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ABSTRACT: Ligands are the quintessential synthesis tool in the
preparation of colloidal metal catalysts, allowing for the rational
design of nanostructured surfaces with high activity and selectivity.
These same agents can, however, strongly influence the catalytic
performance of metal nanostructures in aqueous media. In this
regard, the current literature describing the influence of ligands on
the model catalytic reaction that sees 4-nitrophenol reduced to 4-
aminophenol by borohydride is highly fragmented in that the
understanding of reaction rate, induction time, and ligand
desorption phenomena is disconnected and, at times, contra-
dictory. Herein, we present a study in which three chemically
distinct ligands are applied to bare gold catalysts followed by their
exposure to aqueous solutions of relevance to 4-nitrophenol
reduction while simultaneously tracking the ligand whereabouts. It is shown that the exposure of ligands to borohydride leads to
their near-complete removal from the gold catalyst. This, in turn, gives rise to severe disruptions to the rate of 4-nitrophenol
reduction for the scenario where the aqueous reactants are purged of dissolved oxygen and ligand desorption times are slow. In sharp
contrast, the reaction rate is little affected when the same reactants contain dissolved oxygen because the resulting induction period
provides ample time for the ligands to desorb prior to the onset of the reaction. Moreover, strongly bound ligands are shown to give
rise to an induction-time-like feature that is only observable when the reactants are free of dissolved oxygen. Collectively, these
findings advocate procedures for catalytic benchmarking that differ from current best practices and underscore the point that a
fundamental understanding of 4-nitrophenol catalysis must adopt a holistic approach that accounts for ligand−nanostructure
interdependencies.
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■ INTRODUCTION

Surface ligands are an inherent component of colloidal
chemistry, offering precise atomic control over nanostructure
synthesis while ensuring long-term stabilization against
agglomeration and aggregation.1,2 As capping agents, ligands
promote facet-selective growth and can assert control over
such factors as composition, size, shape, and crystal structure.2

Some capping ligands are additionally able to influence the
kinetic and thermodynamic stability of the precursor metal
complex or even act as a reducing agent, affecting the driving
force for reduction and influencing the nanocrystal nucleation
for self-seeded growths.3 Capping ligands, which can take on
many forms including organic molecules, ionic species, and
macromolecules, collectively provide the synthetic tool that is
able to tune structure−property relationships to fit the needs of
specific applications. Nowhere is such a capability more
valuable than it is in catalysis since the rational design of
nanostructure contours frequently provide the means to
facilitate a desired surface chemistry.

Although ligands are essential to the design and preservation
of nanostructured catalysts, their influence on catalytic
turnover in aqueous reactions can become obfuscated by
competing factors. Ligands attached at the surface of
nanostructures would seemingly be expected to inhibit
catalytic activity because they block access to potentially active
sites on the catalyst surface.4−10 In accordance with this
expectation, numerous studies have observed such negative
impacts on catalytic rates.4,5,7,11−14 Some studies, however,
have observed no deleterious effects from capping ligands,15−17

while others show increased selectivity toward certain reaction
products,18,19 indicating that benefit can be derived from
complex chemical pathways involving ligand interactions.
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Regardless of whether harm or benefit occurs, these studies
point toward the need to reconcile the observed turnover with
the entire ligand−nanostructure system.
The reduction of 4-nitrophenol (4-NP) to 4-aminophenol

(4-AP) by borohydride (BH4
−) is a widely used model

reaction for assessing the catalytic activity of nanostructures in
aqueous media.20−22 For this reaction, heterogeneous catalysts
are benchmarked by spectroscopically monitoring the decline
in the 400 nm 4-nitrophenolate (4-NP−) absorbance peak after
which an apparent reaction rate constant, kapp, is extracted
from the linear slope of the −ln(A/A0) versus time plot, where
A/A0 is the normalized 4-NP− absorbance.20 The procedure is
simple, requires minimal instrumentation, and allows for
straightforward data analysis. This model catalytic reaction
has nevertheless become the subject of increasing scrutiny in
terms of both the mechanistic framework required for its
understanding and potential pitfalls that can lead to inaccurate
or misleading results. Mechanistically, the reaction has been
widely described in terms of the Langmuir−Hinshelwood
model,23−25 but others have argued in favor of the Eley−Rideal
mechanism.26−28 Severe disruptions to the reaction can also be
caused by dissolved oxygen within the aqueous reactants in
that it can lead to an induction time,29−31 severely reduced kapp
values,32 and the oxidative etching of catalysts where, for
certain cases, it is possible for the leached ions to give rise to a
far more catalytically active species.32 The induction time,
which is a time interval at the beginning of the reaction where
no turnover is observed, has proven particularly contentious.
Current evidence, however, points toward the need for a side
reaction that acts in opposition to 4-NP reduction,29,30 in

which a 4-nitrosophenol (4-NO) intermediate is oxidized back
into 4-NP by dissolved oxygen.31 The conclusion is supported
by measurements that show that the removal of dissolved
oxygen from the reaction solution using an inert gas purge
eliminates the induction time while a continuous O2 gas purge
extends it indefinitely.29

The influence of ligands on the catalytic reduction of 4-NP
is a complex subject due to the diverse range of ligands applied
to nanostructures and the inability of characterization tools to
accurately map out their number and arrangement on catalytic
surfaces. As such, the current literature details numerous ligand
influences that together form a convoluted and often
contradictory commentary. Various studies have shown that
ligands can increase, decrease, and have essentially no influence
on kapp.

4,6,7,33−39 One investigation concluded that increases to
the chain length of surface ligands increased catalytic activity4

while other studies observed the opposite effect.6,35 Numerous
studies have shown that ligands can drastically alter the
induction time, leading many to conclude that ligands, rather
than dissolved oxygen, are its root cause.4,5,14,35,37,40,41 Other
reports have disputed this conclusion.24 What is most
perplexing is the near-complete disconnect between the 4-
NP literature and the work of Ansar et al.42 showing that
NaBH4, a reactant in the catalytic reduction of 4-NP, acts as a
“general-purpose detergent” capable of displacing stabilizing
ligands from nanoparticle surfaces. With subsequent studies
confirming that NaBH4 is able to remove common capping
agents such as citrate,4 polyethylene glycol (PEG),4 poly-
vinylpyrrolidone (PVP),5,43−46 and even difficult to remove
thiols4,45,47−50 at BH4

− concentrations of relevance to 4-NP

Figure 1. Time dependence of the LSPR wavelength of substrate-immobilized Au nanostructures obtained when submerged in aqueous NaBH4 for
structures that are (a) ligand-free and to which (b) citrate, (c) PVP, and (d) 4-ATP ligands are adsorbed. The various insets show an SEM image of
the nanostructures used and schematics of the ligand exchange process that sees the starting ligand displaced by a hydrogen species derived from
BH4

−. The dashed red lines are fits to first order kinetics.
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reduction (i.e., 1−100 mM), it follows that such influences are
prevalent when benchmarking catalysts. Several 4-NP studies
have notably acknowledged the NaBH4 “detergent effect” on 4-
NP catalysis,4,5 yet a thorough investigation has not hitherto
been carried out.
Numerous studies directed toward elucidating the mecha-

nistic understanding of 4-NP reduction and the intrinsic
reaction kinetics associated with specific nanomaterials have
employed ligand-free catalysts so as to eliminate the
confounding effects of capping agents.51−58 In our prior
work,29,30,32,54 we have used both substrate-supported and
borohydride-protected metal catalysts for this purpose where
the latter can be considered ligand-free because it utilizes BH4

−

(an ion already present in large excess in 4-NP reduction) as
the stabilization agent.59 The availability of these ligand-free
catalysts provide an intriguing testbed for studying ligand
effects in that various capping agents can be attached to these
bare catalysts so as to compare their catalytic activity with and
without these surface agents. Herein, we present the results of
an investigation that delineates the influence of three widely
used capping agents on the catalytic reduction of 4-NP. It is
shown that citrate, PVP, and 4-ATP (4-aminothiophenol)
capped Au nanoparticles are all subject to the detergent effect
but where the rate and means by which they desorb can
dramatically influence the induction time and kapp. The results
obtained demonstrate that the mechanistic influences of
ligands are highly intertwined and sometimes masked by
competing phenomenon but where the isolation of individual
aspects allows for an understanding that can be rationalized
within the context of much of the preceding literature.

■ RESULTS
Ligand Desorption from Au Nanostructures. It is well-

established that ligand attachment to bare Au nanostructures
results in a red shift in the localized surface plasmon resonance
(LSPR) where the extent to which it shifts for any given ligand
is dependent on such factors as its dielectric properties, surface
coverage, and the degree to which it interacts with the Au
surface.60 It, therefore, follows that ligand desorption from the
same structures give rise to a blue shift. Real-time UV−vis
spectroscopic monitoring of this event, hence, provides an in
situ diagnostic for ligand desorption kinetics. To achieve this
outcome, ligand-free plasmonic nanostructures were first
prepared by sputter depositing ultrathin Au films onto sapphire
substrates and exposing them to a heating regimen that sees
each self-assemble into a collection of near-hemispherical
structures via solid-state dewetting.61 The so-formed struc-
tures, shown in the inset to Figure 1a, are well-bonded to the
substrate, have an average diameter of 10.8 nm, and exhibit a
525 nm plasmon resonance in air (Figure S1). Samples
prepared in this manner were then submerged in a solution
containing the capping ligand, incubated for 30 min, and
rinsed. The procedure resulted in LSPR red shifts of 8, 10, and
16 nm when measured in air for the citrate, PVP, and 4-ATP
ligands, respectively (Figures S2 and S3). Such samples
provide an excellent platform for studying desorption kinetics
because (i) the whereabouts of the ligands are known prior to
BH4

− exposure, (ii) only limited quantities of ligands are
adsorbed on the small amount of Au present (mAu = 4.25 μg),
and (iii) ligand-free samples provide an excellent control for
monitoring any changes to the Au LSPR that could arise from
extraneous factors such as leaching. The data is obtained by
placing a sample vertically in a cuvette and then exposing it to

aqueous NaBH4 (12.5 mL, 20 mM) while continuously
acquiring absorption scans from which the time dependence of
the LSPR center frequency can be extracted.
Figure 1 shows the time dependence of the LSPR

wavelength for substrate-immobilized Au catalysts that are
ligand-free and to which the various ligands are adsorbed.
When exposed to aqueous NaBH4, the ligand-free structures,
as expected, show no variation in their LSPR over the duration
of the measurement (Figure 1a). The result is also consistent
with earlier work showing Au to be impervious to leaching
when exposed to aqueous NaBH4.

32 In contrast, the ligand-
capped structures (Figure 1b−d) all show values that
monotonically blue shift until they finally plateau at an LSPR
value that is, within experimental uncertainty, identical with
that obtained for the ligand-free sample. The implication of
this result is that all three ligands are displaced from the
nanostructure surface by a hydrogen species derived from
BH4

− that is known to act as an effective stabilizing agent for
colloidal Au nanostructures.54,59 Although numerous factors
can come into play, it is noteworthy that the times required for
ligand desorption, showing values of 3, 7, and 10 min for
citrate, PVP, and 4-ATP, respectively, follow a well-
documented bonding strength hierarchy. Citrate weakly
bonds to Au62 and is readily displaced by PVP in colloidal
syntheses requiring ligand exchange,63 while thiols are well-
recognized for both their ability to displace PVP63 and to form
strong bonds with Au nanostructures.10,42,64 The desorption
time scales are also in good agreement with the prior work of
Ansar et al.42 that characterized the BH4

− detergent effect
using time-dependent surface enhanced Raman scattering
(SERS). Also noteworthy is that the time dependence of the
desorption process can be described in terms of first order
kinetics (Figure S4) if it is assumed that the shift in the LSPR
varies linearly with ligand loading, as has been observed for
other systems.65,66 Once removed from the BH4

− and rinsed,
the LSPR for each sample was measured again in air. The
measurements reveal that all ligand-capped samples show a
spectrum that is near-identical with that obtained before the
ligands were applied but where for each case there is a slight
red shift (Figure S3). The result provides further evidence that
BH4

− exposure leads to ligand removal.
X-ray photoelectron spectroscopy (XPS) was used to further

verify and corroborate that ligands are removed from the
surface of Au nanostructures when exposed to aqueous
NaBH4. The 4-ATP ligand was specifically targeted in these
measurements because the strong Au−S bond formed at the
nanostructure−ligand interface readily lends itself to XPS
detection and is only present due to the ligand added, whereas
citrate and PVP have an O-bond with the Au surface, making it
difficult to distinguish the ligand−Au bond from carbonaceous
contamination that commonly occurs at the Au surface.67 Two
identical samples were fabricated and capped with 4-ATP using
the aforementioned procedures where one of them underwent
immediate XPS characterization while the other was
submerged in aqueous NaBH4 (12.5 mL, 20 mM) for 15
min before XPS characterization. Together, these two samples
provide before and after representations of the XPS spectra
upon exposure to BH4

−. Figure 2 shows the XPS spectra of S
2p and Au 4f core levels. The peak in S 2p spectra (Figure 2a)
at 164 eV that arises from S atoms bonded to Au, while present
before BH4

− exposure, is absent afterward. This absence is a
clear indication that the 4-ATP ligand has, as anticipated, been
removed. Supporting this conclusion are the increased Au 4f
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peak intensities at 84 and 88 eV observed after BH4
− exposure

(Figure 2b), an increase that is anticipated if the attenuating
influence of the ligand is absent. Although the origins of the
peak at 169 eV appearing after BH4

− exposure is unclear, its
position is consistent with the formation of a sulfur−oxygen
bond. The emergence of such a bond could indicate that 4-
ATP removal results in the breakup of the 4-ATP molecule
and the subsequent deposition of S on the exposed surface of
the oxide substrate. These XPS results, in combination with the
spectroscopic data, therefore indicate that BH4

− exposure rids
Au catalysts of their ligands with desorption times that are
dependent on the ligand used.
Ligand Influences on 4-NP Catalysis. With the under-

standing that capping ligands desorb from Au catalysts, it may
be anticipated that such an effect would minimize their
influence on the catalytic reduction of 4-NP. This, however, is
not the case because the desorption times needed are of
relevance to the 4-NP induction time and the typical durations
during which catalytic turnover occurs. Moreover, with the
induction time dependent on catalytic activity30,31 and the
activity likely to be compromised by ligands, slow desorption

processes could further delay the onset of the reaction. With
the potential for such influences, the catalytic reduction of 4-
NP was investigated using colloidal Au nanostructures
synthesized using the Turkevich method68,69 and a synthetic
protocol forwarded by Deraedt et al.59 The Turkevich method
yields citrate-capped Au nanostructures but where ligand
exchange processes allow for the substitution of citrate ligands
with PVP or 4-ATP. The Deraedt protocol reduces Au3+ ions
derived from HAuCl4 with BH4

− to form Au nanoparticles
where excess BH4

− stabilizes the colloid for long durations. As
previously stated, such nanoparticles can be considered ligand-
free from the standpoint of 4-NP reduction because the
NaBH4 used in their synthesis is already present in high excess
(100×) during the catalytic reduction of 4-NP. Together these
two syntheses provide a colloidal platform that is, in many
ways, equivalent to the substrate-based platform used to assess
ligand desorption but with the advantage that the amount of
catalyst added to a reaction can be significantly increased over
what is practicable for substrate-based structures. Figure 3
shows transmission electron microscopy (TEM) images,
histograms of the nanoparticle diameters, and optical
characterization for the Au colloids produced. The BH4

−-
based synthesis yields near-spherical nanoparticles with an
average diameter of 5.8 nm that exhibit a plasmon resonance at
515 nm. The citrate-based synthesis yields similarly shaped
structures with a larger average diameter of 13.4 nm and a
correspondingly higher LSPR value of 519 nm. When the
citrate ligand is exchanged for PVP and 4-ATP, the plasmon
resonance red shifts to 523 and 528 nm, respectively.
The Au catalysts with three different ligands as well as the

ligand-free nanoparticles were evaluated for their ability to
drive 4-NP reduction. For each experiment, the catalyst of
interest was injected into a 2.5 cm path length cuvette to a
form a 12.5 mL solution of 50 μM 4-NP and 20 mM NaBH4.
The cuvette, which is larger than what is typically used in 4-NP
reduction experiments, facilitates the insertion of a probe that
provides for real time monitoring of the dissolved oxygen
content within the aqueous reactants while simultaneously
monitoring the time-dependent spectroscopic signal resulting
from the 400 nm 4-NP absorbance. Catalysts were assessed in
reactants that were purged with Ar gas to rid them of dissolved
oxygen and in unpurged reactants initially containing dissolved

Figure 2. XPS core level spectra of (a) S 2p and (b) Au 4f obtained
from 4-ATP-coated Au nanostructures before (red) and after (blue)
exposure to aqueous BH4

−.

Figure 3. TEM images of colloidal nanoparticles, their size distribution, and extinction spectra for (a−c) borohydride- and (d−f) citrate-based
syntheses. The extinction spectra labeled PVP and 4-ATP in (f) correspond to citrate-based nanoparticles that subsequently underwent a ligand
exchange process.
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oxygen at the ambient value concentration (i.e., 8.3 mg·L−1).
Details regarding the experimental setup are described
elsewhere.29

Figure 4 shows the time-dependence of both the 4-NP
absorbance and the dissolved oxygen concentration for all four
Au catalysts for scenarios where the dissolved oxygen is
removed (i) prior to the reaction using an Ar gas purge (Figure
4a−d) and (ii) during the reaction through BH4

− oxidation
where the product is boric acid (H3BO3).

70 The insets to each
graph show a−ln(A/A0) versus time plot and lists the kapp
value extracted from it. In the absence of dissolved oxygen, the
ligand-free absorbance data (Figure 4a) shows (i) no induction
time, (ii) follows pseudo-first-order reaction kinetics, and (iii)
yields a kapp value that is in line with prior studies.54,59 In the
presence of dissolved oxygen (Figure 4e), the data shows (i) a
dissolved oxygen content that precipitously falls, (ii) an
induction time of 50 s that abruptly ends once the dissolved
oxygen content has been diminished to near-zero values, and
(iii) a kapp value that is slightly lower than the one obtained
when the dissolved oxygen is purged. For the latter case, the
lower value is due to residual levels of dissolved oxygen that
fuel a side reaction that acts in opposition to 4-NP
reduction.29−31 The ligand-free data is, hence, exactly as
expected for bare catalysts and confirms that the BH4

−-derived
colloidal nanoparticles act as an effective control for comparing
their response to that of ligand-capped catalysts. There is,
however, the caveat that these nanoparticles are somewhat
smaller in diameter than those used in all other measurements
(Figure 3), and as such, they present a larger surface-area for
catalysis if the same amount of Au is used. In an effort to
compensate for this discrepancy, the amount of ligand-free
catalyst added was tuned to give a kapp value similar to that
obtained for all three ligand-coated samples for the scenario
where dissolved oxygen is present in the reactants (Figure 4f−
h), the logic being that the kapp value is nearly independent of
the ligand for this scenario because, in all cases, they have been
removed during the induction period (vide infra).

When the citrate-, PVP-, and 4-ATP-capped catalysts are
introduced into reactants free of dissolved oxygen (Figure 4b−
d), the absorbance immediately begins to decline but where
the PVP and 4-ATP results show a characteristic kink after
which the rate of reaction increases significantly. With the time
span required for the desorption of these two ligands (Figure
1) being commensurate with the time by which the kink
occurs, this period of lessened catalytic activity is attributed to
the inaccessibility of active sites on the Au nanoparticle due to
ligand attachment. Once the ligands desorb from these sites,
the reaction proceeds at the faster rate that occurs beyond the
kink feature. The kink itself could originate from ligand
desorption from the low coordination sites present on
roundish Au surfaces71 since such ligands are likely to be
more strongly bound to these sites but, once removed, expose
low coordination Au sites that lead to higher catalytic activity.
Consistent with the explanation is that the citrate ligand, which
desorbs most rapidly from Au, does not give rise to a kink
feature. The results are revealing in that they show that the
PVP- and 4-ATP-capped catalyst can, in the absence of
dissolved oxygen, exhibit an induction-time-like feature. This
ligand-induced induction period is, however, distinct in that it
is characterized by a gradual, rather than sudden, “turning on”
of the reaction. The data also suggests that ligands remain
detrimental to catalysis even beyond the kink feature, with the
most strongly bonded ligand (i.e., 4-ATP) being most effected
in that it shows a kapp value that is half that of the most weekly
bonded ligand (i.e., citrate).
When the citrate-, PVP-, and 4-ATP-capped catalysts are

introduced into reactants with dissolved oxygen (Figure 4f−h),
they all exhibit an induction period that ends with the sudden
onset of catalytic turnover. The duration of the induction
period trends with the bonding strength of the ligand to the Au
catalyst but where the time span required for the citrate-capped
catalysts is unexpectedly small (<30 s). Although such results
could be interpreted as ligands being responsible for the
induction time, the time dependence of the dissolved oxygen
content within the reactants suggests that the ligand influence

Figure 4. Catalysis data showing the time-dependent 4-NP absorbance alongside the time-dependent concentration of dissolved oxygen within the
aqueous reactants for Au catalysts that are (a, e) ligand-free and to which (b, f) citrate, (c, g) PVP, and (d, h) 4-ATP ligands are adsorbed. The data
on the top row utilized reactants that were purged of dissolved oxygen, while the bottom row used reactants with dissolved oxygen.
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is indirect. This data, in agreement with prior work, shows that
the induction time ends only after the dissolved oxygen has
been consumed,29 but where the rate of consumption depends
on the ligand type. These rates, as obtained using first-order
reaction kinetics, are reported in Figure S5. To understand the
mechanism by which this indirect ligand effect occurs, it must
first be recognized that the consumption of dissolved oxygen is
dramatically sped up by the catalyst.30 Therefore, it follows
that a slower rate of ligand desorption will lead to the slower
removal of dissolved oxygen because less catalytically active
sites are available. It should also be noted that the ligand-
induced kink feature observed when dissolved oxygen is
removed prior to the onset the reaction (Figure 4c, d) is absent
in this data because the time scale of the dissolved-oxygen-
induced induction period is much longer, and as such, the
ligand removal occurs before the induction period has ended.
In such a scenario, it is anticipated that each of the three
ligand-capped Au catalysts exit the induction period more or
less identical since most of the ligands have been removed, an
outcome that is confirmed by kapp values that differ by no more
than 6% (Figure 4f−h). The implication of this result is that
the intrinsic catalytic activity of a nanostructure is more
accurately benchmarked in reactants that initially contain
dissolved oxygen, a result that is contradiction to best practices.
With the citrate-capped Au nanoparticles showing an

unexpectedly brief induction time when introduced into
reactants containing dissolved oxygen (Figure 4f), as well as
a time-dependent dissolved oxygen content that fell faster than
it did for the ligand-free structures, experiments were carried
out to determine if the presence of citrate contributed to the
consumption of dissolved oxygen. Figure 5 shows the results of

a series of tests where various chemicals and Au catalysts were
added to water while monitoring the dissolved oxygen content
in real time. The data shows that neither citrate nor Au
catalysts plus citrate alter the dissolved oxygen content on time
scales of relevance to the observed induction time. Adding
citrate in tandem with BH4

−, however, results in a rate of
decline in the dissolved oxygen content that exceeds that when
just BH4

− is added. When Au nanoparticles are added in
addition to citrate and NaBH4, the reaction is sped up further,

a result that shows that the reaction leading to oxygen
consumption can be catalytically enhanced. Figure S6 presents
additional results that show that the rate of the dissolved
oxygen consumption reaction is sped up even further when
more Au catalyst is added. Data showing that no equivalent
enhancement effect exists for PVP and 4-ATP are also
presented in Figure S7. Together, this data not only accounts
for the unusually brief induction time for the citrate-capped
catalyst but, in a broader sense, demonstrates that the
idiosyncrasies of individual capping agents can materially
alter 4-NP reduction.

■ DISCUSSION
The catalytic reduction of 4-NP is a reaction where seemingly
innocuous parameters and unexpected interdependencies can
assert control over the reaction. Ligand desorption from
colloidal catalysts, in many ways, exemplifies this point in that a
comprehensive understanding can only be attained if the
nuances of this process are understood. Although contradictory
conclusions regarding the influence of ligands appear in the
literature, many of them can be rationalized through the
understanding gained in the current study. It has, for example,
been repeatedly argued that ligands are responsible for the
induction time despite convincing evidence showing that its
origins stem from the presence of dissolved oxygen. With the
understanding that ligands temporarily block catalytic sites that
would otherwise speed up the consumption of dissolved
oxygen, it is possible to explain results showing the addition of
progressively more ligands to the catalyst surface leads to a
lengthening of the induction time. The fact that citrate can lead
to the rapid removal of dissolved oxygen also accounts for the
fact that citrate-based nanoparticle syntheses show negligible
induction times.5 In addition to this indirect influence, the
current study also shows that an induction-time-like feature
can appear when oxygen-free reactants are used to benchmark
catalysts with strongly bound ligands. This ligand-induced
induction period is, however, distinct in that the reaction
gradually “turns on” before a rapid increase that is
characterized by kink in the time-dependent absorbance.
This finding accounts for another subset of results from past
studies. Likewise, reports in the literature claiming that ligands
have little influence on kapp values are understood if the ligand
is weakly bound or if a dissolved-oxygen-induced induction
time of sufficient length provides the time needed for the
ligands to desorb prior to the onset of the reaction.
Additionally, reports concluding that ligands have a decisive
impact on kapp can be rationalized if the dissolved oxygen was
purged from the reactants before the addition of the ligand-
capped catalysts. The removal of ligands by BH4

− also
contributes to the different kapp values obtained when the
reactant mixing sequence is varied5 because it leads to different
BH4

− exposure times. It should also be noted that other factors
that are known to influence 4-NP reduction, such as pH72 and
BH4

− concentration,30 are also likely to impact the ligand
removal process.
With the current findings in support of a literature that labels

BH4
− as a “general purpose detergent” for the removal of

ligands from colloidal nanostructures, it is highly likely that
such effects are commonplace. It should, nonetheless, be
recognized that not every ligand is removed by BH4

− as
examples do exist where 4-NP reduction is severely impeded
by the attachment of ligands (Figure S8).4 The understanding
gained raises significant concerns but also provides oppor-

Figure 5. Time dependence of the dissolved oxygen content for an
aqueous solution to which various combinations of chemicals and
catalysts are added. The concentrations of citrate, borohydride, and
citrate capped Au catalyst used to obtain these results are 34 mM, 20
mM, and 4.6 μM, respectively.
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tunities. The ability to remove capping ligands from
nanostructure surfaces using BH4

− leaves them more catalyti-
cally active than they would otherwise be. If a ligand-capped
catalyst is immobilized on a retrievable support, then it will be
free of ligands upon first retrieval. Negative impacts, however,
can result in that some ligands, such as CTAB, are cytotoxic,
and as such, their loss to liquid media can lead to the release of
harmful pollutants. Moreover, any protection afforded to the
nanostructure by the ligand that would otherwise lead to a
longer lifespan is lost. From this standpoint catalyst leaching is
a particular concern, especially if the reactants contain
dissolved oxygen since oxidative etching is the primary driver
for this process. Although such concerns are minimal for Au
catalysts, other leach-prone nanostructures, such as Ag and Cu,
are highly susceptible.32,34 Scenarios can even develop where
the catalyst, once it has lost its ligands, loses much of its
catalytic activity due to leaching or where leached material
gives rise to the formation of smaller nanostructures that
become a new catalytic entity that is far more active.32 In
certain instances, it could, therefore, prove advantageous to
reapply the ligand upon retrieval to regain this protection.
On the basis of the understanding derived from this study,

recommendations can be made on the use of 4-NP as a model
catalytic reaction. The purging of all aqueous solutions used in
4-NP reduction with an inert gas prior to usage is widely
practiced as a means to rid the results of the confounding
influences of dissolved oxygen; however, for ligand-capped
catalysts this practice can lead to diminished kapp values that
are not representative of the intrinsic catalytic activity of the
nanostructure under investigation. Alternatively, if reactants
containing dissolved oxygen are used, then the catalyst under
study is susceptible to leaching or somewhat diminished kapp
values resulting from residual levels of dissolved oxygen. A best
practice procedure is, hence, forwarded in which the catalyst
under study is pretreated with BH4

− that has been purged with
an inert gas. In this manner, the catalyst will enter the reaction
without ligands and where its ligand-free surface has never
been exposed to dissolved oxygen. A pretreatment of
significant duration also lessens the concern that ligand effects
may be more acute when using elements or alloys where the
ligand−metal bond strength is greater than it is for Au.
Additionally, high catalyst loading should be avoided to limit
any adverse effects that could arise due to the readsorption of
ligands within the aqueous media. When such practices are
used, it should be recognized that 4-NP reduction becomes a
measure of the intrinsic catalytic activity of the ligand-free
nanostructure, a result that is contrary to the prevailing
sentiment where it is assumed that it is the ligand-capped
structure that is being probed. A demonstration validating the
effectiveness of the proposed procedure is presented in Figure
S9.

■ CONCLUSION
The results presented in this study show that ligands have a
pronounced influence upon 4-NP reduction that is largely due
to the propensity that BH4

− has for displacing ligands on
catalytic surfaces where the exact impact is dependent on
whether dissolved oxygen is present in the aqueous reactants.
By showing that strongly bound ligands give rise to an
induction-time-like feature in the time-dependent absorbance
for reactants that are free of dissolved oxygen while exhibiting
no such feature when dissolved oxygen is present, the work
adds clarity to the longstanding controversy as to whether

ligands are responsible for the induction time. The study also
indicates that the intrinsic kapp value of nanostructures is most
accurately benchmarked if the structures are exposed to BH4

−

prior to the onset of the reaction because it provides the time
needed for ligand removal. Alternatively, if the goal is to
examine ligand influences on 4-NP reduction then they are
most readily observed when all reactants are purged of
dissolved oxygen. Together, these findings advance the
mechanistic framework governing the catalytic reduction of
4-NP, provide recommendations for the accurate benchmark-
ing of catalytic activity, and further emphasizes the importance
of ligand−nanoparticle interrelationships in determining
catalytic behavior.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Au films were deposited on

two-side polished 10 mm × 10.5 mm × 0.6 mm [0001]-
oriented sapphire substrates (MTI Corp.) using a sputter
target cut from a 0.5 mm thick Au foil (99.9985% purity, Alfa
Aesar) and dewetted in ultrahigh purity Ar (Airgas). The
synthesis of Au colloids used tetrachloroaurate (III) trihydrate
(HAuCl4 ·3H2O, Mil l iporeSigma). Sodium citrate
(Na3C6H5O7), polyvinylpyrrolidone (PVP, average mol. wt.
40,000), and 4-aminothiophenol (4-ATP) were sourced from
Alfa Aesar, MilliporeSigma, and VWR, respectively. Catalysis
and ligand desorption experiments utilized 4-nitrophenol (4-
NP, Fluka) and sodium borohydride (NaBH4, MilliporeSig-
ma). All aqueous solutions were prepared using deionized (DI)
water derived from a Milli-Q system (18.2 MΩ·cm at 25 °C).

Nanostructure Preparation. Substrate-Immobilized Au
Nanostructures. Ultrathin films of Au were sputter deposited
to a thickness of 2.1 nm using a Gatan Model 681 High
Resolution Ion Beam Coater. Films were then exposed to a
heating regimen in an Ar-purged Thermo Scientific Lindberg
Blue M tube furnace that sees the temperature ramped to 900
°C over a 45 min period followed by ambient cooling to room
temperature. When required, ligands were applied to the Au
nanostructures immediately after their removal from the
furnace by submerging them in concentrated solutions of the
capping ligand and allowing them to incubate for 30 min.
Citrate and PVP capping utilized aqueous solutions with
molarities of 10 and 1 mM, respectively, while 4-ATP capping
utilized a molarity of 30 mM in combination with an ethanol
solvent. For all cases, samples were rinsed in ethanol to remove
excess capping agent from the exposed substrate surface. Once
prepared, the ligand-coated samples were immediately
subjected to the desired characterization procedure.

Borohydride-Based Au Nanoparticle Synthesis. Colloidal
Au nanoparticles stabilized by sodium BH4

− were prepared
using a method similar to that described by Deraedt et al.59 in
which Au3+ ions are reduced by BH4

− in an aqueous solution
of HAuCl4 and NaBH4. The room temperature procedure
begins by first preparing a stock solution of DI water that is
purged with Ar gas for 15 min to remove the dissolved oxygen.
Aqueous NaBH4 (9 mL, 13 mM) is then prepared where
minimal agitation is used to dissolve the powder so as to limit
the uptake of dissolved oxygen. Once fully dissolved, 1 mL of
the solution was added to 9 mL of aqueous HAuCl4 (144 μM),
which also underwent a 15 min Ar gas purge, to create a 130
μM solution of Au nanoparticles. The reaction resulted in an
immediate color change from clear to purple. The resulting
colloid was then purged with Ar gas for an additional 5 min
and left to sit overnight in the dark.
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Citrate-Based Au Nanoparticle Synthesis. Citrate-stabi-
lized colloidal Au nanoparticles were synthesized using the
Turkevich method.68,69 HAuCl4 (0.125 mmol) was dissolved
in 220 mL of DI water and brought to a boil under constant
stirring. Sodium citrate (12.5 mL, 34 mM) was then rapidly
added and vigorously boiled under continued stirring for 30
min, a process that caused a slow color change from near-
transparent to a deep red hue. The synthesis ended with
ambient cooling followed by overnight storage in the dark. The
final solution had an Au concentration of 0.57 mM.
Ligand Exchange Processes. Colloidal Au nanoparticles

capped with PVP and 4-ATP were prepared using ligand
exchange processes. The citrate-for-PVP exchange utilized the
method reported by Graf et al.73 in which powdered PVP
(MW 40 000, 0.4 g) was added to colloidal Au nanoparticles
(10 mL, 0.57 mM) prepared using the aforementioned citrate-
based synthesis. The ligand exchange proceeded overnight
under gentle magnetic stirring in the dark. The PVP-for-4-ATP
exchange utilized a method similar to that reported by Moran
et al.74 in which 4-ATP (0.1 mL, 10 mM) is added to PVP-
capped Au nanoparticles (10 mL, 0.57 mM). This ligand
exchange also occurred overnight in the dark under gentle
stirring. It should be noted that a citrate-for-4-ATP exchange
proves unsatisfactory due to nanoparticle agglomeration.
Time-Dependent Ligand Desorption Measurements.

Substrate-immobilized Au nanostructures with various capping
agents were clipped to a 3D-printed plastic sample holder that,
when placed over a cuvette, positions the sample in the optical
path of a Jasco V-730 Spectrophotometer. The setup required
that the spectrometer sample compartment be retrofitted to
accommodate the custom-built 2.5 cm path-length borosilicate
cuvettes (Specialty Glass Products) required.29 Optical
characterization proceeded after submerging the sample in
10.5 mL of DI water and then rapidly adding aqueous NaBH4
(2 mL, 125 mM) to achieve a final molarity of 20 mM.
Successive absorbance spectra were taken approximately every
60 s for the 900 s duration of the experiment. All spectra were
baselined using a sapphire substrate submerged in DI water.
4-NP Catalysis. All spectroscopic monitoring of 4-NP

catalysis was carried out using the previously described
instrumentation but where a Vernier Optical Dissolved Oxygen
Probe was inserted into the cuvette to allow for real time
monitoring of the dissolved oxygen content within the
reactants. Once the probe was inserted, the cuvette was sealed
with Parafilm held in place by a Viton O-ring. A Teflon tube
was inserted into the Parafilm to allow Ar gas to be gently
flowed over the reactant surface after which it exhausts through
a small pinhole. This purging procedure was carried out
regardless of whether the aqueous reactants were purged to
prevent the additional uptake of dissolved into the aqueous
solution. All catalytic reactions were carried out in 12.5 mL of
aqueous 4-NP (50 μM) and NaBH4 (20 mM). Ligand-capped
and ligand-free colloidal catalysts were added at Au
concentrations of 4.6 and 0.8 μM, respectively. All
spectroscopic measurements monitored the 400 nm 4-NP
peak absorbance wavelength. It should be noted that the Au
catalyst has negligible absorbance for the concentrations used.
Reactions carried out in the absence of dissolved oxygen saw
the 4-NP and catalyst solutions each purged with Ar gas for 15
min. The NaBH4 solution was prepared by purging the water
of dissolved oxygen and then adding the NaBH4 powder to it.
Upon mixing the NaBH4, the cuvette was immediately filled
with the various solutions in the order (i) 4-NP, (ii) NaBH4,

and (iii) Au catalyst where the timing for all procedures was
kept as constant as possible to promote reproducibility.
Reactions carried out with dissolved oxygen proceeded in a
similar manner but where the 4-NP and Au solutions, as well as
the water used for NaBH4, were exposed to open air for 2 h to
allow the time needed for the dissolved oxygen content to
equilibrate. For a typical experiment, the starting and ending
pH values as measured by a HM Digital PH-200 pH Meter are
10.1 and 10.4, respectively. Each catalysis experiment was
carried out five times and plotted as an average.

Catalyst Characterization. Electron Microscopy. Sub-
strate-immobilized Au nanoparticles were imaged using a
Magellan 400 FEI Field Emission Scanning Electron Micro-
scope (FESEM) using a secondary electron detector operating
in immersion mode. Colloidal Au nanoparticles were drop-cast
onto TEM grids with an ultrathin carbon film supported by a
lacey carbon film on 400 mesh copper (Ted Pella) and imaged
with a JEOL 2011 Transmission Electron Microscope.

XPS Detection of 4-ATP Removal by NaBH4. Two identical
samples of substrate-immobilized Au nanoparticles were
prepared and then incubated in 4-ATP solution using the
aforementioned procedures. One sample was left in this state
while the other sample was exposed to aqueous NaBH4 (12.5
mL, 20 mM) for 15 min after which it was removed and rinsed
in ethanol. Both samples were then scanned using XPS.
Photoelectron spectra were collected using an Ambient
Pressure X-ray Photoelectron Spectrometer (AP-XPS) manu-
factured by SPECS Surface Nano Analysis GmbH, Germany.
Measurements were carried out at a base pressure of
approximately 5 × 10−10 mbar where a monochromatic Al
Kα X-ray beam with a photon energy of 1486.6 eV was used to
produce photoelectrons. The spectra obtained for each sample
was calibrated by adjusting the binding energy position of Au
4f7/2 peak to 84 eV.

Time Dependence of the Dissolved Oxygen Concen-
tration. The dissolved oxygen measurements during 4-NP
catalysis were obtained using a Vernier Optical Dissolved
Oxygen Probe submerged in the reaction solution. The oxygen
probe was inserted into a cuvette that was sealed with Parafilm.
An Ar gas purge line was inserted through the Parafilm to
lightly blow Ar over the top surface of the reactants to prevent
the uptake of dissolved oxygen where a small pinhole acted as
an exhaust. Dissolved oxygen monitoring was performed in
separate experiments from 4-NP monitoring, where the
reaction conditions for each experiment were kept identical
and oxygen monitoring was initiated immediately after the
ligand-capped or ligand-free colloidal catalyst of interest was
added to the reaction solution. Measurements for monitoring
the time dependence of dissolved oxygen removal as a function
of citrate and the amount of added catalyst were obtained in a
similar manner. For all cases, there exists a brief interval at the
beginning of the reaction where oxygen removal appears
suppressed but which is actually associated with the response
time of the sensor and the time needed for the injected
chemicals to form a mixture.
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Additional information is provided in the form of (i)
further characterization of the substrate-supported
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catalysts, (ii) optical and spectroscopic characterization
of the ligand and ligand-free catalysts, (iii) an analysis of
the kinetics of ligand desorption and dissolved oxygen
consumption, (iv) additional monitoring of the rate at
which dissolved oxygen is removed by NaBH4 in the
presence of citrate with varying amounts of catalyst, (v)
measurements confirming that PVP and 4-ATP ligands
do not alter the dissolved oxygen content, (vi) data
showing that certain ligands exist that remain attached to
the catalysts when exposed to borohydride, (vii) data
validating a new procedure for benchmarking catalysts
using 4-NP reduction, and (viii) tables listing the
standard deviations for the kapp values reported (PDF)
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