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The severe plastic deformation of metals leads to the formation of nanotextured surfaces as well as the re-

tention of significant strain energy, characteristics which are known to promote catalytic activity. Here, we

demonstrate plastically deformed surfaces of copper and copper-based alloys as being highly catalytic

using the well-studied model catalytic reaction which reduces 4-nitrophenol to 4-aminophenol by boro-

hydride. Among the materials studied, the most catalytically active is formed in a two-step process where

metal chips are mechanically sheared from a Cu–Sn alloy containing precipitates and then exposed to an

etchant which removes the precipitates from the exposed surface. The so-formed structures exhibit ex-

ceedingly high catalytic activity and set new benchmarks when incorporated into a fixed-bed reactor. The

formation of catalytically active sites is shown to be strongly dependent on the presence of the precipitates

during the deformation process, achieving an order of magnitude increase in the reaction rate constant

when compared to similarly formed Cu–Sn catalysts lacking these precipitates. The work, therefore, dem-

onstrates a new approach for generating catalytically active sites which may be applicable to other alloy

combinations.

Introduction

While the catalytic activity stemming from high-surface-area-
to-volume structures with sub-15 nm dimensions is well-docu-
mented,1 the corresponding reaction rates per unit surface
area do not necessarily exceed those of complex mesoscopic
or monolithic structures exhibiting surfaces with a nanoscale
roughness characterized by a high density of atomic steps,
kinks, and undercoordinated atoms.2–12 In a scenario where
the higher catalytic activity of these complex surfaces offsets
deficiencies in terms of a low surface-area-to-volume ratio
there is the potential to advance an alternate catalytic plat-
form which supersedes existing systems.

In addition to its technological relevance, the reaction
which reduces 4-nitrophenol (4-NP) to 4-aminophenol (4-AP)
by borohydride serves as an important model reaction for

assessing metallic nanostructures as catalytic materials. Con-
sequently, there exists a vast literature commenting on the
advantages and disadvantages of various catalytic materials
and their supports.13,14 From a practical standpoint, numer-
ous factors come into play when assessing a catalyst includ-
ing mass and specific catalytic activities, price, weight, dura-
bility, recoverability, selectivity, and ease of fabrication. A
mechanistic understanding of what constitutes a highly cata-
lytic surface for the reduction of 4-NP, however, is most read-
ily obtained from a determination of the reaction rate con-
stant per unit surface area of catalyst (i.e., kapp/area). While
such a metric is of obvious significance, it is rarely reported
and, from an experimental standpoint, difficult to determine
accurately. As a result, it is often equally difficult to ascertain
whether high reaction rates arise from an intrinsically active
surface or the large total surface area attainable when using
an ensemble of small nanoparticles.

The plastic deformation of metals provides the means to
transform a nominally flat metallic surface into one which
undulates on length-scales which depend upon the mechani-
cal forces applied.15,16 Metals yield plastically when the ap-
plied load perturbs the strain fields of dislocations to the ex-
tent that they propagate though the material along slip
bands, often intersecting with the surface and, hence,
distorting it, a process which inevitably leads to a surface
with steps, kinks, and undercoordinated atoms. Moreover,
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these same mechanical forces can lead to the generation of
new dislocations which can respond likewise. The catalytic
activation of metal surfaces through elastic and plastic defor-
mation has long been recognized.17–20 With nanoscale con-
trol over the strains at lattice-mismatched heteroepitaxial in-
terfaces in core–shell and bimetallic nanoparticles being
increasingly realized, there is renewed interest in manipulat-
ing these elastic strains to promote optimum catalytic
behavior21–27 as prescribed by volcano plot concepts and
Sabatier's principle.28 No such resurgence in interest, how-
ever, currently exists for the case of plastic deformation, al-
though it could play an important role in the formation of
the dealloyed ligaments which make up nanoporous Au
catalysts.29–32 Here, we demonstrate that the catalytic activity
of Cu-based metals can be intensified through plastic defor-
mation and, when suitably combined with an etching proce-
dure, exhibit catalytically active surfaces which, in most
cases, outperform nanoscale catalysts in the reduction of
4-NP when evaluated in terms of specific catalytic activity
(i.e., kapp/area). The so-formed catalysts are both inexpensive
and easily fabricated and, when incorporated into a fixed-bed
system for continuous-flow reactions, are able to outperform
their nanoscale counterparts by a wide margin.

Results and discussion
Catalytically activating single crystals of Cu through plastic
deformation

The mechanical activation of Cu surfaces through plastic de-
formation was first assessed using polished single crystals.
While such samples are impractical from the standpoint of
applications, their use here allows for a more definitive as-
signment of the catalytically active sites since the
confounding influence of grain boundaries is removed.
Fig. 1a–c shows scanning electron microscopy (SEM) images
of the surfaces of [100]-, [110]-, and [111]-oriented crystals af-
ter being plastically bent around a cylindrical surface with a
radius of curvature of 2 cm. All of the surfaces exhibit the
characteristic linear features associated with slip bands in

face centered cubic crystals. Such features originate from the
propagation and subsequent intersection of numerous edge
dislocations with the crystalline surface in response to an ex-
ternally applied load. The ordered nature of the surface re-
construction originates from a strong tendency toward slip-
page of the {111} close-packed planes in a <110> direction.
The geometric patterns formed by the slip bands for the dif-
ferent crystallographic orientations, therefore, correspond to
the directions by which {111} planes intersect the various
surfaces.

The assessment of catalytic activity for both the as-
received and plastically deformed surfaces toward the reduc-
tion of 4-NP was made using well-established spectroscopic
techniques,13,14 where the Cu crystals were deployed using a
dip catalyst modality.33–35 The results reveal an enhancement
to the reaction rate constant, kapp, resulting from plastic de-
formation for all orientations (Fig. 1d). It demonstrates that
the plastic deformation of Cu gives rise to catalytically active
surface sites in the absence of grain boundaries irrespective
of the crystallographic surface orientation. It should, how-
ever, be recognized that grain boundary influences may
heighten catalytic activity when using polycrystalline
materials.36–38

Catalytically activating Cu and Cu-based alloys through a
shear deformation

While the single crystal results demonstrate the viability of
plastic deformation in forming catalytically active sites, it
should be understood that these materials have undergone a
relatively mild deformation where only a small percentage of
the surface shows the distinctive morphology resulting from
the propagation of edge dislocations to the surface. By cold
working Cu to the point where it has undergone severe plas-
tic deformation it is possible to increase the edge dislocation
density at the surface from approximately 108 to 1012 cm−2,39

a process which completely transforms the surface morphol-
ogy. Moreover, the type of deformation (e.g., bending, rolling,
shearing) as well as the conditions under which it is carried
out can be crucial in determining the exact nature of the sur-
face. One of the most severe forms of plastic deformation oc-
curs when a machine tool cuts a metal. The cutting action,
shown schematically in Fig. 2a, originates from the compres-
sion and subsequent shear along a plane from which highly
deformed metal chips emerge. The concave surface of the
chip exhibits a serrated surface morphology (Fig. 2b) while
the convex surface is relatively smooth (Fig. 2c) due to sec-
ondary deformations occurring as the machine tool passes
over the sheared surface. Ductile metals, such as Cu, give rise
to long semi-continuous chips (or turnings) while semi-
ductile metals, such as brass and bronze, frequently fracture
into short segments (Fig. 2d). It is these highly deformed
metal chips which are assessed as catalytic materials for the
reduction of 4-NP.

In a demonstration of their catalytic capabilities, plasti-
cally deformed chips of copper, brass (Cu : Zn : Pb = 61.5 :

Fig. 1 SEM images of the slip bands formed on the surface of bent
single crystals of (a) [100]-, (b) [110]-, and (c) [111]-oriented Cu. (d)
Histogram showing kapp values for the reduction of 4-NP for each ori-
entation before and after deformation.
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36.5 : 2 wt%), and bronze (Cu : Sn : Pb = 81 : 7 : 12 wt%) were
loaded into a 10 mm inner diameter column to a height of
8.5 cm and used as a fixed-bed catalyst in a continuous-flow
reactor (Fig. 3a). When optimized, reactants containing 4-NP
and NaBH4, which appear yellow in color, percolate through
the catalyst and exit as a clear liquid containing the 4-AP
product. Such systems allow for sustained uninterrupted
reactions,40–42 a modality which is highly desirable in a
manufacturing setting.43 With the goal of reducing all of the
4-NP at the highest possible concentration and flow rate, the
fixed bed reactor was optimized for each catalyst by adding
4-NP with molarities of up to 30 mM in 5 mM increments.

The reported molarities and flow rates are those which are
sustainable without unreacted 4-NP appearing in the product.
The reduction of 4-NP to 4-AP was verified through spectro-
scopic measurements (Fig. 3b) which reveal that the promi-
nent 400 nm peak associated with 4-NP, while present in the
reactants, is absent in the product. It is replaced with a 300
nm peak which is the spectroscopic signature of the 4-AP
product. Each catalyst tested was able to maintain the same
performance over a 7 day period (Fig. 3c, also see Fig. S1,
ESI‡), providing evidence that these catalysts are long-lived.
SEM and EDS measurements performed on the used catalysts
showed no obvious signs of deterioration.

When plastically deformed Cu was loaded into the fixed-
bed reactor it was able to reduce 10 mM of 4-NP at a flow rate
of 13 mL min−1. The performance of the brass catalyst was
relatively poor in that comparable flow rates could only be
achieved if a 5 mM 4-NP solution was used. This result indi-
cates that alloying Cu with Zn is detrimental to catalytic activ-
ity. Conversely, the bronze catalyst outperformed Cu, achiev-
ing a maximum flow rate of 16 mL min−1 at a 4-NP
concentration of 10 mM. While the bronze catalyst showed
the highest level of catalytic activity, inductively coupled
plasma mass spectrometry (ICP-MS) performed on the 4-AP
product revealed Cu, Sn, and Pb levels of 2230, 67.9 and 1810
μg L−1, respectively. With high levels of Pb being particularly
undesirable we explored options to reduce contamination
levels. Pb exists in bronze as an immiscible component ex-
pelled from the surrounding Cu–Sn alloy as a precipitate dur-
ing the solidification process. When bronze is machined Pb
acts as a lubricant due to its low shear strength.44 By expos-
ing the bronze chips to nitric acid prior to their insertion into
the fixed-bed reactor the Cu, Sn, and Pb levels were reduced
to 1010, 59.2 and 248 μg L−1, respectively. Of far greater im-
portance were the significant enhancements to catalytic activ-
ity induced by the etching process, allowing for a higher flow
rate (23 mL min−1) at double the 4-NP concentration (i.e., 20
mM) or, alternatively, the reduction of 30 mM 4-NP at a flow
rate of 15 mL min−1. Noteworthy is that this 4-NP concentra-
tion is 300-times greater than that which is typically used
when spectroscopically assessing nanoparticle catalysts (i.e.
100 μM). A further 3-fold increase in the flow rate to 63 mL
min−1 at 20 mM 4-NP was achieved by applying suction to
the reactor output. Videos S1a and b in the ESI‡ show the op-
erating reactor under suction and when no suction is ap-
plied, respectively. It is noteworthy that these results were
achieved with metal chips produced in under 5 min at a ma-
terial cost of 6¢. Cu and brass show only minor enhance-
ments to catalytic activity when exposed to the same etching
procedure.

The validation of a fixed-bed catalytic reactor using plasti-
cally deformed and etched bronze provides a proof-of-
concept demonstration that such bulk-scale materials are
amenable to continuous-flow catalysis. Other examples of
fixed-bed reactors have been recently demonstrated using
supported nanostructures as the catalyst.37–39 Of these, the
system validated by He et al.40 based on Au nanowire

Fig. 2 (a) Schematic illustrating the process by which metal is sheared
from a rotating solid rod in contact with a stationary cutting tool. SEM
images showing the (b) nanostructured concave and (c) convex
surfaces of plastically deformed Cu chips. (d) Optical images of semi-
continuous Cu chips and highly segmented bronze and brass chips.

Fig. 3 (a) Fixed-bed system for continuous-flow catalysis where 100
mL of the reactants containing 30 mM 4-NP (yellow liquid) percolate
through the bronze catalyst and emerge as a clear liquid containing
the 4-AP product. (b) Absorbance spectra showing the characteristic
400 nm 4-NP peak in the reactants (blue) and the 300 nm 4-AP peak
in the product (red). (c) Percent conversion to 4-AP observed over 7
reaction cycles carried out on consecutive days where 100 mL of solu-
tion was flowed through the column per day.
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catalysts affixed to glass fiber supports, shows the most im-
pressive capabilities. The bronze catalyst is, however, able to
react 4-NP at twice the rate under both evacuated and regular
flow conditions, a result which attests to the viability of using
plastic deformation as a means to fabricate catalytically active
surfaces. Additional advantages which these catalysts have
over their nanoscale counterparts include: (i) the elimination
of difficulties associated with catalyst anchoring and aggrega-
tion,40 (ii) a catalyst fabrication process which is free of li-
gands which can inhibit the catalytic activity of
nanoparticles45–47 and are a potential product contaminant,
(iii) a catalyst synthesis which is rapid, inexpensive, and scal-
able, and (iv) the use of bronze which, when compared to
current nanoscale catalysts such as Au and Pd, is far more
cost-effective. In fact, bronze chips are already produced in
large quantities as a byproduct of manufacturing processes;
their use as a catalyst provides the prospect of using what is
nominally a waste product as a functional material.

Characterization of the Cu–Sn alloy catalyst

With the plastic deformation and subsequent etching of
bronze showing the most favorable catalytic properties, a set
of experiments were performed in order to elucidate the
mechanisms responsible for the catalytic activity. For these
experiments 100 mg of catalyst was used. While this value
may seem large compared to the mass of nanoscale catalysts
commonly used for this reaction, the total catalyst surface
area is smaller than what is typical since these mesoscopic
catalysts have a relatively low surface-area-to-volume ratio.
The degree of catalytic enhancement resulting from the etch-
ing process was quantified by placing the catalyst into a cu-
vette containing 2 mL of 100 μM 4-NP while spectroscopically
monitoring the fall in the 400 nm 4-NP absorbance resulting
from its conversion to 4-AP. Fig. 4a shows the time-
dependent absorbance for the unetched bronze catalyst from
which an apparent reaction rate constant (kapp) of 6 × 10−4 s−1

was derived from the slope of the −lnĲA(t)/A(to)) vs. time plot
(Fig. 4b). The same bronze chips were then etched in 2 M
nitric acid for 10 min and, when reassessed as catalysts,
achieved a kapp value of 8 × 10−2 s−1 (Fig. 4c and d), a more
than two order of magnitude improvement. When this kapp
value is normalized to the total surface area of the etched cat-
alyst (estimated to be 2.4 × 10−4 m2) a kapp/area value of 330
s−1 m−2 is obtained. The dependency of kapp on the reaction
temperature was also assessed for temperatures between 15
and 45 °C. A plot of ln(kapp) vs. T−1 shows a linear depen-
dency (see Fig. S2, ESI‡) in accordance with Arrhenius behav-
ior from which an activation energy of 42 kJ mol−1 is derived.
The result compares well to the 49 kJ mol−1 value obtained by
Wunder et al. for Au nanoparticles.48

In an effort to determine if the plastically deformed
bronze surface compares well to its nanoscale counterparts
in terms of the kapp/area metric, we compiled from the litera-
ture a list of competing values based on the information pro-
vided. It is noted that a significant number of reports do not

provide sufficient information to calculate this value and
were, hence, excluded on this basis. Table 1 lists only those
catalysts which achieved a kapp/area value of greater than 10
s−1 m−2 and is, hence, a list of the top performing catalytic
surfaces from the standpoint of this catalytic descriptor. We
wish to stress that this descriptor, while providing informa-
tion of relevance in obtaining a mechanistic understanding,
does not necessarily translate into a catalyst of practical im-
portance since other factors must be considered. Evident is
that some of the highest values occur for catalysts which: (i)
are comprised of alloys of Cu,33,49–51 (ii) have ligand-free33,45

or dendrimer coated51,52 surfaces, and (iii) exhibit low coordi-
nation surface sites in such forms as high-index facets, high-
curvature geometries, and/or an abundance of atomic surface
steps.33,49–51 Also evident is that the bronze catalyst is among
this list of the most catalytically active surfaces ever prepared
for the reduction of 4-NP. This, from a mechanist standpoint,
indicates that the plastic deformation and etching procedure
gives rise to catalytically active sites which are more active
and/or more numerous than most nanomaterials.

Attempts to induce similar catalytic activity in a Pb-free
bronze (Cu : Sn : P = 94.8 : 5 : 0.2 wt%) using plastic deforma-
tion proved unsuccessful, achieving a kapp value of only 5 ×
10−3 s−1 when plastically deformed, which, when etched, rose
slightly to 6 × 10−3 s−1 (Fig. 4e and f). When normalized to

Fig. 4 Time-dependence of the 400 nm 4-NP absorbance and the
corresponding −lnĲA/Ao) vs. time plot, from which the apparent reac-
tion rate constant, kapp, is extracted for (a–b) an unetched bronze cata-
lyst, (c–d) an etched bronze catalyst, and (e–f) an etched Pb-free
bronze catalyst. Note that the time-axis varies greatly for the various
samples.
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the catalyst surface area a kapp/area value of only 19 s−1 m−2 is
obtained, but which is still among the most catalytically ac-
tive materials for this reaction. The implications of these re-
sults are (i) that the plastically deformed Cu–Sn alloy is
highly catalytic toward the reduction of 4-NP, but where the
presence of Pb precipitates during the deformation leads to
far greater catalytic activity, and (ii) that the etching proce-
dure is of significance only when Pb is present.

Fig. 5a shows SEM images and the corresponding elemen-
tal maps for the serrated concave surface of the bronze chips
before and after 10 min of etching (see Fig. S3, ESI‡ for the
corresponding data for the convex surface). This analysis re-

vealed that Pb tends to collect at the leading edge of the ser-
rations (denoted by the green arrow) or remain as embedded
precipitates (red arrow). Horizontal tracks of Pb smeared
across the surface by the cutting tool are also visible (blue ar-
rows). Etching removes the Pb from these surfaces, leaving
behind exposed edges and pits (yellow arrows). While the
overall morphology of the etched surface is somewhat
rougher, the gain in surface area is decidedly insufficient to
account for the more than 133-fold increase in kapp. The re-
sults strongly suggest that the vast majority of the catalytic
sites are initially coated with a relatively inert layer of Pb
which, when removed, are exceedingly active.

Table 1 A comparison of the reaction rate constant normalized to the catalyst surface area for various catalytic platforms

Catalytic platform Material Surface Particle shape Dimension kapp/area
a,b (s−1 m−2)

Sub-15 nm nanoparticles Au ref. 52 Dendrimer Spherical dia. = 3.1 nm 254
Ag ref. 52 Dendrimer Spherical dia. = 3.1 nm 238
Au ref. 54 CTAB Spherical dia. = 13 nm 104
Au ref. 45 Ligand-free Spherical dia. = 7.2 nm 57
Pd ref. 53 Dendrimer Spherical dia. = 3.0 nm 11

Complex nanostructures AuCu3 ref. 49 Amine Nanorod (l, w) = (27, 10 nm) 525
AuCu ref. 51 Oleyamine Hollow nanorod (l, dia, wall) = (35, 12, 2 nm) 205
Au ref. 55 PVP Hollow nanocube cages (edge, wall) = (50, 5 nm) 199
AuCu ref. 50 HDA Pentacle stars (arm, core) = (20, 25 nm) 87
Au–Pt ref. 56 CTAB Cylindrical dumbbells (l, dia) = (7.4, 39.5 nm) 42
AuCu ref. 33 Ligand-free Hemispherical dia. = 100 nm 17

Plastically deformed and etchedc Bronze Ligand-free Chips (l, w, h) = (2.9, 0.2, 0.05 mm) 330

a All values estimated based on the information provided in the cited references. b The concentrations of the reactants and the amount catalyst
used vary among these measurements. c Values derived from this work.

Fig. 5 (a) SEM images and the associated elemental maps of plastically deformed bronze chips before and after being exposed to a nitric acid
etch. (b) Time dependence of the 4-NP absorbance obtained when the reaction is terminated and then restarted through the removal and subse-
quent reinsertion of a bronze catalyst (plastically deformed and etched) into the 4-NP solution. (c) Histograms of the kapp values normalized to the
surface area of bulk bronze samples which have been subjected to various processing conditions.
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Further mechanistic insights were obtained by preparing
identical bulk bronze samples (7 × 7 × 1.5 mm3) which could
then be subjected to plastic deformations and etching pro-
cesses. In all cases, the samples were first annealed at 300 °C
to limit any catalytic activity associated with the initial sam-
ple preparation. When plastic deformation was carried out, it
was through a bending deformation. These bulk samples
allowed for easy removal from the cuvette midway through
the reaction followed by reinsertion at a later time. Fig. 5b
shows the time-dependent absorbance of a bronze catalyst as
this procedure is carried out. The fact that the reaction termi-
nates when the catalyst is removed confirms that it is the
bronze surface, and not leached material, which is catalytic.
The influence of processing conditions on the reaction rate
constant is summarized by the histogram shown in Fig. 4c.
Note that the wide variation in the kapp/area values necessi-
tate the use of a logarithmic scale. The annealed sample is,
as expected, a relatively poor catalyst. Moderate increases are
experienced when samples are either etched or bent, but not
both. The combination of etching and bending, however,
gives rise to dramatic increases in kapp where a bending-
etching process shows a more than 4-fold enhancement over
the reverse etching-bending sequence. The results support
the conclusion that the formation and/or activity of the cata-
lytic sites is enhanced, not solely through etching, but when
the immiscible Pb precipitates are present within the Cu–Sn
alloy during plastic deformation.

Mechanistic drivers for the catalytic activity

The assembled results point toward three factors of signifi-
cance when forming highly catalytic Cu–Sn surfaces: (i) plas-
tic deformation, (ii) the presence of Pb precipitates within
the alloy matrix, and (iii) the etching procedure. While a
comprehensive mechanistic understanding is unattainable
from this initial study, it is possible to speculate on the roles
played by each these three factors. With all of the materials
studied showing increased catalytic activity toward the reduc-
tion of 4-NP, it has been unequivocally demonstrated that
plastic deformation leads to the formation of active sites.
This activity likely stems from the deformation-induced sur-
face reconstruction which gives rise to a disorganized nano-
textured surface with a high density of steps, kinks, and
undercoordinated atoms. Such features are widely acknowl-
edged as being conducive to catalytic activity. While most of
the energy used in the deformation process is dissipated as
heat (>90%),16 the retention of strain energy within the crys-
tal lattice could also contribute to the catalytic activity.21–27

With plastically deformed elemental Pb showing no cata-
lytic activity toward the reduction of 4-NP (see Fig. S5a, ESI‡),
it is not surprising that its removal through etching leads to
a more catalytic surface. This, however, does not account for
the more than one order of magnitude difference in kapp be-
tween etched bronze and its Pb-free counterpart (Fig. 4c–f).
This dissimilarity likely originates from the fact that the de-
formation process is fundamentally altered when Pb-

precipitates are present in the alloy matrix; their impact on
the shear deformation process (i.e., their machinability) is, in
fact, the reason they are added to this particular alloy.44 Such
differences could direct the deformation process toward a
surface which is more active. Precipitates within an alloy ma-
trix also tend to act as impediments to edge dislocation mo-
tion. With the resulting dislocation pile-up at the precipitate
boundary giving rise to significant lattice strains, it is con-
ceivable that such strains may be conducive to the formation
of catalytic sites.

While the role of the etching procedure may simply be to
remove catalytically inactive Pb from the surface, it is difficult
to rule out other possibilities. Etching procedures, specifically
those which preferentially remove one component of an alloy
(i.e., dealloying), are well-established as a means to promote
catalytically activity.2–9 The etching procedure used, while re-
moving Pb from the surface, also leads to the loss of Cu as is
evident from a color change in the etching solution which be-
gins after 2½ min and transforms it from transparent to the
characteristic blue color associated with solvated Cu2+ ions.
In addition, when much longer etching times than those
used to produce the Cu–Sn catalyst are carried out (>60
min), the surface appears Sn-rich. While such factors point
toward dealloying as a mechanistic driver of significance,
there are arguments to be made against this possibility. Fore-
most, is the fact that the Pb-free bronze shows little improve-
ment in kapp after it has undergone the same etching proce-
dure (before: 5 × 10−3 s−1, after: 6 × 10−3 s−1) even though it
should experience similar levels of dealloying. The fact that
plastically deformed elemental Sn, by itself, shows essentially
no catalytic activity toward the reduction of 4-NP (see Fig.
S5b, ESI‡) further argues against this possibility. It is also
noted that the 10 min etch times and acid concentrations
used to activate the Cu–Sn catalyst are much smaller than
those typically used when dealloying materials. In addition,
the highly porous morphologies expressed by dealloyed
materials2–9 do not resemble those of the etched catalyst
(Fig. 5a). Nevertheless, it is impossible at this stage to rule
out etching-induced surface alterations as a means to gener-
ate catalytically active sites, a scenario whose likelihood be-
comes more probable if the sites are formed through syner-
gistic processes requiring the exposure of a strained surface
to an etchant. Such synergies may, in fact, be partially re-
sponsible for the high catalytic activity displayed by nano-
porous Au since the dealloying process is accompanied by a
spontaneous plastic deformation.39–42

Conclusion

In summary, we have demonstrated that the plastic deforma-
tion of a Cu–Sn alloy with Pb precipitates followed by an
etching procedure renders its surface highly catalytic toward
the reduction of 4-NP. Such surfaces compare favorably to
the top performing nanoscale catalysts when benchmarked
using the reaction rate constant normalized to the surface
area of the catalyst. The catalysts are easily fabricated and are
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demonstrated as inexpensive, robust, highly recyclable, and
amenable to continuous-flow catalytic reactions. The results
strongly suggest that the presence of Pb precipitates within
the Cu–Sn alloy matrix during the deformation is highly con-
ducive to the formation of catalytically active sites. These
plastically deformed surfaces join a class of bulk-scale mate-
rials such as dealloyed metals, RANEY® catalysts, and various
sponge-like materials, where catalysis occurs on disorganized
surfaces with a high density of steps, kinks, and
undercoordinated atoms. The work opens up the possibility
of using similarly formed catalytic materials in a broad range
of reactions driven by the alloy combination deemed most
effective.

Experimental
Chemicals and materials

(111)-, (110)-, and (100)-oriented single crystals of Cu with a
purity greater than 99.99% were purchased from MTI Corp.
The crystals, which have dimensions of 10 × 10 × 0.5 mm, are
one-side polished with an RMS roughness of less than 30 Å.
The catalytic materials were derived from solid rods of C110
copper, C353 brass (Cu : Zn : Pb = 61.5 : 36.5 : 2 wt%), C936
bronze (Cu : Sn : Pb = 81 : 7 : 12 wt%) and C510 bronze (Cu :
Sn : P = 94.8 : 5 : 0.2 wt%) with a diameter of 2.54 cm. Catalyst
etching procedures utilized nitric acid (Sigma Aldrich).
Annealing regimens were carried out in ultra-high purity
(UHP) Ar. Solutions for catalysis were prepared using 4-NP
(Fluka), NaBH4 (Fluka), and deionized (DI) water derived
from a Milli-Q system (18.2 MΩ cm at 25 °C).

Sample preparation through plastic deformation and etching

The plastic deformation of single crystals of copper. Prior
to use as a catalyst, both the unpolished and side surfaces of
the single crystals were coated with a lacquer in order to ren-
der these surfaces catalytically inactive. All catalytic activity
could, hence, be attributed to the single exposed polished
surface (see Fig. S4, ESI‡). The bending deformation around
a nylon surface with a radius of curvature of 2 cm was carried
out using bending pliers. After deformation a second layer of
lacquer was applied in order to ensure that the unpolished
and side surfaces remained catalytically inactive.

The fabrication of plastically deformed metal chips of cop-
per, bronze, and brass. The metal chips of copper, bronze,
and brass which were used as catalysts in the fixed-bed con-
tinuous-flow reactor (Fig. 3a) were formed using the shearing
forces which a tungsten carbide cutting tool exerted on a ro-
tating metal rod. The parameters used in the shearing pro-
cess were optimized for each metal (see Table S1, ESI‡) to
yield the maximum catalytic activity using 100 mg sample
sizes. Etching procedures were carried out in 2 M nitric acid
under gentle stirring followed by a thorough rinse in DI
water.

The fabrication of bulk bronze samples for mechanistic
studies. The bulk bronze catalysts, with dimensions of 7 × 7 ×
1.5 mm3, which were used to generate the data in Fig. 5b and c

were all cut from the same metal rod used to fabricate the
metal chips for the fixed-bed reactor. Once cut, the surfaces
were polished and annealed in order to minimize any cata-
lytic activity stemming from the cutting process. The
annealing regimen saw the samples heated to 300 °C for 2 h
in a tube furnace where Ar was flowed at a rate of 60 sccm.

Catalysis measurements

Catalysis on Cu single crystals and bulk bronze samples.
All absorbance spectra were obtained for reactions carried
out in a 1 cm path length quartz cuvette containing a 2 mL
aqueous solution of the 4-NP (100 μM) and NaBH4 (10 mM)
reactants. The surface area of the 100 mg bronze sample,
form which the kapp/area values were obtained, was estimated
from SEM measurements on 20 bronze chips of known
weight. The estimate was conservative in that the calculation
accounted for the surface roughness by assuming that each
striation penetrated through the through the entire thickness
of the chip even though this exaggerated the result. No allow-
ances were made for the fact that a substantial portion of the
catalyst surface area is resting on the bottom cuvette and is,
hence, shielded from the 4-NP solution.

Catalysis using the fixed-bed catalytic reactor. The appara-
tus used to demonstrate continuous flow catalysis was inten-
tionally designed to mimic that used by He et al.40 in order
to facilitate comparisons with the many impressive bench-
marks set when using Au nanorod catalysts affixed to glass fi-
ber supports. The copper, bronze, and brass catalysts were all
tested in the same apparatus, but where an emptied column
was first cleaned by filling it with 150 mM nitric acid for at
least 24 hours before switching materials. The column was
then thoroughly flushed with DI water before adding the new
catalyst. It was then filled to height of 8.5 cm with the cata-
lyst material. Whenever fresh catalytic material was used, the
product exiting from the reactor initially appeared discolored
(grey to black), but then quickly turned clear. To circumvent
these contamination issues, a conditioning process was
adopted whereby fresh catalytic material was exposed to a
200 mL aqueous solution of 10 mM 4-NP and 1 mM NaBH4

prior to collecting any data.
Once the conditioning process was complete, the reactor

was optimized by trying to reduce the highest possible 4-NP
concentration at the highest flow rate. For these experiments,
the 4-NP concentration was increased in 5 mM increments to
a maximum of 30 mM, where the 4-NP :NaBH4 molar ratio
was held constant at 1 : 100, a value which is typical for this
reaction. Spectroscopic characterization of the reactants and
product obtained were carried out in order to determine the
4-NP percent conversion (Fig. 3b and c). Prior to analysis the
4-NP and 4-AP concentrations were diluted by a factor of 300
and 100, respectively, in order to allow detectable levels of
light to pass through the sample. Such dilutions are required
because the concentrations used in the reactor are more than
100× greater than that which is typically used for a spectro-
scopic assessment of catalysts for the reduction of 4-NP.
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The fixed-bed reactor was operated for a 7 day period for
each of the catalysts assessed (i.e., copper, brass, and
bronze), whereby 100 mL of reactants were flowed at the max-
imum sustainable rate at least once per day. Between tests
the column was filled with the 4-AP product since the long-
term exposure of the drying catalysts to air led to a discolor-
ation and diminished catalytic activity. The reactor was also
operated with suction applied at the output in order to dem-
onstrate the faster flow rates achievable when using the plas-
tically deformed and etched bronze catalyst. High flow rates
are facilitated by the greater pressure differential created be-
tween the input and output of the reactor.

ICP-MS measurements

The 4-AP product derived from the fixed-bed catalytic reactor
was analyzed for Cu, Sn, and Pb using ICP-MS. The samples
used were acquired after, at least, 300 mL of reactants had
been flowed through the fixed-bed reactor. They were then di-
luted by a factor of 100 with DI water. The test tubes for ICP-
MS analysis were three times acid washed with 150 mM
HNO3 and 5 times rinsed with DI water. Metal analysis was
conducted on acidified samples (1% HNO3) using an Agilent
7900 inductively coupled plasma mass spectrometer (ICP-MS).
Before each use, the instrument was tuned to minimize oxides
and double charged ions; He gas was included in the collision
cell to minimize polyatomic interferences. Samples were di-
luted as needed to ensure accurate analysis and internal stan-
dards were employed to account for matrix effects. Triplicate
samples were analyzed for each treatment and reproducibility
was high among replicates. Cu and Sn were monitored at
multiple mass peaks, and data is presented from the mass
with the least interference. Presented Pb concentrations are
the summation of three isotopes (206, 207, and 208). Detec-
tion limits were analyte and run specific, but were generally
less than 1 μg L−1.

Instrumentation

SEM images and EDS elemental maps were obtained using a
450 FEG ESEM environmental scanning electron microscope
in secondary electron mode. The spectroscopic assessment of
catalytic processes was carried out using a Jasco UV/Vis
Spectrophotometer V630. An Agilent 7900 ICP-MS was used
to determine the levels of Cu, Sn, and Pb in the 4-AP product.
Annealing procedures were carried out in a Lindberg Blue M
furnace equipped with a quartz tube and the fittings needed
to maintain a continuous flow of UHP Ar gas.
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