. However, after 120 min of treatment, the band
328gap started to once again decrease, down to 1.82 eV. The
329standard deviations for all of these measurements were between
33026 and 74 meV.
331A separate sample of CuO nanosheets was treated at 350 °C
332for 30, 60, and 120 min in N2 gas. Under these inert treatment
333conditions we observe a much smaller change in the band gap
334from 1.68 to 1.63 eV to 1.71 to 1.72 eV for untreated, 30, 60,
335and 120 min samples, respectively. We posit that the oxidative
336treatment results in more pronounced band gap changes due to
337increased O:Cu coverage of the CuO nanosheet surface. During
338inert treatment, no oxygen addition is possible from the gas
339phase though small band gap changes may be a result of oxygen
340and/or copper rearrangement from atoms already present on
341the surface. We also observe batch to batch differences in the
342band gap for untreated CuO nanosheets. In Figure 2, the
343untreated sample in the oxidative and inert series has a band
344gap of 1.53 and 1.68 eV, respectively, which we also attribute to
345a difference in the amount and distribution of surface oxygen
346atoms. Below, we use theoretical calculations in conjunction
347with experimental results to support these assertions as well as
348to demonstrate how differences to surface oxygen sites
349influence reducibility.
350Theoretical Calculations. We have modeled the crystallo-
351graphic structure of CuO, using tight-binding methods as
352described in the Computational methods section, to explore
353how the oxidative treatment changes the sample at a molecular
354 f4level. Figure 4 shows the total density of states (DOS) for
355model 2D CuO nanosheets as well as the projected density of
356states (pDOS) for Cu and O atoms. For an ideal CuO structure
357with 1:1 ratio of Cu:O (Figure 4a), the band gap is 1.05 eV, in
358reasonable agreement with other theoretical calculations55 and
359 t2acceptably close to the band gap value found in Table 2 for the
360untreated sample. Typically, band gaps obtained at this level of
361theory underestimate the experimental band gaps by a few 100
362meV.55 To simulate an oxygen-rich surface, 8, 16, and 24 Cu
363atoms were removed from the top layer, as shown in Figures
3644b, 4c, and 4d, respectively. Cu depletion resulted in a band gap
365increase, from 1.05 to 1.26 eV and 1.42 and 1.75 eV for the 0, 8,
36616, and 24 Cu atoms removed, respectively. Conversely

Table 1. Lattice Parameters and Crystallite Sizes for the CuO
Nanosheets in Figure 2

time treated
(min) a (Å) b (Å) c (Å) β (deg)

crystallite size
(Å)

untreated 4.6921 3.4287 5.1380 99.54 223 ± 28
30 6.6925 3.4275 5.1395 99.57 192 ± 62
60 4.6947 3.4276 5.1385 99.50 181 ± 51
120 4.6936 3.4218 5.1406 99.44 181 ± 56

Figure 3. Band gaps of treated and untreated CuO nanosheet samples
in an oxidative treatment (red solid) and with an inert treatment
(black dotted). Each data point is an average over five measurements,
and the error bars represent the standard deviation.
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367 removing oxygen atoms from the bottom layer (Figure S3)
368 resulted in a band gap decrease from 1.05 to 0.57 eV for 0 to 24

t3 369 O atoms removed. These results are summarized in Table 3

370 and the Supporting Information. We find that changes in the
371 band gap largely result from a change in the conduction band of
372 the material, rich in Cu d states, increasing in the case of Cu
373 removal and decreasing in the case of O removal. The results of
374 our theoretical models are consistent with the experimental
375 conclusion that the band gap of CuO increases with increasing
376 surface oxygen coverage. It is expected that the surface of CuO

377nanosheets becomes relatively more oxygen rich when exposed
378to the oxidative treatment, which is consistent with the
379observed increase in band gap. Similar results were obtained
380for CuO nanowires where adsorption of water to the (111)
381surface resulted in a wider band gap.56

382The rearrangement of oxygen on the surface was also
383investigated using molecular modeling to determine its impact
384on the CuO nanosheet band gap. Such calculations effectively
385model the effect of surface rearrangement upon oxidation or
386 f5reduction. In Figure 5a, 16 Cu atoms were removed from the

387bottom layer, but the pattern of removal was varied. In Figure
3885a, the atoms were removed in a regular fashion, that is, the first
389Cu atom of the first row, the second Cu atom of the second
390row, etc. which was also the method of removal in Figure 4. For
391comparison, the adjacent rows of Cu atoms were removed
392(Figure 5b) resulting in a band gap of 1.16 eV. In Figure 5c,
393alternative rows were removed resulting in a band gap of 1.67
394eV. In Figure 5d, hexagonal areas of Cu atoms were removed
395yielding a band gap of 1.39 eV. The structures used are
396displayed in the inset of each DOS plot. Analogous plots with
397oxygen atoms removed can be found in Figure S4. These
398results are also summarized in Table 3 and Table S1. Diffuse
399removal of Cu atoms such as in (a) or (d) yielded structures
400with very similar band gaps, while more ordered removal
401patterns such as those found in (b) and (c) resulted in band
402gaps that were much more varied. We posit that by removing
403atoms in such a clustered configuration a new interface is
404created between two separate materials. These metal−metal
405oxide interfaces could provide a collection of mid band gap of
406energy states in between the more populated band edges, hence

Figure 4. Total DOS (black) and pDOS (blue = Cu, red = O) for
CuO (geometries shown as in insets) in various states of removal from
the top copper layer in a “regular” fashion where the first atom is
deleted in the first vertical row, the second atom is deleted in the
second vertical row, etc. The pristine slab is given in (a). 8, 16, and 24
Cu atoms are deleted in (b), (c), and (d), respectively. Color code:
blue = Cu, red = O.

Table 2. Mean Values for the Band Gap of Each CuO
Nanosheet Sample

band gap (eV)

time treated (min) oxidative inert

untreated 1.53 ± 0.074 1.68 ± 0.043
30 1.75 ± 0.033 1.63 ± 0.018
60 1.86 ± 0.026 1.71 ± 0.046
120 1.82 ± 0.042 1.72 ± 0.015

Table 3. Values for the Band Gap of Each CuO Model Given
in Figures 4 and 5

Cu atoms
removed arrangement

valence band
(eV)

conduction
band (eV)

band gap
(eV)

0 regular −11.4 −10.35 1.05
8 regular −11.39 −10.13 1.26
16 regular −11.38 −9.96 1.42
16 adjacent −11.38 −10.22 1.16
16 alternating −11.39 −9.72 1.67
16 areas −11.38 −9.99 1.39
24 regular −11.37 −9.62 1.75

Figure 5. Total DOS (black) and pDOS (blue = Cu, red = O) for
CuO (geometries shown as in insets) in various states of removal of 16
Cu atoms from the top layer. For the “regular fashion” pattern of
removal (a) the first atom of the first vertical row was deleted, the
second atom of the second row, etc. In (b) adjacent rows of Cu atoms
were deleted. In (c) alternating rows were deleted. “Areas” (d) refer to
roughly hexagonal portions deleted from the surface. Color code: blue
= Cu, red = O.
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407 lowering the apparent band gap of the material. We selected to
408 remove 16 Cu atoms to test arrangement effects because it
409 results in a Cu:O ratio of 1:1.20 which, as will be shown below,
410 is close to the ratio measured experimentally for CuO
411 nanosheets.
412 These theoretical results also help explain changes found in
413 CuO nanosheets treated in an inert environment. Slight
414 increases and decreases in band gap found can be attributed
415 to the rearrangement of oxygen atoms on the surface. For
416 example, structures may transition from a “regular” distribution
417 to an “alternating” arrangement, which would increase the band
418 gap, then to an “adjacent” configuration, which would decrease
419 the band gap, or to the “areas” structure, which would keep the
420 band gap relatively constant. Based on the experimental results
421 the latter is more likely since little to no change in band gap is
422 observed.
423 Reactivity. In this section, we demonstrate how increases in
424 the band gap of CuO nanosheets correlate with increases in
425 reactivity. Hydrogen oxidation was used as a probe reaction to
426 quantify differences in reducibility. The reduction of CuO in
427 hydrogen gas is a well-studied process.42 CuO, rather than
428 being reduced sequentially to Cu2O and then to Cu, has been
429 shown to reduce directly to Cu according to the following
430 reaction

+ → +CuO(s) H (g) Cu(s) H O(g)2 2

431 First, the surface areas of all samples were measured in triplicate
432 using 11 point BET N2 physisorption. The mean of each

t4 433 sample along with the standard deviation is listed in Table 4. All

434 samples fell within a range of 20−24 m2/g with very little
435 difference in surface area between them. Interestingly, surface
436 area can be used to calculate the average thickness of the
437 nanosheets present within the sample using eq 2.

σρ̅ =t
2

438 (2)

439 where t ̅ is the average thickness of a CuO nanosheet; σ is the
440 surface area per unit mass of the sample; and ρ is the density of
441 CuO, which is 6.31 × 106 g/m3. An analogue analysis is done
442 by Weiber et al. for 0D nanoparticles;57 however, since no such
443 report exists for 2D materials (to the best of our knowledge) a
444 short derivation is included in the Supporting Information,
445 Section II.
446 Thicknesses for each sample are presented in Table 4. These
447 values are likely an underestimation of the actual thickness
448 since roughness and jagged edges, which are visible from the
449 SEM images in Figure 1, increase the surface area. Interestingly
450 these values are in agreement with crystallite sizes obtained
451 from XRD. Together with the SEM images shown in Figure 1,
452 these data reinforce the claim that the treatment has not
453 impacted the structure of the CuO nanosheets
454 H2 TPR was performed on oxidized CuO nanosheets, as

f6 455 shown in Figure 6. Here 50 mg of treated and untreated

456samples were heated in 10% H2 gas (in an Ar atmosphere) flow
457from 100 to 400 °C, and the composition of the outlet gas
458stream was assessed using mass spectrometry. Since no gaseous
459oxygen is present for this reaction, all hydrogen that is
460consumed is being oxidized by the CuO nanosheets, which
461degrades the CuO nanosheets so that neither structure nor
462composition is preserved. However, differences in the initial
463state of the nanosheets affect the temperature at which the
464material reacts.
465Percent H2 consumption is given as a function of
466temperature in Figure 6 for each sample. At a given
467temperature, increased H2 consumption indicates more
468reaction is occurring between the material and the gas. When
469all of the oxygen has been depleted (i.e., when all CuO has
470been converted to Cu) the reaction ceases, and no further H2 is
471consumed. In Figure 6, we see that peak H2 consumption
472temperature decreases from 261 °C for the untreated sample to
473242 °C for the 30 min treated sample and to 214 °C for the 60
474min sample. For the 120 min sample, the peak H2 consumption
475temperature increases back to 244 °C. Note that this follows a
476similar trend to the sample’s band gap in that CuO nanosheets
477with higher band gap show increased reactivity with H2 (as
478indicated by a lower reaction temperature) and vice versa,
479which indicates that there is a correlation between the band gap
480and reactivity of CuO nanosheets so that by tuning one the
481other is also tuned, which makes it possible to predict a priori
482how changes in the band gap of CuO nanosheets will impact its
483reactivity.
484 t5Values for total H2 consumed are listed in Table 5. These
485values were derived by integrating the H2 consumption curves
486and using the prior knowledge of the quantity of H2 flowed
487during the experiment. Equation 3 outlines this explicitly.

=Peak Area
Total Area

H Consumed
Total H Flowed

2

2 488(3)

Table 4. Mean Surface Area Values and Estimated
Nanosheet Thicknesses for Each CuO Sample Are Presented

time treated (min) surface area (m2/g) average calculated thickness (nm)

untreated 23.05 ± 0.66 13.75
30 20.79 ± 1.84 15.25
60 21.89 ± 0.41 14.48
120 21.87 ± 1.06 14.49

Figure 6. Mass spectrum-derived percent consumption of H2 for 50
mg of each sample at different temperatures with tabular values given
in Table 5.

Table 5. Peak Consumption Temperaturesa

time treated
(min)

peak H2 consumption
temp. (°C)

total H2 consumed
(mmol) Cu:O

untreated 261 0.794 1:1.26
30 242 0.761 1:1.21
60 214 0.777 1:1.23
120 244 0.775 1:1.24

aThese temperatures follow a trend similar to the material band gap.
Total H2 consumed was found by integrating each peak and using the
ideal gas law. Cu:O ratios were determined assuming 1 mol of H2 per
atom of O present in the material.
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489 where Total Area is the area below the line y = 100% from 100
490 to 400 °C or 100*300 = 30 000 which is the theoretical
491 maximum consumption. The total H2 flowed refers the total
492 amount of moles calculated using a flow rate of 10 mL/min
493 (10% of a 100 mL/min stream) and the ideal gas law. From the
494 above reaction, 1 molecule of H2 is consumed per oxygen atom
495 of CuO. Therefore, these values also serve as a measure of
496 oxygen content for these structures. The theoretical amount of
497 O atoms in 50 mg of sample with a 1:1 Cu:O ratio is 0.630
498 mmol. In this study we find that all CuO nanosheet samples
499 had increased amounts of oxygen. As depicted in Table 4 the
500 Cu:O ratio goes from 1:1.26 in the untreated sample to 1:1.21
501 to 1:1.24 to 1:23. Thus, all CuO nanosheets studied here have
502 an excess amount of oxygen, which would explain why the band
503 gaps do not match a theoretical pristine slab of CuO where the
504 ratio for Cu:O is 1:1. This trend is not identical to the trend in
505 band gap in that the untreated sample, though it contains the
506 most oxygen, does not have the highest band gap. In the treated
507 samples, however, the oxygen amount does follow the trend of
508 band gap. Based on our theoretical calculations, we conclude
509 that the surface oxygen atoms in the untreated sample are more
510 dispersed than the treated samples, which corroborates the
511 hypothesis made in the previous section that the solution
512 synthesized CuO nanosheets exist in a different configuration,
513 and with heat treatment these structures can rearrange,
514 changing their band gap. More robust spectroscopic methods
515 may reveal that the surface of untreated CuO nanosheets
516 contains more hydroxyl groups that likely affect the band gap in
517 different ways, as suggested in the literature,58,59 which is
518 beyond the scope of this investigation.
519 H2 TPR was also performed on a commercial sample of
520 CuO, and it was found that it contained only 3.9% more oxygen
521 (Figure S5). The high surface-to-bulk ratio of CuO nanosheets
522 suggests that a large amount of additional oxygen lies on the
523 surface of the material, which would explain why the band gaps
524 reported in this work are slightly higher than the most
525 commonly cited value of 1.4 eV.
526 To further support the hypothesis that oxygen from the gas
527 phase is interacting with the material and vice versa, 18O
528 temperature-programmed oxidation was performed on un-

f7 529 treated CuO nanosheets. Figure 7 shows the production of
530

18,16O2 as a function of temperature over untreated CuO
531 nanosheets in the presence of 18O.
532 At approximately 325 °C there is an onset of production of
533

18,16O2. Since the atmosphere is the only source of 18O atoms
534 (in the form of 18O2) and CuO nanosheets are the only source
535 of 16O atoms, the production of 18,16O2 molecules must be a
536 result of oxygen exchange occurring between the nanosheets

537and the gas. This mechanism similar to Mars−Van Krevelin
538catalysts60 is indicative of increased oxygen mobility in the
539material. We posit that this phenomenon might also be the
540mechanism of structural degradation in nanosheet samples
541heated over long time periods around this temperature (Figure
542S1). Thus, we conclude that the band gap and reactivity
543changes are a direct result of this oxygen mobility and
544exchange.
545In analogous systems, such as carbon nanotubes, surface
546oxygen groups impact properties such as toxicity, reactivity, and
547point of zero charge.61 Additionally, others have noted the
548correlation between band gap and catalytic performance in
549metal oxide systems.62 Here, we find that the total amount of
550surface oxygen as well as its distribution affect the band gap and
551hydrogen oxidation activity of CuO nanosheets. We also find
552that these optical and catalytic properties may be tuned through
553varying the calcination condition.

554■ CONCLUSIONS

555We have elucidated the fundamental role that surface oxygen
556deposition plays in tuning the band gap and reactivity of CuO
557nanosheets, an earth-abundant, nonhazardous material, useful
558in the fields of solar energy technology and photocatalysis. We
559demonstrated that the band gap of CuO nanosheets can be
560controlled in a range of 1.53−1.86 eV through a mild oxidative
561heat treatment. We found that the reactivity of the nanosheets
562improves upon increasing the band gap, as evidenced by H2
563TPR. The observed changes in band gap and reactivity are
564directly correlated with changes in surface oxygen coverage, as
565supported by our theoretical analysis. Calculations of the DOS
566for a series of model CuO nanosheets show that structures with
567increased surface oxygen atoms have larger band gaps.
568Additionally, the band gaps of models with more ordered
569arrangements varied widely from those of more diffuse
570arrangements. Finally, through isotopic oxygen TPO, we
571demonstrate that oxygen exchange is indeed occurring between
572the gas phase and the solid during the oxidative heat treatments
573at 350 °C. We hypothesize that the sensitivity to surface oxygen
574vacancies is an important contributing factor for the wide range
575of values of CuO band gaps reported in the literature.
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