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ABSTRACT: Understanding the origin of enhanced catalytic activity is critical to . Ct|V|ty
heterogeneous catalyst design. This is especially important for non-noble metal- Cqu 9?1%‘!9‘? ? &-.u»\-,

.

based catalysts, notably metal oxides, which have recently emerged as viable
candidates for numerous thermal catalytic processes. For thermal catalytic
reduction/hydrogenation using metal oxide nanoparticles, enhanced -catalytic
performance is typically attributed to an increased surface area and the presence of
oxygen vacancies. Concomitantly, the treatments that induce oxygen vacancies also
impact other material properties, such as the microstrain, crystallinity, oxidation
state, and particle shape. Herein, multivariate statistical analysis is used to
disentangle the impact of material properties of CuO nanoparticles on catalytic
rates for nitroaromatic and methylene blue reduction. The impact of the
microstrain, shape, and Cu(0) atomic percent is demonstrated for these reactions; furthermore, a protocol for correlating material
property parameters to catalytic efficiency is presented, and the importance of catalyst design for these broadly utilized probe
reactions is highlighted.

KEYWORDS: catalytic defects, heterogeneous catalysis, nanocatalysis, 4-nitrophenol reduction, methylene blue reduction,
structure—activity relationship, multivariate analysis

B INTRODUCTION Conversely, other studies have found that Cu,O has higher
catalytic activity than metallic copper,'* although both species
have poor stability. Still, many other reports attribute increased
reactivity for these reactions to increased surface area and

The development of efficient, sustainable, and selective
nanocatalysts for nitro- and heterocyclic reductions spans
importance across agricultural, environmental, pharmaceutical,

and industrial applications.' > Many noble metal-based oxygen vacancies. """’ Li et al. recently elucidated exper-
nanocatalysts demonstrate high activity for these reactions imentally and computationally that oxygen vacancies in copper
yet their scarcity and associated cost prevents broader-scale oxide-based catalysts supported on cerium oxide change the
application.* More recently, earth-abundant transition metal electron density and polarity; this resulted in more ionic Cu—
oxide-based catalysts have shown competitive reactivity.”’ O bond character, which increased reactivity for hydroboration
Although numerous variations of earth-abundant transition reactions.'® Likewise, one of our groups has recently reported
metal catalysts have been tested, the nature of their active sites on the enhanced reactivity in copper oxide-based nanocatalysts
often remains enigmatic, leading to a more Edisonian approach for nitrophenol reduction with increased oxygen vacancies.'”
to catalyst design. Among these, copper oxides have garnered Oxygen vacancies in metal oxides will provide partially
particular interest due to their high conductivity, which reduced neighboring metals, which can increase conductivity
increases electrgn transfer and reactivity ngr photocatalytic and charge transfer.”’”*! These vacancies may change the
C—C coupling,” benzyl alcohol oxidation, " carbon dioxide crystal structure and induce more reactive binding sites and

reduction,”'? and nitro group reductions.' ™" Much like other
metal oxides, the origin of their activity remains ambiguous.
For example, Pal et al. used Cu,O catalysts to reduce 4- -
nitrophenol (4NP) in the presence of NaBH, and found that Received: October 18, 2023
in situ Cu(0) and Cu(Il) were produced; Cu(0) from Revised:  December 7, 2023
reduction with NaBH, and Cu(II) from either oxidation Acce.pted: December 12, 2023
with dissolved oxygen or due to the alkaline solution (pH ~ 9). Published: January 2, 2024
They posited that the in situ Cu(0) facilitated the hydride

transfer from BH,” as well as the adsorption of 4NP."

bond activation for the substrate of interest.”” Many reports
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Figure 1. Reaction schemes for the catalytic reduction of 4NP (A) and MB (B) and with representative UV—vis spectra and pseudo-first-order

kinetics for the reduction of 4NP (C, D) and MB (E, F).

have correlated a general increase in the prevalence of oxygen
vacancies to an increase in catalytic activity for redox
reactions.'”'” However, treatments used to induce oxygen
vacancies on metal oxide nanoparticles not only produce these
vacancies but may also alter the crystalline structure and
particle morphology, change crystalline microstrain, induce
other atom defects, fully reduce metal sites, and change the
concentration of terminal groups. Yet, conventionally, any
increase in catalytic activity is typically only attributed to
oxygen vacancies without evaluating the impact of these other
changes to the material properties. This begs the question: are
oxygen vacancies the most important material property when it
comes to catalytic reactivity, or could there be collateral
changes that also have a measurable impact?

To systematically study the structure—reactivity relation-
ships of CuO, we first produced control CuO nanoparticles,
which we then subjected to several forms of postprocessing to
induce defects, modulate the oxidation state, and modify the
particle size. All of the resulting particles were extensively
characterized to elucidate material differences, and their
catalytic activity toward the reduction of 4NP and methylene
blue (MB) was tested. The resulting materials’ characterization
and catalytic results were correlated through multivariate
analysis to disentangle the material’s property—catalytic
performance relationships. The two chosen catalytic reactions,
reduction of 4NP and MB with NaBH, as the H-source
(Figure 1A,B), are ubiquitous probe systems for heterogeneous
catalyst validation that have been broadly studied in the
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literature.”” The broad utility of these reaction systems is
predicated upon their facile monitoring through ultraviolet—
visible (UV—vis) spectroscopy and their fit to simple kinetic
models (e.g., concentration-dependent pseudo-first-order rate
laws for 4NP reduction in the presence of excess NaBH,,
Figure IC—F).23

B MATERIALS AND METHODS

Synthesis. Parent CuO particles were prepared through a
hydrothermal process; 65 mL of 2.0 M NaOH solution was added
dropwise into 100 mL of 0.2 M CuCl,-(H,0), solution at 100 °C
under continuous stirring, followed by cooling to room temperature
and washing the resulting particles with copious amounts of deionized
water. The particles were then separated into six batches and
subjected to different post-treatments. Four of these batches were first
calcined under air at 400 °C. Among these, one was left as is to be the
control, labeled CuO,-Cont. The other three were exposed to NaBH,
treatment under sonication with varying concentrations and times to
induce oxygen vacancies and partially reduce the oxidation state of
copper.”**® These materials are labeled as Cu0,-0.025M/15m,
Cu0,-0.05M/5Sm, and CuO,-0.05M/15m, named after their
respective NaBH, treatment concentration (molarity) and time
(minutes). The remaining two batches were first ball-milled for 2 h
using a vibratory ball mill—an established method to induce oxygen
vacancies without reducing the metal.>>*® They were then calcined at
400 °C, one under air, which is expected to heal oxygen vacancies
(labeled CuO,-BM Cal. Air),”” and the other under a nitrogen
atmosphere to preserve oxygen vacancies (labeled CuO,BM Cal.
N,).”® Following the preparation, the six different materials were

https://doi.org/10.1021/acsanm.3c04897
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Figure 2. TEM images of CuO,-Cont. (A), Cu0,-0.025M/15m (B), Cu0,-0.05M/5Sm (C), Cu0O,-0.05M/15m (D), CuO,-BM Cal. Air (E), and
CuO,-BM Cal. N, (F), as well as high-resolution TEM (A, E inset). Associated size distributions (G) are calculated by averaging the edge lengths
[size = (a + b)/2] demonstrated in the inset (F) and aspect ratios [aspect ratio = a/b] (H).

extensively characterized to elucidate the impact of these post-
treatments on the materials.

Characterization. Transmission electron microscopy (TEM)
images of the six CuO, samples were acquired using an FEI Tecnai
G2 F20 supertwin microscope operating at 200 kV. Size distributions
were obtained by measuring and taking the lengths of both the long
and short edges of 35—100 particles per sample and obtaining the
average of the Gaussian distribution produced. Powder X-ray
diffraction (PXRD) data was obtained using a PANalytical Empyrean
X-ray diffractometer in the Bragg—Brentano geometry with a 240 mm
goniometer radius, with a 1.8 kW Ni-filtered Cu Ko X-ray tube (4 =
1.540598 A), 0.02 rad incident slit and 0.02° receiving Soller slit, a
0.125° divergent slit, a 0.5° antiscattering slit, a fixed 4 mm mask, and
a Ni—Cu Kp filter. X-ray photoelectron spectroscopy (XPS) analyses
were conducted with an ESCALAB-250Xi" spectrometer attached to
an Al Ka monochromatic X-ray source (20 mA, 15 kV).
Thermogravimetric analysis (TGA) of all materials was conducted
on an ISI TGA-1000 instrument housed inside a nitrogen atmosphere
glovebox, using Pt sample pans and a 5 cm® min™" flow of UHP N,.
Fourier transform infrared spectroscopy (FTIR) spectra were
obtained on a Jasco 6600 with an attenuated total reflectance
(ATR) attachment. Gas adsorption analysis was performed using a
Micromeritics ASAP 2020 surface area and porosity analyzer at 77 K
(liquid N, bath) for N,(g) on thermally activated samples. Electron
paramagnetic resonance (EPR) spectra of powder samples were
collected on a Magnettech ESRS000 spectrometer (Freiberg Instru-
ments). Sample measurement was performed at 20 °C (293 K), which
is consistent with similar measurements of CuO particles in the
literature.””*° Notably, attempted measurements at 77 K did not
improve the spectral resolution. Additional collection parameters for
spectra are found in the Supporting Information. Absorption and
diffuse reflectance measurements were performed with a Shimadzu
UV-3600i Plus UV—vis—near-infrared (UV—vis—NIR) spectropho-
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tometer by using an internal diffuse reflectance accessory for solid-
state sample measurements. Further synthesis, characterization details,
and collection parameters are given in the Supporting Information.

Catalytic Testing. The reduction of 4NP was monitored by UV—
vis spectroscopy on an Agilent Cary 60 spectrophotometer. In a
quartz cuvette, a 3 mL solution of 1.31 mM 4NP and 66.0 mM
NaBH, was made. After an initial absorbance scan at f;, 1 mg of
catalyst was added, and the reaction was monitored at timed intervals.
The amount of catalyst is kept low to ensure sufficient points can be
measured due to the high reaction rates. MB reduction reactions were
performed in a similar manner with a 3 mL solution of 0.0278 mM
MB and 43 mM NaBH,.

B RESULTS AND DISCUSSION

Characterization and Interpretation. Transmission
electron microscopy (TEM) images of the particles were
obtained, and size distributions were calculated by averaging
the length of the long and short edges of the particles (Figure
2F, inset). The TEM images of CuO,-Cont. revealed oblong
particles with a Gaussian size distribution of 38 nm (Figure
2A,G). The large dispersity, represented by the error bars in
Figure 2G, is not surprising considering that the size
distributions were obtained by averaging the longest and
shortest dimension and the fact that no surfactants for size
control were utilized in the synthesis procedure. Specifically,
surfactants were avoided as they may passivate surface active
sites.”’ 'With NaBH, post-treatment, the particles became
slightly agglomerated (Figure 2B—D,G). Meanwhile, the ball-
milled samples remained similar in size to CuO,-Cont (Figure
2E—G). Typically, treatment with ball-milling can decrease the
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particle size. In our case, overall particle size was not impacted;
however, the shape was impacted as the oblong particles from
the control were replaced with significantly lower aspect ratio
particles. To better quantify this change, the average aspect
ratios for all of the particles were measured. The aspect ratio
for the CuO,-Cont. and NaBH, treated samples are similar,
averaging ~2. The ball-milled samples, however, have
decreased aspect ratios at ~1.4, indicating a more spherical
shape. Nominally, this decreased aspect ratio may be attractive
for catalytic activity as increased edge and corner sites have
been associated with enhanced reactivity.””~>*

High-resolution (HR) TEM images of the CuO,-Cont. and
CuO,-BM Cal. Air samples showed the presence of circular
features on some of the particles (Figure 2A,E insets). The
synthesis of the CuO particles under strong reducing
conditions appears to cause the hollowing of the particles.
We hypothesize this is due to the features being the same
shade as the TEM grid and the precedence for CuO particle
hollowing under comparatively mild conditions.”*® These
images also suggest grain boundaries or smaller particles
embedded into larger particles. Selected area electron
diffraction (SAED) revealed that the CuO,-Cont. particles
were a mixture of single crystalline and polycrystalline phases,
as indicated by the distinct spots and rings, respectively
(Figures S2—S7). This corresponds well with the oblong-
shaped particles, the presence of different morphologies of the
particles, and their size dispersity.

Gas adsorption measurements determined that the Bruna-
uer—Emmett—Teller (BET) surface area differences between
samples were negligible, with values ranging from Sgpp = 11.0
to 12.4 m* g~' (Table S1). As there is no significant difference
between samples, this parameter, which typically can be an
important factor in differentiating catalyst performance, can be
ignored, thus allowing a more focused comparison of other
measured material properties. The TGA of the materials also
showed very similar thermal stability and similar trends as
those reported in the literature for CuO (Figure $9).*”** The
mass loss in the 230—330 °C region is attributed to non-CuO,,
compounds such as residual NaOH or adsorbed organics and a
decrease at >700 °C is attributed to the decomposition of the
CuO particles.

Powder X-ray diffraction (PXRD) patterns of each sample
were obtained (Figure 3A). The samples treated with 0.05 M
NaBH, under sonication were plotted against three phases:
CuO Cc space group (ICSD card 1646957),” Cu,O Pn3m
space group (ICSD card 1690293), and finally metallic
copper in the Fm3m space group (ICSD card 1617943),"!
showing good alignment. Thus, with more NaBH, treatment,
the copper oxide begins to reduce and becomes a mixed phase.
While the Cu0,-0.025M/15m sample was treated with
NaBH,, it did not appear to be a mixed phase. To confirm
this, a Rietveld refinement was performed on the pattern using
GSAS-II software.”” The pattern was best fit to only one phase
of CuO in the Clcl space group, confirming that no reduced
copper oxide phases are observed in this sample (Figure S10).
The PXRD patterns for CuO,-Cont., CuO,-BM Cal. Air, and
CuO,-BM Cal. N, samples also all appeared to be only the
CuO monoclinic phase. Subtracting out the CuO,-Cont.
pattern from the ball-milled samples, however, revealed
significant peak broadening for the treated samples, despite
having similar particle size distributions (Figure S11). This
indicates a possible increase in crystalline strain in the ball-
milled samples.%’44 To confirm this, the patterns were refined
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Figure 3. PXRD patterns of each of the materials (A), showing peaks
for CuO in all samples and additional peaks characteristic of Cu,O
and Cu(0) in the 0.05 M NaBH, treated samples. Additional Raman
(B) and FTIR (C) spectra of each material.

to obtain calculated microstrain values (Figure S10).
Compared to the control with a microstrain of 1282.7 ppm
Ad/d units, the CuO,-BM Cal. Air and CuO,-BM Cal.
samples had a ~5.5X and ~8.8X increase of microstrain,
respectively, at 7112.4 and 11272.3 ppm Ad/d units.

Raman spectra of all six samples show three well-defined
peaks (Figure 3B). The CuO,-Cont. sample reveals character-
istic Raman bands at 282.6, 332.1, and 618.7 cm™ that are
close to the wavenumbers identified as the first-order phonon
scattering.”* The three peaks are assigned to the A, and two
B, modes, originating from Cu—O vibrations. The peak at
282.6 cm™! is assigned to the A, and the peaks at 332.1 and
618.7 cm™' are assigned to the B, modes.”” The results
indicate the presence of Cu(Il) in the form of CuO in all six
samples, in agreement with the PXRD data. The three high-
intensity Raman peaks of the Cu0,-0.025M/15m, CuO,-
0.05SM/Sm, and CuO,-0.05M/15m samples shift slightly to
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higher wavenumbers compared to the control. CuO,-0.05M/
Sm shows the highest upshift since it has the largest particle
size among these three samples. Xin et al. have previously
reported that Raman peaks become stronger and shift to higher
wavenumbers as grain size increases for CuO particles.”’
Furthermore, the Raman peaks of CuO,-BM Cal. Air and
CuO,-BM Cal. N, samples shift to lower wavenumbers since
they have slightly smaller particle sizes compared to the control
sample. The peak at 1050.1 cm™' has previously been
attributed to superoxide species, which may indicate the
presence of oxygen vacancies on the surface of those samples.**

The materials were further subjected to Fourier transform
infrared (FTIR) spectroscopy measurements using attenuated
total reflectance (ATR) (Figure 3C). The peaks centered
around 490 and 605 cm™! are attributed to the A, and B,
modes of CuO, stretching vibrations.*” Meanwhile, the broad
peak that spans ~690—1100 cm™ is a poorly resolved
combination of multiple signals. Peaks of interest in this
region are at ~880 cm ™' attributed to Cu—OH and ~1060
cm™' attributed to OH bending vibrations.””>" This
interpretation is supported by the presence of a peak around
1350 cm ™! for some of the samples, which is assigned to Cu—
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OH, and the broad peak around 3400 cm™" characteristic of
O—H stretching vibrations.”® It is noteworthy that the ball-
milled samples do not have the characteristic Cu—OH peak
around 1350 cm™’, indicating that the ball-milling environment
may decrease the concentration of the terminal hydroxyls.
X-ray photoelectron spectroscopy (XPS) was conducted on
all of the materials to confirm the copper oxidation state and
evaluate the presence of oxygen vacancies (Figure 4). The
high-resolution (HR) Cu 2p spectrum for the CuO,-Cont.
sample is fitted to only one peak in the 2p;,, region at 933.5
eV, commensurate with Cu(II) arising from CuO.'"%%3
Likewise, the ball-milled samples show only the presence of
Cu(Il) for CuO. The CuO,-0.025M/15m Cu 2p;, HR-
spectrum, however, is best fitted to two peaks: one character-
istic of Cu(1I) and a new peak corresponding to Cu(I) at 932.3
eV.'5%5% As the PXRD of this sample was best fit to only the
CuO monoclinic phase, these reduced Cu(I) ions reside within
the CuO monoclinic phase. With increased duration and/or
concentration of NaBH, treatment for the Cu0,-0.05M/Sm
and Cu0,-0.05M/15m samples, the peak for Cu(I) increases,
and a new peak characteristic of Cu(0) begins to appear at
~932.5 eV.>>>*>* This is due to NaBH, starting to fully reduce
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the copper metal on the surface of the particles, leading to a
ternary-mixed phase (Figure 4A,C).

The CuO,-Cont. HR O 1s spectrum features three peaks at
529.6, 531.2, and 533.2 eV attributed to lattice oxygen,sz’56
adsorbed hydroxyls,””*® and molecularly adsorbed oxygen-
containing molecules such as water, respectively’”**** (the
synthesis and storage of the particles was under ambient
conditions with ~55% relative humidity). Interestingly, the
CuO,-BM Cal. Air particles had an almost identical O 1Is
spectrum, indicating that any oxygen vacancies that may have
formed during ball-milling were healed under calcination in air.
The NaBH,-treated samples feature two additional peaks: one
at a binding energy higher than that of the lattice oxygen peak
(530.8 = 0.2 eV) and one at a lower binding energy (528.77 +
0.1 eV). The higher binding energy peak is attributed to
hydroxyl groups adsorbed into lattice oxygen vacancies.””®" It
is important to note that it is not possible to detect the absence
of lattice oxygen directly, but these vacancies can be inferred
through the presence of adsorbed hydroxyl groups at these
sites. The peak appearing at lower binding energy is attributed
to lattice oxygen near oxygen-deficient sites (Figure 4B,D).
The CuO,-BM Cal. N, oxygen spectrum shows a similar trend
to the NaBH,-treated samples, although the peaks shifted
slightly. This shift could be due to size effects or the increased
covalent Cu—O bond character around a higher density of
oxygen vacancies.'®

The electron paramagnetic resonance (EPR) spectrum of
the CuO,-Cont. sample lacks any notable spectral features,
which is consistent with the absence of vacancies in the
material (Figure SA). By contrast, the EPR spectrum of CuO,-
BM Cal. N, (green trace) shows a broad derivative feature
around g & 2.02, typical for g, for S = 1/2 Cu(Il) in CuO,
samples. A value for the g, resonance was not resolved due to
the broadness of the signal but accounted for the asymmetry of
the signal. The broadness of the signal, in part, is attributed to
the unresolved hyperfine features expected for the Cu(II)
centers and heterogeneity in the local environments surround-
ing the vacancies in the nanoparticles.

The appearance of the EPR signal in the ball-milled samples
suggests an increased number of vacancies in these samples,
resulting in localized paramagnetic centers.”’”® The EPR
spectrum of the CuO,-BM Cal. Air (blue trace) sample also
exhibits a similar broad S = 1/2 signal, albeit with a lower
intensity than that for CuO,-BM Cal. N,. This result provides
further evidence that the presence of O, heals some of the
vacancies during calcination. However, the Cu0,-0.05M/15m
sample reveals an EPR signal similar to that of the control,
even though it is confirmed to have oxygen vacancies through
XPS analysis. This indicates that the vacancies producing the
broad signal in the ball-milled samples likely differ from those
in the NaBH,-treated samples, corroborating that the ball-
milling process may induce copper vacancies. The induction of
metal vacancies in metal oxides via ball-milling is also
supported by previous work.””%

Diffuse reflectance UV—vis—NIR (DR-UV—vis—NIR) spec-
tra of the particles were used to calculate band gaps via Tauc
plots (Figure 5B,C). The calculated band gap of CuO,-Cont.
was 1.29 eV; within the range of the reported band gap for
bulk CuO of 1.2—1.9 eV.®” As the CuO particles are subjected
to post-treatments, their measured band gaps shift. Changes in
the band gap are related to the metal oxidation state, as well as
the particle size,%® shape,69 c1rystallinity,70 microstrain,”’ and
oxygen vacancies.”> Although Cu0,-0.025M/15m incorpo-
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rates some Cu,O, which has a larger band gap range of 1.8—2.5
eV,” the calculated band gap is slightly smaller than the
control, at 1.28 eV. This is attributed to the competing impact
of the increase in size and the presence of oxygen vacancies,
both factors that will decrease the optical band gap.®”* As the
particles are treated with higher NaBH, concentrations, there
is a continual gradual decrease in band gap. This is not
surprising as the NaBH, treatment is shown to propel the
formation of Cu(0), which, it should be noted, impedes an
accurate determination of the band gap from the Tauc plot.
Furthermore, NaBH, treatment has been shown to increase
particle size, which would lead to a further decrease in band
gap. Although the CuO,-BM Cal. Air and CuO,-BM Cal. N,
samples have similar size and composition to CuO,-Cont.,
there are slight decreases in band gap from the control. This is
attributed to the change in shape, increase in microstrain, and
presence of vacancies.

Catalytic Testing and Correlations. All six nanomaterials
were subjected to catalytic testing using the two probe
reactions: (1) reduction of 4NP in the presence of excess
NaBH, and (2) reduction of MB in the presence of excess
NaBH,. The observed/apparent reaction rate constants from
UV—vis measurements (k,,; min~') were then normalized to
the mass of the catalyst used (min™' g7'), a standard
convention for the assessment and reporting of these reaction
systems.”'” Examining the observed rates for each reaction
reveals that the ball-mill-treated samples performed the best
overall (Figure 6A,B). For 4NP reduction, within the CuO,-
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Figure 6. Observed/apparent reaction rate constants from UV—vis
measurements normalized to the mass of the catalyst used (norm.
rate; min~' g™') for 4NP (A) and MB reduction (B).

Cont. and NaBH,-etched samples there is no visible trend,
indicating that material properties impacted by NaBH,
treatment can be either inconsequential or competing with
each other to yield no perceptible reactivity enhancement. The
reduction of MB revealed more prominent trends with an
increase in rate for reduction as NaBH, treatment increases
and the ball-milled samples are the most active for this system
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Figure 7. Visual mapping of catalyst performance comparing all samples (A), control and NaBH, treated samples (B), and control and ball-milled

samples (C).

(Figure 6B). To disentangle the competing parameters’ impact
on catalytic activity, a multivariate analysis was necessary.
The multivariate analysis takes the pairwise correlation
coeflicient between various experimental parameters and
provides a visual map of their interdependencies. The
following seven independent parameters were considered:
particle size, surface area, Cu(I)/Cu(Il) ratio, Cu(0) atom %,
O,,/lattice O ratio, band gap, aspect ratio, and microstrain for
pure CuO phase samples. The following two dependent
parameters related to catalyst performance were considered:
activities for 4NP reduction and MB reduction. Three color-
coded correlation maps were produced, specifically (1) for all
samples combined, (2) for the control and NaBH, treated
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samples, and (3) for the control and ball-milled samples, as
shown in Figure 7A—C, respectively.

The color scale corresponding to the value of the correlation
coeflicient is provided for a convenient visual representation of
the parameter interdependencies. Here, red corresponds to a
correlation coeflicient of +1.00, while blue corresponds to a
correlation coefficient of —1.00. For example, in Figure 7A, the
4NP degradation rate constant depends, to a large extent,
inversely on the aspect ratio of the nanoparticles. On the other
hand, the MB reduction rates show a direct dependency on the
O vacancy concentration (O,,/lattice O), i.e., increasing with
the O vacancy concentration. Taken together, these color-
coded correlation maps provide a convenient way to evaluate

https://doi.org/10.1021/acsanm.3c04897
ACS Appl. Nano Mater. 2024, 7, 928—939


https://pubs.acs.org/doi/10.1021/acsanm.3c04897?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c04897?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c04897?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c04897?fig=fig7&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.3c04897?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

Table 1. Catalyst Performance Correlations for Both Probe Reactions Calculated

control and NaBH,-treated samples

control and BM-treated samples

visual map: all data
probe reaction: 4NP red. MB red.
size —0.506 —0.307
surface area —0.485 —0.573
Cu(1)/Cu(11) —0.195 —0.374
Cu(0) atom % —0.324 —0.183
0.,/ Opatice 0.647 0.892
band gap —0.016 —0.173
aspect ratio —0.925 —0.800

microstrain

4NP red. MB red. 4NP red. MB red.
—0.049 0.662 —0.959 —0.763
0.579 0.196 —1.000 —0.909
0.590 —0.228 0.000 0.000
0.340 0.968 0.000 0.000
0.279 0.803 0.724 0.941
—0.239 —-0.927 —-0.997 —0.880
—0.637 —0.994 —0.943 —0.728
0.990 0.962

structure-performance relationships in a multidimensional
parameter space for complex catalyst systems.

Evaluating correlations within the parameters noted in Table
1, we see an inverse correlation of —0.778 between the band
gap and particle size as well as an inverse correlation of —0.899
between the band gap and Cu(0) atom %. These trends have
been reported previously’”’* and, as such, serve to validate our
results and analytical approach. Because the material properties
were not changed linearly within a treatment protocol and
particularly not between the two methods (chemical vs.
milling), competing factors in the material properties prevent
meaningful deconvolution for the entire data set. We speculate
that it is for these reasons that we do not observe many strong
correlations within the “all-data” visual map of catalyst
performance (Figure 7A). However, by compartmentalizing
the data based on the postmodification method (Figure 7B,C)
and then reexamining the visual maps of catalyst performance,
we can better disentangle these competing factors. If there is a
strong correlation in both visual maps of catalyst performance,
it is likely that the correlated material property does impact the
corresponding catalyst performance.

First, we examine the reduction of 4NP. Between all of the
visual maps of catalyst performance, we see an inverse
correlation of the rate constant to nanoparticle aspect ratio
(Figure 7). This is one of the strongest correlations that
appears for 4NP reduction. The decrease in aspect ratio
implies that there are more corner and edge sites available on
the catalyst. These sites have lower coordination numbers than
planar/face sites, which results in enhanced reactivity.”>”*
Within the ball-milled samples, the microstrain additionally
presents a strong correlation. The augmented microstrain leads
to increased grain boundaries; these grain boundaries represent
a network of edge or step sites with concomitant lower
coordination, which explains the enhanced catalytic reactivity.
Oxygen vacancies have previously been reported to increase
the rate of 4NP reduction. We observe a correlation in our
visual maps of catalyst performance to oxygen vacancies as
well, but it is not as strong as that with the aspect ratio. While
this indicates that oxygen vacancies play an important role in
catalytic activity, they may play less of a role than corner and
edge sites. Overall, the NaBH,-treated samples’ visual map of
catalyst performance is the most convoluted, likely due to the
competing formation of Cu(I) and subsequent phase
separation with Cu,O and metallic copper.

To further understand the impact of oxygen vacancies and
reduced copper, recycling trials were undertaken using CuO,-
Cont. and Cu0O,-0.05M/15m samples. Since NaBH, is
present in the reduction reactions as the H-source and may
produce oxygen vacancies and reduce the oxidation state of
copper in situ, subsequent catalytic use and reuse commensu-
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rate with standard catalyst recycling protocols should increase
oxygen vacancies and the atomic percent of reduced copper.
To test this hypothesis, five recycle trials were performed for
the reduction of 4NP using CuO,-Cont. and CuO,-0.05M/
15m to compare (Figure 8). By the second trial, both CuO,-
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T 8000 Cu0,-0.05M/15m
£
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Figure 8. Recycling trials for the catalytic reduction of 4NP using
CuO,-Cont. and Cu0O,-0.05M/15m. Observed/apparent reaction
rate constants from UV—vis measurements normalized to the mass of
catalyst used (norm.p,,, rate; min~' g7').

Cont. and Cu0,-0.05M/15m showed similar catalytic activity,
indicating that these catalysts likely have similar surface
features (Cu oxidation state and oxygen vacancies) induced
in situ. The large increase for R4 and subsequent decrease in
the Cu0,-0.05M/15m series could be due to the competing
benefit of oxygen vacancies being produced and agglomeration
being enhanced by the presence of those vacancies. After the
fifth trial, both catalysts were analyzed via XPS. No boron or
nitrogen was detected in the analysis of either sample,
indicating that the 4AP* and NaBH, were desorbed from
their surfaces (Figure S30). The oxygen spectra for both
CuO,-Cont. postmortem and Cu0,-0.05M/15m postmortem
are nearly identical to each other, showing peaks for lattice
oxygen, adsorbed hydroxyls, adsorbed molecular oxygen, and
oxygen vacancies and lattice oxygen near oxygen-deficient sites
(Figure S30 and Table S12). This confirms that oxygen
vacancies are produced in situ during the reduction reactions
with NaBH,. Additionally, the Cu 2p HR spectra for both
samples are similar to each other, revealing the presence of
three peaks in both materials with similar atomic percent
contributions. Specifically, peaks for Cu(II) at 11.4 + 0.4 atom
%, Cu(I) at 37 + 1.3 atom %, and Cu(0) at 52 + 0.9 atom %
were detected in both catalysts postmortem (Figure S30 and
Table S13). Not only are oxygen vacancies produced during
the reaction, but a triphase-metal-oxidation-state catalyst
increases overall catalytic efficiency.

Critically, among the five recycle trials of both catalysts,
none of the normalized rate constants reached that observed
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for the CuO,-BM Cal. N, catalyst. It also took nearly 4
recycling trials (indicating significant exposure to excess
NaBH,) to even approximate the rate observed for CuO,-
BM Cal. Air. This corroborates that vacancies and defects
produced from the ball-milling treatment are different from
those chemically induced via NaBH, treatment. Likely, the
ball-milling treatment is also inducing copper vacancies in the
particles, which we postulate causes a higher microstrain that
enhances catalytic reactivity (vide supra).

The reduction of MB reveals a stronger correlation to the
presence of oxygen vacancies and, within the NaBH,-treated
samples, the atomic percent of Cu(0). Previously, the literature
has attributed increases in MB adsorption onto the catalyst
surface with an increase in the basicity of the catalyst due to
enhanced attraction for cationic molecules.”® Increased MB
adsorption has also been attributed to oxygen vacancy
formation, as this decreases the zeta potential of the metal
oxide surface and improves electrostatic interactions.””’® The
adsorption is the proposed rate-limiting step,'” which explains
why an increase in oxygen vacancies can improve the observed
rate of MB reduction. Similar to 4NP reduction, the rate of MB
reduction is also inversely correlated to the aspect ratio and
directly correlated to the microstrain.

B CONCLUSIONS

In summary, we were able to induce oxygen vacancies and
reduce the copper metal, both partially and to total phase
separation, through NaBH, treatment to generate a series of
modified CuO, nanocatalysts. We also showed that ball-milling
the parent CuO nanoparticles produces different surface
defects by adding the microstrain and oxygen vacancies
without reducing copper. The ball-milling likely also induces
copper vacancies in the crystalline lattice; the presence of these
vacancies leads to a greater enhancement in catalytic
performance compared to particles subjected to NaBH,
treatment. Testing and comparing all catalytic activities against
altered material physical properties tell us that the structure—
activity relationships are intrinsically linked to the specific test
reaction. For 4NP reduction, the aspect ratio and microstrain
were the most important, while oxygen vacancies appear to be
less important than typically postulated. For MB reduction,
these parameters impact the rate, but Cu(0) atom % was also
important as it enhanced catalyst surface basicity, increasing
MB adsorption. Importantly, this study also demonstrates
secondary impacts on material properties associated with the
introduction of defects via both physical and chemical means.
Although the enhancement of catalytic activity is typically
attributed to the presence of defects, these secondary factors
can be significant. We hope that these observations will not
only be useful in understanding and deconvoluting the source
of enhanced reactivity in existing catalyst systems but also serve
as guidelines for new nanocatalyst design.
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