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ABSTRACT: The synthesis of nanocrystalline, p-type delafossite metal oxides (CuMO2) via
hydrothermal methods has been explored for a variety of energy conversion and storage
applications. However, isolation of the pure phase ternary product is challenging due to the facile
growth of unwanted, binary byproducts (CuO, Cu2O, and M2O3) which could ultimately
influence the optoelectronic properties of the resulting nanocrystals. Here, we report on the
optimized hydrothermal synthesis of CuCrO2 nanocrystals to limit the production of such
byproducts. This material possesses a wide band gap and high reported conductivity, making it
attractive for applications as the hole transport layer in a variety of heterojunction solar cells. An
important aspect of this work is the consideration of Cr3+ as the reductant used to reduce Cu2+

to Cu+. This was confirmed by detection and quantification of CrO4
2− as a product of

hydrothermal synthesis in addition to the fact that CuCrO2 purity was maximized at a ratio of
4:3 Cr/Cu, consistent with the proposed stoichiometric reaction: 4Cr3+ + 3Cu2+ + 20 OH− →
3CuCrO2 + CrO4

2− + 10 H2O. Using a 4:3 ratio of Cr/Cu starting materials and allowing the
synthesis to proceed for 60 h eliminates the presence of CuO beyond detection by powder X-ray
diffraction (pXRD). Furthermore, washing the solid product in 0.5 M NH4OH removes Cu2O and Cr2O3 impurities, leaving behind
the isolated CuCrO2 product as confirmed using pXRD and inductively coupled plasma mass spectrometry.

■ INTRODUCTION
Transparent oxide semiconductors (TOSs), named for both
their semiconducting properties and their transparency to
visible light due to having a wide band gap, are often used in
heterojunction solar cells as charge transport layers. TiO2,
SnO2, and ZnO are primary examples of n-type TOSs which
have been used as electron transport layers in dye-sensitized
solar cells, quantum dot solar cells, organic photovoltaics, and
perovskite solar cells.1−6 The examples of p-type TOSs include
NiO and the family of CuMO2 delafossites, of which CuCrO2
has been applied as a hole transport layer in various solar cells
in addition to solar fuel devices such as dye-sensitized
photoelectrosynthesis cells.7,8

Previous studies have pointed to the inferior performance
for p-type TOSs in comparison to their n-type counterparts,
exhibiting short hole diffusion lengths which impede charge
extraction.9,10 It has been proposed that this is due to the
electronic defects which result in poor charge separation at the
metal oxide interface. Specifically, the proclivity of such defects
and byproducts in CuCrO2 synthesis has been linked to the
synthetic method, as recently reported by Zhao et al.11

Understanding these defects thus requires synthetic control of
the desired material; however, the synthetic methods used to
make delafossite CuCrO2 have been cumbersome. Previous
studies required temperatures above 500 °C and high-pressure
environments, commonly leading to the phase transition into
spinel CuCr2O4.

12,13 Poeppelmeier developed a hydrothermal
synthetic method with Cu2O and Cr(OH)3 precursors to make

CuCrO2 under relatively low temperature conditions, albeit
with long reaction times and large particle sizes.14 In contrast,
the hydrothermal synthesis of nanocrystalline delafossite
materials is typically achieved with metal salt precursors such
as Cu(NO3)2 and Cr(NO3)3.

15−17 These routes can be prone
to result in cuprite (Cu2O) and/or tenorite (CuO) side
products during the reaction. This has been proposed to result
from a gradient in temperature between the walls of the Teflon
cup and the solution at the center of the Parr bomb,
introducing different thermodynamic environments which may
favor byproduct formation.15

One aspect of the hydrothermal synthesis from metal salts
that has not been addressed is the role of Cr3+ as a reductant in
the conversion of Cu2+ to Cu+. Although Cu+ is the desired
oxidation state for CuCrO2, Cu+ is unstable in aqueous
solution at room temperature, and thus, Cu2+ precursors must
be used when starting with metal salts. Ethylene glycol has
been used as a reductant for the synthesis of CuGaO2 where
Ga3+ is redox inert. Likewise, the synthesis of CuFeO2 has been
achieved with either ethylene glycol or Fe2+ as the reductant.
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Despite the obvious need for a reductant, published synthetic
procedures for CuCrO2 from metal salt precursors have not
included a secondary reductant or discussed the redox activity
of Cr3+ such that no stoichiometric reaction has been
established for the overall synthesis. Given the challenges of
competitive binary oxide formation present in the ternary
CuCrO2 synthesis in addition to the possible consumption of
Cr3+ due to redox activity, understanding the optimized
stoichiometry for Cr/Cu is an important parameter for
achieving pure phase CuCrO2.
Here, we report on the hydrothermal synthesis and

optimization of CuCrO2 in an effort to produce nanocrystalline
materials in the absence of unwanted byproducts. By
optimizing the synthetic conditions for the growth of
CuCrO2, photo/electrochemical studies may be more
reproducible and the material may be better understood
fundamentally for further applications. Here, we show that the
ratio of starting materials, in addition to the production of
chromate, clearly has an influence on byproduct formation,
where a 4:3 ratio of Cr3+ and Cu2+ nitrate salts is optimal for
hydrothermal synthesis of CuCrO2.

■ EXPERIMENTAL SECTION
Synthesis of CuCrO2 Nanocrystals. Hydrothermal synthesis of

delafossite CuCrO2 nanocrystals was conducted according to a
preparation method previously reported in the literature.14,18

Chromium nitrate nonahydrate [Cr(NO3)3·9H2O] (Alfa Aesar,
98.5%) and copper nitrate hemipentahydrate [Cu(NO3)2·2.5H2O]
(Alfa Aesar, 98%+) were added to 70 mL of deionized H2O (18MΩ
cm, Milli-Q) and stirred in an ice bath. The molar ratio of chromium
to copper precursors (Cr/Cu) was varied to generate two series of
reaction conditions. Series 1 contained Cr/Cu ratios from 0.5 to 10 in
which the total metal concentration was held constant at [Cr] + [Cu]
= 0.5 M. Series 2 contained Cr/Cu ratios from 0.5 to 2 in which [Cu]
= 0.21 M was fixed. After the addition of precursors to cold water, a
minimum of 7.03 g of KOH (VWR Analytical) was added, and a final
targeted pH > 13 was recorded to ensure the basicity of the solution
and visual confirmation of metal hydroxide formation in solution.
The mixture was then stirred and transferred equally to three 45

mL Teflon cups and sealed in acid digestion bombs (Parr). The
bombs were placed in a box furnace (Lindberg Blue M) and heated to
240 °C for 12−60 h, depending on the procedure. The bombs were
removed from the furnace and the reaction mixtures were centrifuged
to separate the solid products, which were combined to form a single
solid product. This solid was analyzed for structural characterization
prior to being suspended in 0.5 M NH4OH (28 vol %, BDH) solution
for 24 h. Following this step, any dissolved solid was rinsed with
ethanol, sonicated in ethanol, and vortexed for three cycles to remove
impurities and to clean the product. The remaining product was
allowed to dry in ethanol under a fume hood before the final drying
step in a vacuum oven (Lindberg Blue M) at 60 °C.
Analysis of CrO4

2−. In order to study the role of Cr3+ as a
reducing agent, the chromate produced from each reaction was
quantified spectrophotometrically. Standard, tech-grade Na2Cr2O7
was added to a basic solution with a pH ≥ 13 containing KOH in
Millipore H2O to prepare standard chromate solutions at known
concentrations. At pH 13, Cr2O7

2− dissociates completely to form two
equivalents of CrO4

2−.19 The extinction coefficient of the absorbance
peak for CrO4

2− at 372 nm was then quantified using UV−visible
absorbance spectroscopy. The pH of post-synthesis solutions was
found to be in excess of 13, ensuring CrO4

2− quantification. An
Agilent Cary 8454 UV−vis spectrophotometer was used to study both
the standard and experimental concentrations of chromate ions in
solution.
Structural Characterization. Powder X-ray diffraction (pXRD)

data was collected using a Rigaku SmartLab X-ray diffractometer with
a Cu Kα source in a Bragg−Brentano geometry. The XRD data were

processed using SmartLab Studio II software. Scanning electron
microscopy (SEM) images were collected using a Hitachi S-4700.
Transmission electron microscopy (TEM) images were collected
using a Thermo Scientific Talos F200X with EDS. Inductively
coupled plasma mass spectrometry (ICP-MS) was collected using an
Agilent 7900 Quadrupole ICP-MS system with a high-temperature
(>6000 K) plasma source. All samples were dissolved in trace metal-
free concentrated nitric acid by means of hydrothermal acid digestion
in Teflon Parr bombs at 200 °C for 5 h. A serial dilution was
performed using a trace metal-free 2% nitric acid solution to acquire
an ICP-ready solution with a targeted sample concentration between
0 and 200 ppb.

■ RESULTS AND DISCUSSION
A 1:1 ratio of Cr/Cu starting material has been commonly
used in the literature to produce delafossite CuCrO2. However,
the time required to undergo the condensation reaction of the
precursors, as can be seen in Figure 1, is unclear. While some

reported 60 h reactions previously,14,20 others have reported
producing CuCrO2 under shorter reaction times.11,21 Before
further synthetic optimization, we explored the time depend-
ence of the reaction using the hydrothermal synthetic route to
determine if allowing the synthesis to proceed for a longer
period of time improves the overall quality of the product.
As can be seen in Figure 2, a series of reactions were

conducted where the ratio of the Cr/Cu starting materials was

Figure 1. Illustration of the general condensation reaction producing
the delafossite metal oxide CuCrO2 with competitive formation of
binary oxides Cu2O, CuO, and Cr2O3.

Figure 2. pXRD diffractograms obtained from unwashed solid
products resulting from a 1:1 Cr/Cu ratio with various reaction
times from 12 to 60 h. Standard diffraction patterns for CuO (PDF
00-041-0254), Cu2O (PDF 00-005-0667), Cr2O3 (PDF 00-038-
1479), and CuCrO2 (PDF 00-039-0247) are shown for comparison.
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fixed at 1:1 with 0.5 M total starting materials (i.e., 0.25 M
each), and the reaction time was varied from 12, 24, 36, 48,
and 60 h. Under the 12 h synthesis condition, it is apparent
that three distinct peaks at 35.5, 38.8, and 48.8° are present.
These peaks are specific to the diffraction pattern for CuO
(tenorite; PDF #00-041-0254). A broad shoulder peak near
37° was also evident and could be assigned to either Cu2O or
CuCrO2. Diffractograms were found to be unchanged from 12
to 48 h; however, as the reaction time increased to 60 h, the
peaks associated with CuO decreased in intensity, and the
predominant peaks in the diffractogram were found to be 31.0,
36.2, and 61.7°, characteristic of the (006), (012), and (110)
peaks, respectively, for delafossite CuCrO2 (PDF #00-039-
0247). Notably, even at 60 h, residual peaks for CuO were still
observed at 38.8 and 48.8°. This could suggest that CuO is a
precursor to CuCrO2 formation or that Cu2+ is insufficiently
reduced to Cu+. Based on these results, the synthetic time was
fixed at 60 h for all subsequent experiments to allow for
optimal formation of CuCrO2.
To investigate the role of Cr3+ as a reductant, metal oxide

powders were synthesized using a constant total concentration
of metal [Cr] + [Cu] = 0.5 M while the moles of Cu(NO3)2
and Cr(NO3)3 were adjusted in order to vary the ratio of Cr/
Cu from 0.50 to 2.00. The XRD data for the unwashed solids
are shown in Figure 3a. Reaction parameters for the series can
be found in Table S1 for additional clarity. Control
experiments with only 0.5 M Cu(NO3)2 or Cr(NO3)3 are

also shown for reference in Figure S1. Clear changes in the
diffractograms were observed as a function of Cr/Cu ratio with
Cr/Cu = 0.50 and 0.67 showing sharp, pronounced peaks for
CuO (35.5, 38.8, and 48.8°) and much smaller, broad peaks
for CuCrO2 (31.0, 36.2, and 61.7°). The broad peaks of
CuCrO2 indicate nanocrystalline particle sizes. Under the
condition where only Cu(NO3)2 was present (Cr/Cu = 0.00),
CuO was the only observed product. When looking at Cr/Cu
= 1.00, 1.15, and 1.33 diffractograms, it is evident that the
broad peaks assigned to CuCrO2 became dominant while
those for CuO were greatly diminished, being undetectable for
Cr/Cu = 1.33. At the highest Cr/Cu = 2.00, CuO could not be
detected by pXRD.
To determine the limit of detection of CuO, pXRD data was

collected for varying mixtures of NaCl and CuO standards, as
can be seen in Figure S2. It is evident that even at 1 wt % CuO,
peaks identified as CuO were present in the powder mixtures.
Therefore, an absence of CuO peaks can be assigned to <1%
impurity.
Additionally, peaks associated with Cu2O and Cr2O3 are

present in Figure 2a. Washing the solid product with 0.5 M
NH4OH for 24 h resulted in the removal of peaks assigned to
Cu2O and Cr2O3; however, CuO peaks were persistent (Figure
3b). These results show that CuCrO2 of high purity could be
synthesized using a Cr/Cu ratio greater than 1.33 coupled with
a secondary washing step in NH4OH. These results also

Figure 3. Powder diffractograms obtained for solid products for the indicated Cr/Cu ratios with a reaction time of 60 h. In all cases, [Cr] + [Cu] =
0.5 M. Peaks from CuCrO2 are identified using (○) and peaks from CuO are identified using (●). Noteworthy peaks from Cu2O and Cr2O3 are
denoted using (■) and (□), respectively. (a) Unwashed samples. (b) Samples after being washed in 0.5 M NH4OH solution for 24 h.

Figure 4. a) UV−visible absorbance spectra of post-reaction solutions produced from different ratios of Cr/Cu with a total [Cr] + [Cu] = 0.5 M.
The absorbance spectra are consistent with CrO4

2−. (b) Millimoles of CrO4
2− measured from absorbance data plotted vs mole fraction of Cr and

Cr/Cu ratio. The dashed line shows the theoretical amount of CrO4
2− produced based on eq 1.
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suggest that many literature procedures which utilize a 1:1 Cr/
Cu ratio may have CuO impurities.
The product formation as a function of Cr/Cu ratio strongly

suggests that Cr3+ acts as a reductant for conversion of Cu2+ to
Cu+. In the absence of Cr3+ or with a Cr/Cu ratio <1.00, CuO
was predominately formed, whereas with higher ratios, the
Cu+-containing CuCrO2 was the dominant product. A
proposed redox reaction for the overall formation of CuCrO2

is shown in eq 1, where one Cr3+ is able to reduce three
equivalents of Cu2+ to Cu+, resulting in a balanced
stoichiometry of 4:3 Cr/Cu (1.33). In further support of
this, calculated Pourbaix diagrams reported by Beverskog show
that reduction of Cu2+ by Cr3+ is thermodynamically favorable
at elevated temperatures with ΔG = −0.33 eV at 200 °C (see
the Supporting Information for further details).22,23 Equation 1
was confirmed by the presence of CrO4

2− as the oxidized
product, as determined by UV−visible absorbance spectra
collected for the post-synthesis reaction liquid (Figure 4a).
The concentration of CrO4

2− produced for each Cr/Cu ratio
was then calculated using the extinction coefficient of the
absorbance feature at 372 nm, measured to be 4835 M−1 cm−1

(Figure S3) and consistent with other literature reports.24−26

+ +
→ + +

+ + −

−
4Cr 3Cu 20OH

3CuCrO CrO 10H O

3 2

2 4
2

2 (1)

+ +
→ + +

+ + −

−
2Cr 6Cu 22OH

3Cu O 2CrO 11H O

3 2

2 4
2

2 (2)

Figure 4b shows the concentration of chromate ions
produced as a function of mole fraction of Cr (χCr = Cr/(Cr
+ Cu)) and Cr/Cu ratio. It is evident that the largest amount
of chromate produced is near the optimal ratio of 1.33 for Cr/
Cu reactants (χCr = 0.57). Error bars are provided and
represent the standard deviation calculated from three separate
reactions. The increase in CrO4

2− up to 1.33 Cr/Cu followed
by a decrease at higher ratios is due to the constant total metal
concentration used for this series of reactions. At low Cr/Cu
ratios, the amount of CrO4

2− produced is limited by the
amount of Cr3+ present during the reaction and the efficiency
of reduction. At high Cr/Cu ratios, CrO4

2− production is
limited by the amount of Cu2+ available. The dashed line
shown in Figure 4b represents the theoretical amount of
CrO4

2− produced for 100% efficiency of eq 1.
The experimental data follows the expected trend with

additional data points at Cr/Cu ratios of 4.00 and 10.00
continuing to show the linear decline in CrO4

2− with Cr/Cu
and χCr; however, the experimental data deviates from the
theoretical line at ratios both lower and higher than 1.33.
These deviations are a reflection of the percent yield for
CrO4

2− (Table S3) and were found to be greater than that
expected for Cr/Cu < 1.33 and lower than that expected for
Cr/Cu > 1.33. For Cr/Cu < 1.33, we believe that competitive

Figure 5. Powder diffractograms obtained for solid products from the indicated Cr/Cu ratios. In all cases, the total [Cu2+] = 0.21 M (i.e., 15
mmol). Peaks from CuCrO2 are identified using (○) and peaks from CuO are identified using (●). Noteworthy peaks from Cu2O and Cr2O3 are
denoted using (□) and (■). (a) Unwashed solids. (b) Solids after being washed in 0.5 M NH4OH solution for 24 h.

Figure 6. a) UV−visible absorbance spectra of post-reaction solutions produced from reactions where [Cu] = 0.21 M. (b) Millimoles of CrO4
2− in

solution for each reaction calculated from absorbance data and plotted vs mole fraction of Cr and Cr/Cu ratio. The dashed line represents the
theoretical amount of CrO4

2− based on eq 1.
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formation of Cu2O via reduction of Cu2+ by Cr3+ is responsible
for the greater than 100% yield of CrO4

2−. The balanced redox
reaction for the Cu2O formation is shown in eq 2 where the
yield of CrO4

2− per Cr3+ is 100% compared with 25% for
CuCrO2 formation. A small fraction of Cu2O side reactivity
could therefore produce a greater than expected yield for
CrO4

2−. For Cr/Cu > 1.33, we believe that the decline in
percent yield is due to competitive Cr2O3 formation as more
Cr3+ is introduced to the reaction. In addition, the decreased
percent yields at higher Cr/Cu ratios indicates a lower
efficiency for Cr3+ reduction of Cu2+, which is supported by the
persistent nature of CuO found via pXRD at higher ratios.
To further confirm the Cr3+-reductant mechanism, a second

series of reactions was conducted where the ratio of Cr/Cu
was varied from 0.50 to 2.00; however, the Cu(NO3)2 starting
material was fixed at 0.21 M (i.e., 15 mmol), allowing both the
amount of Cr(NO3)3 and the amount of total metal
concentration to change. Reaction parameters for the series
can be found in Table S2. The pXRD data showed similar
trends as the first series, with high amounts of CuO at low Cr/
Cu ratios, optimal production of CuCrO2 at 1.33 Cr/Cu, and
an increase in Cr2O3 at high Cr/Cu ratios (Figure 5).
The amount of CrO4

2− produced experimentally for the
second series followed the predicted theoretical trend (Figure
6) where production was limited at low Cr/Cu ratios by the
amount of Cr3+ in solution and reached a plateau beyond a
ratio of 1.33 due to the constant amount of Cu2+. Notably,
reactions containing Cr/Cu ratios of 4.00 and 10.00 were not
conducted with this series because the amount of Cr3+ reactant
needed to run the reaction became impractical beyond a 2.00
ratio. Similar to the first series, the percent yield was also found
to be greater than 100% at low Cr/Cu ratios and decrease as
the ratio increased. Figure S4 shows an overlay of CrO4

2−

percent yields for both series of reactions where both show a
similar decline as Cr/Cu increased. Also consistent was the fact
that low Cr/Cu ratios resulted in CrO4

2− percent yields in
excess of 100%, likely due to Cu2O formation according to eq
2.
Microscopy studies were conducted on samples from each

series to analyze the morphological characteristics of each
product. The SEM images collected for series 1 reactions after
base washing are shown in Figure 7. Figure S5 shows the SEM
data for series 2 reactions. Across all reaction conditions, small
particles were produced with anisotropic, plate-like morphol-
ogy appearing for ratios of 1.00 and 1.33. The plate-like
morphology is characteristic of CuCrO2 nanocrystals based on
the layered delafossite unit cell. At Cr/Cu = 0.50, more
isotropic particles with smooth faces are observed. This could
be due to the CuO formation under conditions where an
excess amount of Cu2+ starting material was used. Indeed,
when only Cu2+ was present in the reaction, the CuO
produced exhibited an isotropic morphology, albeit with large
particle sizes (Figure S6). In the reaction with only Cr3+, small
amorphous particles were produced.
TEM and EDS studies were further conducted on the

optimized Cr/Cu ratio of 1.33 with images shown in Figure 8.
Nanocrystals appear as anisotropic plates with an aspect ratio
of 3.4 ± 0.5. High magnification indicates lattice fringes labeled
A and B in Figure 8c, typical of other reports for TEM images
of CuCrO2 nanocrystals.27,28 High-angle annular dark-field
images and EDS mapping reveal an even distribution of
copper, chromium, and oxygen atoms throughout the nano-
crystals.

ICP-MS was conducted for each sample in both series to
determine the elemental composition. A summary of this data
is shown in Table 1 for the unwashed and base-washed
products. The measured Cr/Cu ratio for unwashed samples
was found to be an average of 73 ± 7% of the starting ratio
across all reaction conditions, indicating that ∼27% of the
starting precursors do not get converted to the solid product.
The low ratios for the solid product obtained from low starting
ratios is consistent with the presence of CuO byproducts found
via pXRD, resulting from a lack of Cu2+ reduction at low
concentrations of Cr3+. As Cr/Cu increased beyond the
optimal ratio of 1.33, the final ratio also increased, likely due to
the formation of Cr2O3 byproducts or other amorphous
materials not detectable by XRD in excess of CuCrO2.
Washing the solid products resulted in a general increase in the
final Cr/Cu ratio, likely due to removal of Cu2O.
Based on the pXRD and ICP analysis, the optimal ratio of

Cr/Cu to form CuCrO2 with minimal impurities is 1.33 (4:3).
At this ratio, an excess of Cu is present in the unwashed
sample, which is likely attributed to the presence of Cu2O
impurity. After base washing the product, the ratio increased
due to removal of Cu2O (i.e., 27% mass loss during the
washing step; Table S4) and resulted in a final Cr/Cu ratio of
1.04, indicating a slight excess of Cr. Based on pXRD, this solid
product is expected to be free from CuO impurities, and thus,
the excess Cr could be attributed to Cu+ vacancies in the
CuCrO2 lattice. This means that ∼4% of Cu+ sites could be
vacant. Previous studies on CuGaO2 have also indicated Cu+

vacancies at similar defect percentages.29

The role of Cr3+ as a reductant is clearly established by the
data presented thus far; however, the complexities of the
competitive reactions beg the question of whether an
alternative reductant could be used to generate Cu+ while
keeping the Cr3+ redox stable. The other reported synthetic
routes for copper delafossite materials have used ethylene
glycol as a reductant with much success.30−32 For comparative
purposes, ethylene glycol was thus added to the reaction with a
1:1 ratio of Cr/Cu precursors, as an excess of Cr should not be
needed. Analysis of the solid product by pXRD (Figure 9),
however, revealed that CuCrO2 was not formed, but rather Cu
metal (PDF #00-004-0836) was the major product along with

Figure 7. SEM images at constant magnification of products with Cr/
Cu ratios 0.50, 1.00, 1.33, and 2.00 from the series with [Cr] + [Cu] =
0.5 M. All samples have been washed in 0.1 M NH4OH solution for
24 h.
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an unknown product, possibly derived from Cr. These results
indicate that addition of secondary reductants is not likely to
result in a more efficient synthesis of CuCrO2 and that a solid
understanding of the Cr3+ reductant and competitive side
reactions is required to produce CuCrO2 nanocrystals of high
purity.

■ CONCLUSIONS
The role of Cr3+ as a reductant in the hydrothermal synthesis
of CuCrO2 from Cu2+ and Cr3+ precursors has been clearly
elucidated by detection of CrO4

2− in the post-synthesis
reaction solution. The results point to an optimized Cr/Cu

ratio of 4:3 based on the reaction stoichiometry established in
eq 1. Deviation from this ratio leads to the formation of
byproducts such as Cu2O, CuO, and Cr2O3. The narrow
window for which CuCrO2 can be synthesized with high purity
emphasizes the fact that impurities and defects could influence
the optical or electrochemical properties of CuCrO2 if
synthetic parameters are not optimized. Future studies are
currently underway to understand how these impurities and
defects specifically impact the electrochemical properties and
the band gap of CuCrO2.
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Figure 8. (a−c) TEM images of the washed solid product obtained from a Cr/Cu ratio of 1.33 with [Cu] + [Cr] = 0.5 M. (d−g) HAADF images
and EDS mapping of the same material.

Table 1. Ratio of Cr/Cu Measured by ICP-MS for Solid Products

[Cu] + [Cr] = 0.5 M [Cu] = 0.21 M

starting ratio unwashed washed unwashed washed

0.50 0.365 ± 0.004 0.402 ± 0.005 0.311 ± 0.004 0.325 ± 0.003
0.67 0.505 ± 0.006 0.511 ± 0.014 0.579 ± 0.008 0.547 ± 0.009
1.00 0.647 ± 0.006 0.766 ± 0.014 0.743 ± 0.027 0.753 ± 0.009
1.15 0.885 ± 0.022 0.889 ± 0.014 0.749 ± 0.012 0.843 ± 0.016
1.33 0.940 ± 0.059 1.036 ± 0.015 0.940 ± 0.059 1.036 ± 0.015
2.00 1.523 ± 0.006 1.685 ± 0.033 1.625 ± 0.019 1.680 ± 0.033

Figure 9. Diffractogram for the solid product obtained from
hydrothermal synthesis of a 1:1 ratio of Cr/Cu for 60 h with
ethylene glycol added as a reductant.
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