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ABSTRACT Copper(l) oxide nanoparticles (NPs) are emerging as a

technologically important material, with applications ranging from anti-

bacterial and fungicidal agents to photocatalysis. It is well established that
the activity of Cu,0 NPs is dependent on their crystalline morphology. Here
we describe direct preparation of Cu,0 nanocrystals (NCs) on various
substrates by chemical deposition (CD), without the need of additives,
achieving precise control over the NC morphology. The substrates are
preactivated by gold seeding and treated with deposition solutions

comprising copper sulfate, formaldehyde, NaOH, and citrate as a complex-

[OH] / [Cit*]

ant. Production of NC deposits ranging from complete cubes to complete octahedra is demonstrated, as well as a full set of intermediate morphologies, i.e.,

truncated octahedra, cuboctahedra, and truncated cubes. The NC morphology is defined by the NaOH and complexant concentrations in the deposition

solution, attributed to competitive adsorption of citrate and hydroxide anions on the Cu,0 {100} and {111} crystal faces and selective stabilization of

these faces. A sequential deposition scheme, i.e., Cu,0 deposition on pregrown Cu,0 NCs of a different morphology, is also presented. The full range of

morphologies can be produced by controlling the deposition times in the two solutions, promoting the cubic and octahedral crystal habits. Growth rates in
the (100) and (111} directions for the two solutions are estimated. The Cu,0 NCs are characterized by SEM, TEM, GI-XRD, and UV—vis spectroscopy. It is

concluded that CD furnishes a simple, effective, generally applicable, and scalable route to the synthesis of morphologically controlled Cu,0 NCs on a variety

of conductive and nonconductive surfaces.
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electroless deposition

ontrollable preparation of nano-

structured metal oxides is an intri-

guing research area that follows lo-
gically the extensive understanding of
morphologically controlled face-centered
cubic (fcc) metal nanoparticle (NP) synthesis
achieved in the last decades.'? Still, due
to the more complex compositions of the
oxide systems, a high-level understanding
of the conditions required for the successful
preparation of well-defined metal oxide NPs
is rather limited.?

Cu,0 is a native p-type semiconductor
(bulk direct band-gap energy of 2.17 eV)
that is nontoxic and highly abundant in the
earth crust. It has a large absorption coeffi-
cient over the violet-to-green solar spec-
trum, making it suitable for conversion of
solar to electrical or chemical energy.* It
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has been shown recently that n-type Cu,O
can be obtained under special synthetic
conditions, which may open the way to
more efficient Cu,O-based solar cells.*®
Other applications of interest include Cu,O
as a photocatalyst for solar water splitting”
and for the degradation of organic pollu-
tants under visible light irradiation®~"" and
in gas sensing.'>"® It has been used as a
catalyst for N-arylation,’* CO oxidation,'*
and other organic reactions, as well as a
negative electrode in Li-ion batteries.'®
Cu,0 colloids have been used as inks in
printable conductive interconnects'” and as
antibacterial or antifungal agents,'® while
other properties make them suitable for the
preparation of magnetic and superconduc-
tive materials, when appropriately doped
with metal ions.
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Scheme 1. Possible representations of the Cu,O crystal
lattice structure.

Face-centered cubic Cu,O is found in nature as
cuprite, its crystalline mineral form. The crystal sym-
metry is cubic (space group Pn3m), and the structure
can be viewed as two interpenetrated sublattices: a
body-centered arrangement of 0%~ anions and an fcc
sublattice of Cu™ cations (Scheme 1).

A simple and scalable method providing precise and
systematic control over the morphology of Cu,0 NPs is
highly desirable, as the morphology and size strongly
affect the NP electronic structure, physical properties,
surface energy, and chemical reactivity.

Chemical (electroless) deposition (CD) of Cu,O on
surfaces represents an easy, scalable, and inexpensive
technique for the preparation of nanoparticulate and
continuous Cu,0 films on a variety of conductive and
nonconductive substrates.

Compared to colloidal synthesis, the use of meta-
stable CD solutions allows convenient separation of
the NP nucleation process from the crystal growth,
providing an effective tool for understanding the NP
growth. In addition, formation of the NPs in situ on the
substrate surface avoids the need to use additives for
stabilizing the colloid, potentially capable of inducing
morphological effects. Yet little is known on morphol-
ogy control in the context of direct CD of Cu,O NPs on
substrates.

CD of Cu,O continuous films on nonconductive
substrates is usually performed by the method of
Grozdanov and co-workers;'®?° however, analysis of
the resulting film morphologies and the factors defin-
ing their structure has been scarce. Greenberg and
Breininger proposed an approach to Cu,O CD on
preactivated glass using HCHO/CuSO,/tartrate/NaOH
solutions, typically used for producing metallic Cu.?'2>

CD of Cu,0 occurs upon immersion of conductive or
preactivated substrates in metastable deposition solu-
tions containing CuSO,4, NaOH, a reducing agent, and a
suitable complexant. In the case of HCHO as the
reductant, the following overall chemical reaction is
assumed to occur:

2CuX?~ 4+ HCHO + 50H~ — Cu,0(s)
+HCOO ™ +3H,0 4 2X*~ Q)

where X*~ is a tetradentate ligand that stabilizes Cu®"
in solution at the high pH required for HCHO to ex-
hibit a sufficiently high reducing potential. Typically,
EDTA,%® tartrate,®® citrate,”® and NHs'' have been
employed to avoid the formation of Cu(OH), in colloi-
dal and electroless deposition syntheses.
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In our study on CD of plasmonic Cu NP films on glass
using HCHO and tartrate-based solutions** we found
that under certain conditions formation of highly
crystalline truncated octahedral Cu,O nanodeposits
was attained. While the phase composition was largely
defined by the total HCHO and CuSO,4 concentrations,
the complexant and base concentrations were left
unchanged. We hypothesized that, by varying the
concentrations of the latter two components, morpho-
logical control over the deposited Cu,O nanocrystals
(NCs) could be achieved. This hypothesis was strength-
ened by analyzing a variety of chemical conditions
typically used in colloidal Cu,0 syntheses®?® and in
electrodeposition of Cu,O particles on conducting
substrates.”’~%°

Various groups have studied the formation of Cu,0O
colloids 38111426 preparations include hydrother-
mal,?>*'32 polyol,*® sonochemical,** and direct chemi-
9,11,26,30,35—39 USing aSCOrbiC aCid,26'30'36
sodium ascorbate,®'*** hydrazine,"""'* or hydroxyl-
amine®'® as reducing agents. Numerous chemical
syntheses of Cu,0 colloids have made use of a variety
of surfactants and capping agents, such as SDS,2~%?°
PVP,2® CTAB,** and PEG,’® to stabilize and/or direct the
morphology of the colloid. The inclusion of such
additives introduces additional complexity compared
to CD or electrochemical deposition, due to possible
adsorption and stabilization of particular facets exerted
by the additive. Several authors have pointed out the
possibility of controlling the Cu,0 colloid morphology
without using surfactants or other colloid stabilizers.
Morphological control was claimed to be achieved
by controlling the concentration ratios [reducing
agent]/[Cu® "], [OH"1/[Cu®"], and [complexant]/[Cu*"]
and/or by changing the reducing agent.'’'#304041
However, since changes in [reducing agent] and
[Cu®*] concentrations during CD could lead to metal
deposition,* varying the [complexant] and [OH™]
appears more suitable for achieving shape control in
CD of Cu,0.

In many colloidal syntheses, increasing the alkalinity
during preparation with minimal variation of the other
solution components has led to an increase in particle
size, with little variation of the morphology.”’"*° The
effect of the alkali concentration on the NP morphol-
ogy in Cu,0 colloidal synthesis has remained largely
unclear.”’

With respect to complexants, stabilization by pre-
ferential adsorption of aminated complexants on Cu,O
{111} faces during crystal growth was reported for NH;
and EDTA.""?* A similar behavior was observed with
aminated reducing agents, such as hydrazine or hy-
droxylamine.'® We are not aware of any complexant or
reductant proven conclusively to stabilize Cu,0{100}
facets.

Extensive studies of Cu,O NC morphology have
been carried out in the context of electrodeposition

cal syntheses,
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on conductive substrates, forming either continuous or
isolated NP films.**** Varghese and co-workers**~4°
have laid the foundation for electrodeposition of con-
tinuous Cu,0 thin films;**~*¢ however, crystal habits
were not controlled. Switzer and co-workers*’**® pro-
duced continuous Cu,0 films on stainless steel cath-
odes from alkaline CuSO,4—lactate solutions in the po-
tentiostatic mode. The film texture was controlled by
fixing the pH; at pH = 12 films displaying a (111) texture
were obtained, while at pH = 9 films showing a (100)
texture were formed, indicating a strong interaction
between OH™ and Cu,0 {111} faces. Choi and co-
workers?”~2?° performed cathodic galvanostatic Cu,O
deposition on polycrystalline Au electrodes; morphol-
ogy control was achieved by pH-dependent preferen-
tial adsorption of SDS on the {111} faces.

Deposition of Cu,O thin films was also reported
using activated reactive evaporation,*® pulsed laser
deposition,*® thermal evaporation,®'*? reactive radio
frequency magnetron sputtering,”®> molecular beam
epitaxy,”* thermal®>® and anodic oxidation of bulk
Cu,>” and a sol—gel-like dip technique.>® However, mor-
phological control was hardly achievable in these cases.

In the present work, a method allowing precise
control over the morphology of Cu,O NC deposit
prepared by a straightforward CD procedure is intro-
duced for the first time. The deposition is carried out at
room temperature on Au-seeded glass substrates,
without any special additives. We show that the rela-
tive surface energies of the crystal faces are affected by
the solution composition, i.e.,, the NaOH and the so-
dium citrate (NasCit) complexant concentrations.
While hydroxide anions selectively stabilize the Cu,0
{111} facets, citrate ions preferentially stabilize the
{100} facets. The competitive adsorption of these ions
on the different crystal faces enables precise control
over the Cu,0 NC morphology in the entire range from
octahedral to cubic.

It is also shown that solutions producing cubic or
octahedral crystal habits can be used to shift the
morphology of pregrown crystals, such that the final
morphology can be designed by choosing appropriate
exposure times to each of these solutions. By analyzing
the size and shape changes during single-step and
two-step depositions, the crystal growth rates in the
{100) and (111) directions are estimated.

RESULTS AND DISCUSSION

We have previously shown that deposition solutions
comprising 0.177 M sodium potassium tartrate (NaKT),
0.5 M NaOH, 80 mM CuSQ,, and 40 mM HCHO produce
nanostructured deposits on Au-seeded glass slides,
which, up to 20 min deposition, are mainly composed
of truncated octahedral Cu,0 NCs.?* Increase of the
NaKT concentration in the deposition solution showed
a tendency of shifting the Cu,O NC morphology to
more cubic-like.>* However, high NaKT concentrations

led to co-deposition of metallic copper, especially at
longer times,>* thus precluding deposition of pure
cubic Cu,0 deposits. Therefore, new solution composi-
tions were sought for the preparation of Cu,0 NCs with
precise morphological control over a full range of
morphologies.

Sodium citrate (NasCit) has been used in combina-
tion with other reducing sugars or hydroxo-carboxylic
acids, such as ascorbic acid or glucose, to obtain Cu,0
(as in the Benedict reagent),***' and in particular for
the preparation of cubic-like Cu,O colloids, in the
absence of surfactants and nitrogenated molecules,
which stabilize the {111} crystal planes.®® Considera-
tion of our results with NaKT-based solutions** and
analysis of previously published works have led us to
the hypothesis that hydroxo-carboxylic acids stabilize
the Cu,0 {100} facets.>® As there are no known
metastable CD solutions containing ascorbic acid or
glucose as reducing agents for producing Cu or Cu,0,
we replaced the complexant with the hydroxo-
carboxylic acid citrate (NasCit), with the aim of obtain-
ing the full range of possible Cu,O NC morphologies
while avoiding the formation of metallic Cu.

Activation of the glass substrate by Au seeding is
required for Cu,O deposition to proceed. This is
achieved by silanization with 3-aminopropyl trimeth-
oxysilane (APTS) followed by formation of small Au
clusters (see Experimental Section), to produce a cat-
alytic layer suitable for facilitating Cu,0 deposition®*¢’
(Scheme 2a).

All the Cu,0 depositions described herein make use
of 8 mM HCHO in solution, ensuring mild reducing
conditions,>* and a 10-fold Cu?* concentration (80 mM),
implying the absence of Cu®" mass-transport limita-
tions under all tested conditions. For controlling the
Cu,0 NC morphology, a range of NasCit and NaOH
concentrations were explored. A representative set of
CD solutions, labeled A to G, is presented in Scheme 2b.

a) L
1% viv 5mM 50 mM

Glean APTS NaAuCl, NaBH.  sppded
slide slide ——
b) %-: %—' tmin
Cu,0
! = NP film
— — ‘; — | / —y — —
\ / \/ \ / Vortex Vortex Vortex
\J / \J
i 1 i 1 i
16M 064 M 5M 0.32M
Sample  Na,Cit CusO, H,0 NaOH HCHO
(51) (52) (53) (54)
A 067 0.25 083 0.20 0.05
B 1.07 0.25 043 0.20 0.05
C 1.20 0.25 0.30 0.20 0.05
D 1.35 0.25 0.15 0.20 0.05
E 1.35 0.25 0.20 0.15 0.05
F 1.35 0.25 0.25 0.10 0.05
G 1.60 025 0 0.10 0.05

Scheme 2. (a) Activation of glass substrates by Au seeding.
(b) Preparation of deposition solutions. Immersion of a
seeded substrate (a) in a deposition solution (b) for t min
produces Cu,0 NCs with a well-defined crystalline morphol-
ogy. (Volumes in the table are in mL.)
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Figure 1. HRSEM images of CD Cu,0 NCs on glass substrates, prepared as in Scheme 2 (using citrate as the complexant and
10 min deposition). Crystal morphology: (A) complete octahedra, (B) tip-truncated octahedra, (C) truncated octahedra, (D)
truncated octahedra, (E) cuboctahedra, (F) tip-truncated cubes, and (G) complete cubes. Scale bars: 200 nm (top), 50 nm

(bottom).

After immersing activated substrates for 10 min in
the CD solutions, followed by rinsing and drying, NCs
were observed by HRSEM (Figure 1). Sample A consists
of complete octahedral crystals exposing {111} planes
only. Increase the citrate concentration (from sample A
to D) leads to formation of crystals exposing increas-
ingly large {100} facets. By decreasing the NaOH con-
centration in the solution (from sample D to F), a similar
trend is found, and tip-truncated cubes are obtained.
Further increase in [Na3Cit] results in complete cubes,
exposing {100} planes only (sample G).

In our system, by adding the reagents in the order
shown, no observable colloid is formed at any stage of
the CD (no turbidity is observed when shining a green
laser beam through the tube). In several reported Cu,0
colloidal syntheses Cu,O nucleation in solution was
observed, followed by aggregation/Ostwald ripening
and surface restructuring to give the final crystalline
product after a certain aging period®? When the
restructuring is not complete, the texture of the ex-
posed planes remains rough, evidently constituting
smaller particles, as observed by high-resolution mi-
croscopies. In highly alkaline colloidal syntheses, visi-
ble pale blue Cu(OH),'%'"1426303638 3nd even dark
brown Cu0?**° often form prior to addition of the
reducing agent, considered as the chemical Cu,O
precursors. Their formation depends strongly on the
specific reaction conditions used, and their involve-
ment in the Cu,0 formation pathway should be tested
in each case. In our system we avoid bulk solution
nucleation and restructuring processes. By using Au-
seeded glass and freshly prepared CD solutions, Cu,0
NC formation proceeds solely via crystal growth on the
preformed Au nuclei®* Most NC facets appear quite
smooth, indicating the absence of secondary nuclea-
tion. Note that Cu(ll) reduction in the presence of
citrate and absence of formaldehyde was not ob-
served, under any conditions.

In our deposition solutions, the major copper species
present are copper(ll)-hydroxo-citrate complexes.®
The stability of these complexes was established as fol-
lows: When solution A was prepared without NaOH,
the Cu(ll)-citrate complex absorption band appeared at
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740 nm (Figure S1, Supporting Information). According
to the spectrochemical series, OH™ may exert a higher
ligand field than the carboxylate groups of the com-
plexant, leading to a higher absorption energy. When
NaOH was added (thus producing solution A), the
absorption peak blue-shifted to 685 nm, indicating
the formation of Cu(ll)-hydroxo-citrate species. With a
large excess of NaOH, the spectral maximum further
blue-shifted to 660 nm, implying formation of more
hydroxylated species, probably [Cu(OH)4)?~, believed
to exist at very high pH.®® Therefore in our solutions
copper(ll)-hydroxo-citrate species are likely to be pre-
dominant, as increasing [NasCit] and decreasing
[NaOH] (i.e., moving from solution A to G) lead to an
equilibrium less shifted toward formation of
[Cu(OH),)*.

The effect of varying the reagent concentration can
be evaluated by considering eq 1 as the sum of two
half-reactions, eqs 2 and 3 (disregarding the exact
Cu(ll) speciation):

2CuX?™ +20H ™ +2e~ — Cuy0(s) + H,0 4 2X*~
(2)

HCHO +30H™ — HCOO ™ +2H,0+2e~ (3)

While the copper reduction potential (Ec,) is shifted
negatively as [NasCit] is increased, the HCHO oxidation
potential (Eycho) is essentially unaffected.

The net shift in the reduction potential due to
increase in the complexant content and stabilization
of the Cu(ll) species in solution is seen, for samples A to
D, as a decreasing net growth rate of the individual
NCs, seen as decreasing NC major axis lengths (Table 1
and Figure S2, Supporting Information), from 197 to
135 nm. In parallel, a higher activity of the Au seeds
acting as nucleation centers for Cu,O deposition is
observed, increasing the NC surface density from 7.0 x
10% to 3.1 x 10° cm™?% this effect is yet to be
understood.

There is a maximal usable [NasCit], dictated by the
NasCit solubility limit, slightly higher than 1.5 M. The
lower limit of usable NasCit is given by the Cu(OH),
solubility. When [NasCit] was decreased to 0.24 M,
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TABLE 1. HRSEM Image Analysis of Cu,0 NCs as in Figure 1,7

NC dimensions

sample morphology major axis (nm) a (nm) b (nm)
A octahedra 197 + 24
B tip truncated octahedra 160 £ 29
C truncated octahedra 157 £ 26
D truncated octahedra 135+ 24
E cuboctahedra 15416 NM 62+5
F tip truncated cubes 97 +19 28+3 30+3
G cubes 73+ 14 5+9 NM

¢ (nm) d (nm) R NC surface density (cm—2)
186 = 21 NM >1732 7.0 x 108
844+8 3543 134 £ 001 18 x 10°
5244 4844 1.17 £ 001 29 x 10°
2944 58+6 1.04 £ 001 3.1 x 10°
NM 6245 0.866 38 x 10°
0.721 + 0.008 32 x 10°
<0577 48 % 10°

“Errors indicate standard deviations. R ratios were calculated for individual particles and averaged. NM = not measurable.

incomplete solubilization of Cu>* was evident by the
formation of Cu(OH), (a light blue solid). Under these
conditions octahedral Cu,0 NCs were produced to-
gether with fibrous-like particles, also growing on the
Au seeds (Figure S3, Supporting Information). The
latter are believed to be CuO nanoleaves together with
Cu(OH); fiber bundles. Cu,O deposition under very low
[NasCit] was therefore avoided.

In samples D to F, where [NaOH] is decreased, the NC
surface density remains approximately constant,
whereas the NC size decreases at lower pH (Table 1).
The latter may be related to the fact that the net
reaction (eq 1) is thermodynamically favored at higher
pH. A minimal [NaOH] is also required, below which
very slow or no deposition is observed. Further in-
crease in [NasCit] (solution G) shows additional in-
crease in the NC surface density. Interconnected
Cu,O particles may result from growth on closely
spaced active seeds. Note that the seeding efficiency
was not perfectly reproducible; therefore trends in the
Cu,0 NC surface density (NCs per unit area) were
determined using the same seeding batch.

Etching processes, defined herein as processes lead-
ing to removal of material through surface reduction—
oxidation reactions, may occur in the present system,
which is open to air. Specifically, Cu,0 NCs can be
etched by reaction with dissolved oxygen and com-
plexant (eq 4):

2Cu,0(s) + 0,(aq) + 4H,0 + 4X*~
— 4[CuX]>~ +80H" 4

Increase in the [complexant] and decrease in [OH™]
(from solution A to G) would promote higher etching
rates. An etching rate comparable to that of the
chemical growth would imply a net growth rate in a
particular crystalline direction and a crystal habit that
depend on the rates of both the CD and etching.
Intuitively, the probability of the latter situation occur-
ring seems low, as the nominal [HCHO] in our system is
ca. 40 times larger than [0, in water (ca. 7 mg/L or
~0.2 mM);** hence O, reduction by HCHO is likely to
occur in the bulk solution such that the actual [O,] is
expected to be negligible.
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Figure 2. Grazing-incidence XRD (GIXRD) patterns of sam-
ples A (octahedra), C (truncated octahedra), E (cuboctahedra),
and G (cubes) (Figure 1) on glass substrates. Peaks are

assigned to fcc Cu,O according to JCPDS No. 05-0667
(bottom panel).

To substantiate experimentally the insignificant role
of Cu,0 etching in our solutions, supported octahedral
Cu,0 NCs were exposed to solution G, in which the
CuSO, fraction was replaced by water to avoid Cu,0
deposition, while maintaining a similar etching ability.
After 10 min immersion no morphological change
was observed in the NCs (Figure S4, Supporting
Information) (some chemical reduction and mass
transfer of Cu to the Au seeds is seen). If the octahedral
Cu,0 crystals are exposed to solution G, in which the
HCHO fraction was replaced by water, minimal etching
at crystal edges is observed, likely to be less pro-
nounced in the presence of HCHO. These experimental
results rule out the influence of Cu,0 crystal etching on
crystal shape under the present deposition conditions.

The phase composition and structure of the deposits
were evaluated by grazing-incidence X-ray diffraction
(GIXRD). Diffraction patterns of complete octahedra,
truncated octahedra, cuboctahedra, and cubes (ie.,
samples A, C, E, and G in Figure 1, respectively) are
shown in Figure 2. Peaks in the XRD patterns are
indexed as the (110), (111), (200), (220), (311), and
(222) reflections, corresponding to the cubic-phase
crystal structure of cuprite (JCPDS No. 05-0667). The
calculated lattice parameter is 4.27 A, in agreement
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with previously reported values.>”*° No evidence of
Cu, CuO, or Cu(OH), is found. Due to their much smaller
size compared to the Cu,O NCs, Au seeds are not
detected in the diffraction pattern. The relative inten-
sity of the peaks is similar for all the deposits (Figure 2),
suggesting that the NCs are randomly oriented with
respect to the substrate.”

The other intermediate samples are assumed to
behave similarly, as supported by the regular (Figure 1)
and tilted-angle (Figure S5, Supporting Information)
SEM images. It is important to note that the tilted-angle
images (Figure S5, Supporting Information) clearly
show that the NCs are partially cut on the substrate
side, as a result of the asymmetry exerted by the
substrate during NC growth.

The phase identification by GIXRD and HRSEM was
verified using TEM characterization (Figure 3). Cu,O
NCs were deposited on carbon-coated, Au-seeded TEM
grids (prepared as detailed in the Experimental Section).
The Au clusters show an average diameter of 2.5 £
0.1 nm (Figure 3a), producing a diffuse electron diffrac-
tion (ED) pattern characteristic of polycrystalline Au
(inset in Figure 3a). The Au cluster size determined by

o

(200)
&k

(111))‘
(110)
o A
.
i) (200)"

1]

Figure 3. TEM images and ED patterns of CD Cu,0 NCs. (a)
Image and ED pattern of Au clusters produced on a carbon-
coated, Au-seeded TEM grid. (b) Crystal lattice spacing
measured on a Cu,0 NC using high-resolution TEM. (c) ED
pattern of an ensemble of Cu,0 NCs; some reflections are
assigned. (d—i) TEM images of single NCs prepared using
solutions A (d—f) and G (g—i), observed along the (d, g)
[111], (e, h) [110], and (f, i) [100] directions; scale bars: (d—f)
100 nm, (g—i) 50 nm. (j-) Corresponding SAED patterns for
octahedral Cu,0 NCs. Zone axes are indicated at the bottom
right.
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TEM is consistent with Au clusters on activated glass
substrates, which are barely seen by SEM, being close
to or below the resolution limit of the instrument.?* The
catalytic Au clusters are observed as smaller scattered
dots in the background of the Cu,O NCs' TEM images
(Figure 3d—i).

The Cu,0 phase displays a lattice spacing of 2.09 A,
measured under high magnification, corresponding
well to the known Cu,O {200} lattice spacing
(Figure 3b).3*%° The ED pattern of a collection of
Cu,0 NCs shows the expected dotted ring pattern,
with reflections assigned to the (111), (200), (220),
(311), (222), (400), and (331) spacings (Figure 3c).

The TEM images furnish 2D morphological informa-
tion from the contour angles of the NCs (Steno's law),
as well as 3D information from contrast differences in
the NC projection, reflecting thickness variations
(Figure 3d—i). The results for cubes and octahedra
are in agreement with those obtained by HRSEM imag-
ing on glass slides (Figure S6, Supporting Information).
Selected-area electron diffraction (SAED) patterns of
properly oriented octahedral Cu,O NCs show typical
single-crystal patterns of fcc particles, recorded for
selected zone axes (Figure 3j—I). Hence, formation of
single-crystalline Cu,O NCs is confirmed by both ima-
ging and diffraction.

In principle, NC growth cannot proceed under ther-
modynamic equilibrium conditions; hence the Cu,0
crystals do not necessarily display the most stable
crystalline morphology, at least during crystal growth.
However, for our discussion we assume that the NCs
grow under conditions close enough to equilibrium to
justify the use of equilibrium considerations and that
the crystal shape is maintained after removing the
sample from the solution.

According to the Gibbs—Curie—Wulff theorem, the
equilibrium form of a free crystal of a given volume
presents the minimal total surface energy (AGg). For a
faceted crystal, minimization of AG = Yy;s; (where y; is
the specific surface energy per unit area for the i-type
facet and s; is the corresponding exposed area) gives
the thermodynamically most stable crystal morphol-
ogy (Wulff's construction). For a crystal at equilibrium,
“the distances of the crystal faces from a point within
the crystal (called the Wulff's point), h;, are proportional
to the corresponding specific surface energies, y/h; =
constant” (Scheme 3a).%® In other words, Wulff's theo-
rem can be stated as “the crystal growth rate perpen-
dicular to any facet is proportional to its surface
energy”.>%% Therefore facets with lower surface en-
ergy will tend to dominate over the high-energy facets
on the crystal surface.

The equilibrium shape of a crystal deposited on a
surface, according to Wulff—Kaishew®® 8 or Winter-
bottom®® theorems, will be preserved, although the
crystal will be truncated by the substrate, with a
truncation that depends upon the crystal—substrate
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Scheme 3. (a) Wulff and (b) Wulff—Kaishew theorems. The
contact face is assumed to be parallel to the crystal plane i.

specific adhesion energy (8). The corresponding rela-
tionship is yi/h; = (v« — B)/h* = constant, where h* is
the distance from the Wulff point to the substra-
te—nanocrystal interface in the direction perpendicu-
lar to the kth plane (Scheme 3b).

CD of Cu,0 on glass under the present conditions
appears to follow the Wulff—Kaishew theorem, with
the surface energies of the {100} and {111} crystal
planes being dictated by the composition of the
deposition solution.

The simplest Wulff—Kaishew model assumes an
isotropic f; that is, it neglects possible NC—substrate
lattice mismatch during epitaxial growth of differently
oriented NCs. This condition is fulfilled in our case as a
result of the amorphous nature of the silanized sub-
strates. As the area occupied by the Au seeds is minute
compared to the free silanized glass surface, the
deposit—substrate interaction () is governed by the
silane—Cu,0 interaction.

On the basis of the Wulff—Kaishew formulation,
crystal shape analysis allows comparison of the relative
surface energies of the crystalline facets present on the
Cu,0 NCs. The ratio of growth rates perpendicular to
the {100} and {111} planes, R = rq o011y Which is
proportional to the ratio of surface energies, y100/¥111,
is related to the NC morphology by eqgs 5 and 6 (see

Supporting Information):*®7°~72
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For each prepared morphology the edge lengths
were measured from HRSEM images, and R ratios were
calculated (Table 1). R values of samples A to G appear
to be correlated with the [NaOH]/[NasCit] ratio.

The morphologies of NCs produced in solutions
A—G, as well as others obtained under constant
[NasCit] or constant [NaOH], are summarized in the
morphology diagram presented in Figure 4. It is clear
that cubes (Rg = ¥100/¥111 < 0.577) are produced when
[NasCit] is high and [NaOH] is low, while octahedra
(R =v100/7111 = 1.732) form when [Na3Cit] is low and
[NaOH] is high. While there is a correlation between R
and the [NaOH]/[NasCit] ratio, the latter is not sufficient
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Figure 4. Morphology diagram: Cu,0 morphologies ob-
tained in CD solutions of different NaOH and NasCit con-
centrations. Samples A—G (Scheme 2, Figure 1, and Table 1)
are marked.

for defining the final crystal morphology, which also
depends on the absolute concentrations.

When [NasCit] is increased at constant [NaOH], i.e.,
under conditions where the effect of the citrate anions
can be evaluated independently, R decreases (Figure 4).
This leads to the conclusion that citrate anions prefer-
entially adsorb on the {100} Cu,O0 facets, thereby sta-
bilizing these crystal faces and lowering their surface
energy.”> When [NaOH] is increased at a constant
[NasCit] (Figure 4), the R ratio is increased, favoring
octahedral crystal habits. The OH™ anions therefore
preferentially adsorb on the {111} Cu,O facets, thus
selectively stabilizing these crystal faces.

Bulky citrate anions might have a favorable coop-
erative interaction with {100} facets via the multiple
carboxylate groups, which may not be that effective on
{111} faces, possibly due to the different surface ionic
arrangement. If the {100} planes are selectively stabi-
lized by citrate, and therefore crystal growth is hin-
dered in the (100) directions, {100} planes would grow
slower than {111} planes, and the final morphology
would shift to a cube.

Ideal stoichiometric Cu,O {100} surfaces were mod-
eled to be polar and with a square symmetry.”® During
crystal growth the Cu,O surface charge alternates
between positive (Cu'-terminated) and negative
(O?"-terminated). Positive Cu-terminated facets may
be responsible for the interaction with negatively
charged citrate ions, resulting in their stabilization
during growth. Note that adsorption on and stabiliza-
tion of polar Cu,0O{100} facets by anions such as CI™~
and NO5~ were previously reported.?®

Ideal nonpolar Cu,0 {111} facets contain Cu(l) ions
with dangling bonds, which may strongly interact with
appropriate species.'®?%”* The small and high-charge-
density OH™ anion can interact with these local dan-
gling bonds, with a higher affinity compared to citrate,
Cu(ll)-citrate complexes, or methylene glycolate an-
ions, also present in the reaction medium,*"*? thus
stabilizing these crystal faces selectively as compared
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to the {100} facets. The morphology would then shift
to octahedral. OH™ adsorbed on the {111} surface may
also become part of the Cu,O crystal structure as O%.
The dual role of OH™ ions as a surface-stabilizing agent
and participant in NC growth is reasonable assuming that
the time scale of the two processes is largely different.

A possible alternative explanation for the observed
trends in the NC morphology would involve the
assumption that different Cu(ll) species present in
the deposition solution promote different Cu,0 mor-
phologies. For example, it could be conceived that
[Cu(OH),)?~ favors the octahedral morphology, while
the Cu(ll)-hydroxo-citrate complexes favor the cubic
morphology. However, the lower chemical similarity
within the Cu(ll)-hydroxo-citrate/OH™ pair makes this
pair more likely to exert competitive adsorption rather
than different Cu(ll) species. Computational simula-
tions (not carried out in the present work) are required
to substantiate the latter point.

Itis noteworthy that equal deposition times produce
octahedral particles (Figure 1A) that are larger than the
cubic ones (Figure 1G). The growth rates in solutions
A and G can be quantified as the slope of the NC char-
acteristic dimension vs time of deposition, giving rA<1 1y=
26 £ 0.2 nm/min and %oy = 1.5 £ 03 nm/min
(Figure 5).

The results in Figure 5, showing preservation of the
morphology during single-step NC growth, indicate
that the Cu,0 NC morphology is fully defined by the
bulk solution composition with no morphological
changes occurring during the deposition, at least after
a short initial period (<3 min). After acquiring a certain
minimal size, the NC growth rate is approximately
constant throughout the process. Linear growth of
the NC dimension with deposition time implies a
constant deposition rate under kinetic (rather than
mass transport) control, probably governed by the
kinetics of HCHO oxidation (eq 3), in analogy with
the mechanism proposed for Cu® deposition, where

cleavage of the carbon—hydrogen bond of methylene
glycolate was the rate-determining step.”> Note that
for all the depositions studied here the estimated bulk
solution composition does not change by more than
5% for any of the reagents.

Application of other complexants, such as EDTA and
tartrate, was also evaluated, with the former producing
morphologically more complex crystals as a result of
the existence of {110} facets in the morphologies
described above (Figures S7 and S8, Supporting
Information). Co-deposition of Cu precludes the use
of tartrate and EDTA at high complexant concentra-
tion; nevertheless, tartrate showed a similar stabilizing
effect toward Cu,O {100} facets to citrate, supporting
our hypothesis of hydroxo-carboxylates stabilizing
these facets (Figure S9, Supporting Information). These
results indicate that the choice of complexant is crucial
for Cu,0 NC shape design.

It is concluded that careful choice of the concentra-
tions of OH™ and citrate anions in the reaction medium
allows precise control of the morphology of CD Cu,0O
NCs. Competitive adsorption of OH™ and citrate on the
{111} and {100} Cu,O faces alters the relative surface
energy of these crystalline facets during growth, en-
abling convenient tuning of the morphology from
complete cubes to complete octahedral via intermedi-
ate morphologies.

Optical Properties. Extinction spectra of Cu,0 colloids
are usually characterized by a series of bands in the
UV—vis region, showing large spectral variability for
different sample preparations.”*%*%7¢ The latter was
attributed to quantum size effects for small enough
particles (not relevant to the present study), scattering
effects in larger particles, and crystal defects created
during synthesis (Cu® or O vacancies, or other
impurities), interparticle distance (interconnection),
and more 3°°>76

Normalized extinction spectra of the Cu,0 NC films
on glass are shown in Figure 6a for samples A—G,

b) :
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- ™ A(Octahedra)
g o
S 150 i
>
5 \
K3
© ] )
u"? 100 ] L
501 I 1 G (Cubes)
0

0 5 10 15 20 25
Time (min)

20 min 25 min

15 min

Figure 5. Cu,O NC size evolution. (a) SEM images of glass slides treated with solutions A and G, forming octahedra and cubes,
respectively, for given deposition times (indicated). Scale bars: 200 nm. (b) Characteristic edge lengths as a function of
deposition time for these morphologies. Calculated slopes: A, 6.3 + 0.4 nm/min; G, 3.0 & 0.5 nm/min.
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Figure 6. Optical properties of Cu,0 NCs deposited on glass
slides from citrate solutions. (a) Extinction spectra of sam-
ples A—G. (b—d) Transmission, reflectance, and absorption
spectra, respectively, of samples A, E, and G.

showing intense extinctions up to ca. 550 nm. When
the films are prepared on quartz, a series of five
absorption bands are measured in the 200—500 nm
spectral region (Figure S10 b, Supporting Information).
The bands change in relative intensity and are red-
shifted (except the band at 234 nm) when the mor-
phology is changed from cubic to octahedral. Note that
there is spectral correspondence between Cu,0 sam-
ples prepared on quartz and on glass substrates, but
the relative intensity of the different bands may
change between deposition batches.

Figure S10a (Supporting Information) presents
photographs of glass slides coated with Cu,0 deposits.
Paler films correspond to a smaller NC size, corre-
lated with the total extinction in the UV—vis spectra
(Figure 6a and Figure S10b, Supporting Information).
The photographs demonstrate the good spatial homo-
geneity of the NC films over large areas achieved by
means of the CD method.

Transmission and reflectance measurements
(Figure 6b,c) enable calculation of the film absorption
and evaluation of scattering effects. Scattering is re-
levant at wavelengths > 480 nm (Figure 6c), contribut-
ing to the high extinction in this spectral range. The
reflectance trend is attributed to light scattering by
increasingly large NCs, from sample G to A (Table 1).
The calculated absorption spectra show characteristic
bands at 450—480 nm (Figure 6d), which are not
attributed to scattering.

Using the absorption spectra, the band-gap en-
ergy E4 of each NC film can be calculated using the
Mott and Davis expression’’ (Figure S11, Supporting
Information). The value obtained for sample G is
Eq = 2.5 eV, decreasing to 2.3 eV for sample A (Cu,0O
bulk value: 2.17 eV).

SUSMAN ET AL.
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Figure 7. HRSEM images of Cu,O NCs on glass substrates
prepared by sequential deposition. Pregrown (in solution G)
Cu,0 nanocubes of different sizes (controlled by the de-
position time, tg) are exposed to a solution promoting the
octahedral morphology (solution A) for a time t,. Vector
lengths are proportional to the exposure times. Scale bars:
100 nm. Errors indicate standard deviations.

Sequential Depositions. Additional possibilities for
controlling the Cu,O NC morphology are provided by
sequential deposition, i.e., replacing the initial growth
medium by a medium promoting a different crystal
habit.

When cubic crystals pregrown in solution G are
immersed in a solution promoting the octahedral habit
(solution A), the initial cubic morphology is modified
(Figure 7). The morphology and size of the final nano-
crystals can be controlled by sequentially exposing the
seeded substrate to solutions G and A for given times,
ts and ta, respectively. The higher the ratio tg/ta, the
more cubic-like are the final NCs.

In order to generate the entire range of possible
cubic to octahedral morphologies, solutions A and G
were chosen, as these solutions produce the highest
and lowest R values, respectively, in one-step depo-
sitions.

Samples can be similarly prepared by reversing the
order, namely, by pregrowing nanooctahedra in solu-
tion A followed by treatment in a solution promoting
the cubic habit (solution G) (Figure S12, Supporting
Information). However, when the order of exposure to
the growth solutions is reversed, different tc/t, ratios
are required for obtaining similar final morphologies.
For instance, when starting with preformed octahedra,
larger exposure times to solution G, compared to the
exposure to solution A, are required in order to obtain
similar cubic-like NCs. A different exposure order also
affects the final NC surface density, as the use of a given
initial solution defines the Cu,0 nucleation efficiency.
Interestingly, secondary nucleation was not observed
after changing the growth solution.

One can generally define R, _,, i.e., the R ratio for a
sequence of m total deposition steps, as

h <1005,

J
Ri -m=

Msz| M3z

h<111>,j

-
I
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where h_p.; represent the variation in the distance
from the hkl face to the Wulff point after the jth
deposition period. For a two-step deposition, one can
write

_ h<i00s, 1+ tarcioos, 2

Ry _, = (8)
hais, 1 +trans,2

where r_ps.2 is the growth rate in the (hk/) direction
and t, is the deposition time for the second deposition
step (for simplicity, growth rates are assumed to be con-
stant). In the present work the growth solutions used are
those promoting the extreme morphologies, i.e., solu-
tions A and G. Since the result of the first deposition step
is either complete octahedra or complete cubes, the
values of r(100y1 and r19y,1 cannot be simultaneously
determined, which is the reason for the use of the
experimental h¢100y,1 and h¢111y,1 for the first stepin eq 8.

Equation 8 can be considered as the equivalent of
R = rao0y/r(111y used for a single deposition step, but
with different initial conditions. Each type of crystal
face grows at a different rate when using different
solutions; thatis, r¢111y,1, F(100y,1: (11132, and r(100y,2 are all
different. The nonlinearity (in terms of deposition times)
in sequential depositions is exhibited in eq 8, as R;_»
cannot be described by a simple linear combination of
deposition times, but only by a complex function.

The case of sequential deposition with 10 min
immersion time in each solution, producing tip-
truncated octahedra (R ~ 1.3) irrespective of the treat-
ment order (Figure 7 and Figure S12, Supporting
Information), is an interesting coincidence, but not a
general behavior. Reversing the order of exposure to
the two growth solutions while maintaining the re-
spective immersion times does not, as a rule, produce
the same morphology (not shown).

Formation of tip-truncated octahedra when using
equal deposition times in the different growth solu-
tions implies that the growth rate of the {111} planesin
solution A (ri11y,4) is higher than that of the {100}
planes in solution G (r(00y6), in agreement with the
results of single-step CD (Figure 5).

Final R,;_, values in two-step depositions can be
measured in a manner similar to that used in single-
step depositions (measuring edge lengths) and inter-
preted according to egs 7 and 8. The growth rates of
the fast growing facets, r(100y,a and r¢111y,6, can then be
estimated. To this end, hey,1 were substituted by the
characteristic distances in cubic and octahedral NCs
produced during the first step (which depend on the
edge lengths, a;c and ¢, respectively), while r¢11ya

EXPERIMENTAL SECTION
Materials. Hydrogen peroxide solution (30%, Frutarom), sul-

furic acid (AR, 93—98%, Gadot), 3-(aminopropyl)trimetho-
xysilane (APTS) (97%, Aldrich), sodium tetrachloroaurate(lll)

SUSMAN ET AL.

and ro0y,6 Were replaced by their measured values
from Figure 5, obtaining eqs 9 and 10 (see Supporting
Information):

\/§ 1\ dsq
ooy A = <7RGA —3 i"‘RG—Ar(HD,A 9)

1 1 \ca | Kooy G
r S (N L L N L
e (ZRG —A \/6) tG + Ra G 10

The average values obtained are r;11y6 = 53 £
1.4 nm/min and r¢190y,4 = 3.3 & 0.3 nm/min, both higher
than rio0y,6 and raq1y,a as expected. These growth rates
produce R values (for a single-step deposition) of 2.0 and
0.46 for solutions A and G, respectively, also in agreement
with the expected R values of R, = 1.73 and Rg < 0.58.

CONCLUSIONS

The physical properties and reactivity of Cu,O NPs
are determined by their crystalline morphology. In the
present work precise morphology control was
achieved using chemical (electroless) deposition of
Cu,0O NCs on Au-seeded substrates in citrate-based
solutions, covering the entire range of morphologies
from complete cubes, via the intermediate morpholo-
gies truncated octahedra, cuboctahedra, and trun-
cated cubes, to complete octahedra. The highly effec-
tive morphology control is attributed to competitive
adsorption of hydroxide and citrate anions on the
{100} and {111} planes of the growing crystallite. Se-
quential deposition using solutions promoting the two
perfect morphologies provide additional possibilities
of morphology design, while considering the relative
NC growth rates.

Comparing the two solution-based methods for the
deposition of Cu,0 NCs, i.e., electrodeposition and CD,
both may provide morphological control of the pro-
duced Cu,0O NCs under appropriate conditions. CD,
however, is more general in terms of the choice of
substrates. While electrodeposition is performed on
conductive substrates serving as a cathode, we have
carried out CD of Cu,0 NCs on a range of conducting,
semiconducting, and insulating substrates, including
glass, quartz, ITO, FTO, surface-oxidized carbon and
polymeric supports, TiO,, and others, obtaining similar
results on all the substrates used.

The strategies presented here are generally applic-
able, enabling precise control over the crystalline mor-
phology of Cu,0 NC films by CD on a wide range of sub-
strates, suggesting a variety of possible applications.

(99.99%, Alfa Aesar), sodium borohydride (=96%, Merck), para-
formaldehyde powder (95%, Aldrich), copper(ll) sulfate penta-
hydrate (>99.0%, Merck), sodium hydroxide pellets (>99.0%,
Merck), trisodium citrate dihydrate (NasCit) (>99.0%, Merck),
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potassium sodium tartrate tetrahydrate (NaKT) (99.0%, Aldrich),
(ethylenedinitrilo)tetraacetic acid disodium salt dihydrate
(Na,H,EDTA-2H,0) (99.0%, J. T. Baker), methanol (absolute,
Biolab), and 2-propanol (>99.8%, Gadot) were used as received.
Water was triply distilled. Samples were dried using N, flow
obtained from a liquid N, household source.

Substrate Cleaning and Silanization. Microscope glass cover-
slides (Menzel-Glaser no. 3, 22 x 22 x 0.3 mm) and quartz
slides (37 x 22 x 1 mm, Heraeus Quarzglas) were cut to 22 x
8 mm? and cleaned by immersion in freshly prepared hot
“piranha” solution (1:3 H,0,/H,S0,) for >30 min (Caution:
piranha reacts violently with organic matter and should be
handled with extreme care), then thoroughly rinsed with triply
distilled water and methanol. Cleaned slides were silanized by
immersion in 1% v/v APTS in MeOH for 1 h, followed by
thorough methanol and water rinsing.

Gold Seeding of Glass and Quartz Substrates. Gold seeds were
formed by immersion of silanized (amine-terminated) slides in
5 mM aqueous NaAuCl, solution (pH = 2) for 2 min to electro-
statically bind chloroaurate ions, rinsing with copious amounts
of water, immersion in 50 mM aqueous NaBH, for 2 min to
reduce the Au(lll) ions to metallic Au clusters, rinsing thoroughly
with water, and drying under a N, flow.

Chemical (Electroless) Deposition (CD). Depositions from Citrate
Solutions. The following aqueous stock solutions were pre-
pared: 1.5 M NasCit (44.1% w/v) (S1); 0.64 M CuSO,-5H,0
(16% w/v) (S2); 5 M NaOH (17.4% w/w) (S3); and 0.32 M
formaldehyde, from hydrolyzed paraformaldehyde (S4). S1,
S2, water, and S3 were added (see volumes in Scheme 2), in
that order, into a 2 mL Eppendorf tube, which was closed and
vortexed. S4 was then added, and the Eppendorf was vortexed
again. An Au-seeded slide was placed in the closed tube, and CD
of Cu,0 was allowed to proceed for 10 min, unless otherwise
specified. The slide was then rinsed with water three times and
dried under a N, stream. The deposition was carried out at room
temperature (22—23 °C) under stationary conditions.

Depositions from EDTA Solutions. A 0.5 M Na4EDTA solution
was prepared by mixing Na,H,EDTA - 2H,0 (25.0 mmol, 9.306 g),
NaOH (25.0 mmol, 1.00 g), and ca. 40 mL of H,0. For achieving
complete dissolution, a 5 M NaOH solution was added until the
pH reached 8.15. The solution was then taken to volume in a
50 mL volumetric flask (51). EDTA-based Cu,O CD solutions
were prepared according to the procedure detailed above for
Cu,0 CD from citrate solutions, replacing S1 with S1’. Unless
otherwise specified, depositions were carried out for 20 min at
room temperature (22—23 °C) under stationary conditions.

Depositions from Tartrate Solutions. A 1 M NaKT stock
solution was prepared (51”). NaKT-based Cu,O CD solutions
were prepared according to the procedure detailed above
for Cu,0 CD from citrate solutions, replacing S1 with S17”.
Depositions were carried out for 10 min at room temperature
(22—23 °C) under stationary conditions.

Characterization Methods. UV—Vis Spectroscopy. Extinction
spectra were obtained in the transmission mode using a Varian
Cary 50 spectrophotometer operated at a wavelength resolu-
tion of 2 nm and an average acquisition time per point of 0.2 s.
Combined transmission and total reflection measurements
were carried out using a Jasco V570 UV/vis/NIR dual-beam
spectrophotometer equipped with a model ISV-469 integration
sphere, providing a spectral window in the range 400—850 nm.
Baseline spectra were taken in air using Spectralon as the
reflection standard.

Grazing Incidence X-ray Diffraction. Measurements were
carried out at an incident angle of 2—3° using a TTRAX Il
powder diffractometer (Rigaku), equipped with a rotating Cu
anode operating at 50 kV and 200 mA and with a multilayered
mirror (CBO) forming a nearly parallel X-ray beam.

High-Resolution ~Scanning Electron Microscopy. HRSEM
images were acquired with an ULTRA 55 FEG ZEISS HRSEM
using the SE, in-lens and EsB detectors, at a voltage of 2kV and a
working distance of 3—4 mm. Slides were mounted on carbon
tape loaded stubs and partially painted with carbon paste to
increase the electrical conductivity and minimize charging. In
some cases the sample conductivity was improved by sputter-
ing 3 nm Cr on the slide (using an Emitech K575X sputter coater)

SUSMAN ET AL.

before imaging. Analysis of HRSEM images was performed
using the software ImageJ 1.42q (NIH, USA), measuring more
than 100 particles per image.

Transmission Electron Microscopy (TEM). Nickel grids (SPI
Supplies) supporting a nitrocellulose film onto which a thin
carbon film was evaporated (Edwards) were surface oxidized in
a UV-ozone cleaner (UVOCS T10x 10/OES/E) for 5 min to provide
surface carboxylation. APTS was then self-assembled on the
grids in a 1% methanolic solution for 1 h, followed by rinsing
with methanol (3x) and water. The grids were then Au seeded
and coated with CD Cu,0 as described above, followed by
iPrOH rinsing and drying. TEM measurements were carried out
with a Philips CM-120 transmission electron microscope oper-
ating at 120 kV, equipped with a charge-coupled device camera
(2k x 2k, Gatan Ultrascan 1000).
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