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ABSTRACT: Cetyltrimethylammonium bromide (CTAB) is a widely used surfactant
that aids the aqueous synthesis of colloidal nanoparticles. However, the presence of
residual CTAB on nanoparticle surfaces can significantly impact nanoparticle
applications, such as catalysis and sensing, under hydrated conditions. As such,
consideration of the presence and quantity of CTAB on nanoparticle surfaces under
hydrated conditions is of significance. Herein, as part of an integrated material
characterization framework, we demonstrate the feasibility of in situ atomic force
microscopy (AFM) to detect CTAB on the surface of Au nanocubes (Au NCs) under
hydrated conditions, which enabled superior characterization compared to conven-
tional spectroscopic methods. In situ force−distance (FD) spectroscopy and Kelvin
probe force microscopy (KPFM) measurements support additional characterization of
adsorbed CTAB, while correlative in situ AFM and scanning electron microscopy
(SEM) measurements were used to evaluate sequential steps of CTAB removal from
Au NCs across hydrated and dehydrated environments, respectively. Notably, a substantial quantity of CTAB remained on the Au
NC surface after methanol washing, which was detected in AFM measurements but was not detected in infrared spectroscopy
measurements. Subsequent electrochemical cleaning was found to be critically important to remove CTAB from the Au NC surface.
Correlative measurements were also performed on individual nanoparticles, which further validate the method described here as a
powerful tool to determine the extent and degree of CTAB removal from nanoparticle surfaces. This AFM-based method is broadly
applicable to characterize the presence and removal of ligands from nanomaterial surfaces under hydrated conditions.

■ INTRODUCTION

Solution-based synthesis can achieve exquisite control of
complex physical and chemical properties of nanoscale
materials.1 Surface-adsorbed ligands or surfactants, such as
cetyltrimethylammonium bromide (CTAB),2−4 are frequently
used in metal nanocrystal synthesis to favor the growth of
certain crystal orientations.5,6 One such example is the
synthesis of faceted Au nanocrystals by seed-mediated growth
in the presence of CTAB, which has been used as a model
system for understanding nanocrystal growth kinetics and
shape control. While ligands are useful in controlled nano-
crystal synthesis, the presence of ligands is an important
consideration in subsequent applications, especially where
surface reactivity or structure−function relationships are of
interest. For instance, Thoi and Hall reported bias-induced
reorganization of interfacial CTAB during electrocatalysis at
Cu surfaces promoted CO2 reduction and suppressed H2
evolution.7,8 Ligand-promoted selectivity in electrocatalysis
has also been reported in nanoparticle systems.9,10 In other
examples, especially in particle-based systems where ligands are
integral in sample preparation, the effects of ligands (including
CTAB) on subsequent applications have been less well
studied.6 We recently found that residual CTAB on Au

nanocubes (NCs) complicated quantitation in nanoscale
electrochemical imaging experiments and required special
attention.11 Thus, routes to characterize the presence of
residual ligands and to understand interfacial chemistry at the
single-nanocrystal level are highly desirable.12

CTAB adsorption at surfaces has been previously studied in
detail, by means of in situ atomic force microscopy (AFM),13

force−distance (FD) spectroscopy,14,15 and electron micros-
copy (EM).16,17 Specifically, Lamont and Ducker used in situ
AFM imaging and FD spectroscopy to probe morphology and
thickness of CTAB adsorbed on mica.14 Huang and co-workers
studied adsorbed CTAB via aberration-corrected scanning
transmission electron microscopy with electron energy loss
spectroscopy (STEM-EELS)16 and revealed the presence of a
thin layer of CTAB at the nanoparticle surface. In another
report, Kotov and co-workers visualized asymmetrically
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adsorbed CTAB on Au nanocrystals by carbon elemental
mapping via energy-filtered transmission electron microscopy
(TEM).17

Notably, for previous studies, electron microscopy and in
situ AFM represent a vacuum vs solution dichotomy in the
interfacial environment. Here, we bridge this gap, by
characterizing CTAB at the interface of nanocrystals in both
hydrated and vacuum environments, ultimately comparing the
same individual nanocrystal. Samples are prepared by drop-
casting, and the effects of methanol washing and of subsequent
electrochemical cycling18−20 to remove adsorbed CTAB are
investigated. Specifically, highly monodisperse Au NCs that
enable quantitative comparison of particle dimensions have
been examined with correlative in situ AFM and scanning
electron microscopy (SEM) measurements. The initial
presence of CTAB on Au NCs is characterized, and compelling
evidence for the removal of CTAB after cleaning is observed.
Results here add to the growing repertoire of nanoscale
characterization of synthesized nanomaterials and underscores
the importance of multiple tools from measurements in
electrochemistry21,22 and other fields23−27 to assess nanoma-
terial quality and cleanliness. We show that correlative
approaches prove especially informative at bridging the gap
between high-resolution ex situ measurements and in situ
studies that more closely mimic in operando conditions for
electrochemical measurements.

■ EXPERIMENTAL SECTION
Chemicals. Hydrogen tetrachloroaurate trihydrate (HAuCl4·

3H2O, ≥99.9% trace metals basis), sodium borohydride (NaBH4,
99%), silver nitrate (AgNO3, ≥99.0%), L-ascorbic acid (≥99.5%),
hydrochloric acid (HCl, 37%), and nitric acid (HNO3, 70%) were
purchased from Sigma-Aldrich. Hexadecyltrimethylammonium bro-
mide (CTAB, >98.0%) and hexadecylpyridinium chloride mono-
hydrate (CPC, >98.0%) were purchased from TCI America.
Potassium bromide (KBr, 99.999%) was purchased from Acros
Organics. All chemicals were used as received without further
purification. Ultrapure water (18.2 MΩ·cm at 25 °C) obtained from a
Milli-Q (MilliporeSigma) water purification system was used in all
experiments. All glassware for nanocrystal synthesis was cleaned with

aqua regia (a mixture of HCl and HNO3 in 3:1 volume ratio) and
rinsed thoroughly with water before use.

Synthesis of Au Nanocubes. Au nanocubes (NCs) were
synthesized by a previously reported seed-growth method with slight
modifications.28 First, 19 nm seed Au nanospheres were synthesized
by iterative oxidative dissolution and reductive growth of Au nanorods
(NRs) developed by the Mirkin group (see details in the Supporting
Information) with slight modifications.29 Then, 19 nm seed particles
were redispersed in 100 mM CPC solution to attain an optical density
(OD) of 1.0. Then, 750 μL of the seed solution was introduced to the
growth solution which consisted of a mixture of 25 mL of 100 mM
CPC, 2.5 mL of 100 mM KBr, 1.5 mL of 10 mM HAuCl4, and 2.25
mL of 100 mM L-ascorbic acid solutions. The final solution was kept
undisturbed for 1 h. As-synthesized Au NCs were precipitated by
centrifugation at 3000 rpm for 3 min and redispersed in 25 mL of 50
mM CTAB solution and centrifuged again at 3000 rpm for 3 min. Au
NCs were finally dispersed pure water to attain an OD of 45. Au NCs
utilized in this work had an edge length of 77.5 ± 2.0 nm with an
aspect ratio of 1.03 ± 0.03, determined from automated TEM image
analysis with Matlab (Figures S1 and S2).

Deposition of Au NCs onto Glassy Carbon Substrates.
Typically, a glassy carbon (GC) substrate (1.2 cm × 2.4 cm, 99.99%,
Alfa Aesar) was soaked in aqua regia for 1 min to remove any metal
impurities. After rinsing with copious amounts of water, the substrate
was mechanically polished with alumina powder (CH Instruments) in
order of decreasing particle size (1.0 μm followed by 0.5 and 0.05
μm). The polished substrate was then further cleaned by sonication
(1 min duration) with a 1:1 (v/v) mixture of water and isopropanol,
followed by a second sonication (1 min duration) in acetone. After
blow-drying with N2, the GC substrate was further polished against a
clean, wet polishing pad to remove residual alumina particles. Finally,
20 μL of the Au NC solution (OD: 0.6, obtained by diluting the stock
solution 75 times with DI H2O) was drop-cast onto the prepared GC
substrate. Samples were allowed to dry fully prior to subsequent steps.

Methanol Cleaning. Au NC-deposited GC substrates were
immersed in methanol for 2 min to remove CTAB, driven by the
higher solubility of CTAB in methanol than in water.30−32 Efficacy of
CTAB removal was monitored by Fourier transform infrared
spectroscopy (FTIR) through the intensity of symmetric (∼2849
cm−1) and asymmetric (∼2914 cm−1) C−H stretching vibrations
(Figure S3). Typically, C−H signals became negligible after 2 min of
methanol treatment.

Electrochemical Cleaning. Cyclic voltammetry (CV) was
utilized to remove residual CTAB from methanol-washed Au NCs

Figure 1. (a) Idealized schematic of the sequential CTAB removal process on Au NC samples. An aqueous CTAB-capped Au NC solution (in the
presence of excess CTAB) was drop-cast on a GC substrate, followed by sequential washing with methanol (MeOH-washed) and electrochemical
cleaning (EC-cleaning). (b) Workflow of nanoscale measurements to characterize CTAB adsorption on single Au NCs. A Au NC sample was
measured via in situ AFM under H2O. A Au/Pd layer was then sputter-coated on the Au NC sample, followed by SEM measurement under
dehydrated conditions.
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and the GC substrate. A custom-built three-electrode setup was
used,11 with the GC substrate, platinum gauze (52 mesh woven from
0.1 mm diameter Pt wire, 99.9%, Alfa Aesar), and Ag/AgCl (3.5 M
NaCl, BASi) serving as the working, counter, and reference electrodes,
respectively. The working electrode area was defined by a Teflon cell
with an opening isolated by an O-ring. Electrochemical measurements
were carried out on a potentiostat (SP-300, Biologic) with 100 mM
HClO4 (Acros Organics) supporting electrolyte. The working
electrode potential was swept from 0 to −1.0 V vs Ag/AgCl (3.5 M
NaCl) at a scan rate of 100 mV/s for two cycles.
Workflow for Au-Nanocube-on-GC Samples. Figure 1a

illustrates the general workflow to remove CTAB, consisting of
three steps: drop-casting, methanol washing, and electrochemical
cleaning (voltammetric cycling). At least three independent samples
with nearly identical surface coverage were prepared by drop-casting
colloidal Au NC solutions onto GC substrates. To investigate CTAB
removal at each cleaning step described above, three freshly prepared
Au NC samples were used. The first sample, referred to as “drop-cast
Au NC,” was examined without any additional treatment. The
remaining two samples were then immersed in methanol for 2 min.
The second sample, referred to as “MeOH-washed Au NC,” was
stopped at this step. The last sample, referred to as “EC-cleaned Au
NC,” was further treated via two cycles of cyclic voltammetry from 0
to −1.0 V vs Ag/AgCl in 0.1 M HClO4. The presence of adsorbates
was assessed for each Au NC sample via sequential measurements of

in situ atomic force microscopy (AFM) and scanning electron
microscopy (SEM), as illustrated in Figure 1b. Prepared samples were
initially measured with in situ AFM to probe the presence of CTAB
under hydrated conditions. After AFM measurements including FD,
samples were dried for Kelvin probe force microscopy (KPFM)
measurement. Samples were then sputter-coated with a thin Au/Pd
layer, followed by SEM measurement to characterize samples under
dehydrated conditions.

Electron Microscopy. Transmission electron microscope (TEM)
images were recorded on a JEOL JEM 1010 microscope operating at
80 kV with a tungsten filament. TEM samples were prepared by drop-
casting ca. 10 μL of Au NC solution onto a 300-mesh carbon-coated
copper grid (Ted Pella). Scanning electron microscope (SEM) images
were obtained on an Auriga FIB-SEM microscope equipped with in-
lens and Everhart−Thornley (ET) detectors at 20 kV of electron high
tension (EHT), 30 μm of aperture size, and 5.7−6.0 mm of working
distance. Samples were sputter-coated with a conductive Au/Pd layer
to mitigate charging during SEM imaging. Line profile analysis of
electron micrographs was performed with ImageJ (NIH).33

In Situ AFM. The topography of Au NCs in H2O was obtained by
AFM (XE-Bio, Park Systems). Prior to topography acquisition,
piezoelectric scanners were calibrated with a standard sample, TGQ1
(NT-MDT). Au NC samples were imaged in H2O, in a liquid cell
sealed by a silicon cover to prevent evaporation and reduce thermal
drift (Figure S4). Soft tapping mode was conducted in situ with an

Figure 2. Representative electron micrographs of drop-cast (a, d), MeOH-washed (b, e), and EC-cleaned (c, f) Au NCs after Au/Pd sputter
coating. SEM images (a−c) were obtained with an in-lens detector, while (d−f) were obtained with an Everhart−Thornley (ET) detector.
Corresponding line profiles from the midsection of each image (a′−f′). The dashed line indicates nanoparticle edge length measured from
transmission electron microscopy. The scale bar in (d) is applied to all SEM images.
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amplitude of 5−10 nm at 25−30 kHz resonance frequency. The
softness (spring constant: 0.1 N/m) of the cantilever (BL-AC40TS,
Olympus) and small dimension of the cantilever (length 38 μm and
width 16 μm) and tip (ca. 10 nm radius) used here provide sufficient
sensitivity for imaging in hydrated conditions with high topographical
resolution.24,34−36 Topography data was analyzed by XEI software
(Park Systems)37,38 and Gwyddion.39 Tip-deconvolution analysis of
AFM topography was conducted via ProfilmOnline (KLA)40 (for
details of tip-deconvolution, see the Results and Discussion section).
Force−Distance (FD) Spectroscopy. The topographic images of

Au NCs from in situ AFM imaging provided X and Y coordinates at
features of interest with nanometer-scale precision. FD spectroscopy
and FD mapping were performed at positions where individual Au
NCs were located. The following parameters were used to obtain FD
curves: 1.0−1.5 nN force limit, 1.0 μm/s approach and retract
velocity, and 1.0 μm vertical tip displacement. In advance of FD curve
acquisition, the laser reflection sensitivity was calibrated from an FD
curve obtained in situ at a clean GC substrate. Positional errors
originating from thermal drift were carefully corrected by the
repetitive acquisition of AFM topography at the same sample area.
Kelvin Probe Force Microscopy (KPFM). KPFM was performed

with an AFM (NX-10, Park Systems) to measure contact potential
difference (CPD) between the tip and sample. Samples for KPFM
measurement were prepared in the same way as those used for in situ
AFM measurement. Conductive cantilevers, NCS36 Cr-Au (Mikro-
masch), with tip diameter ca. 30 nm, typical spring constant 2 N/m,
resonance frequency 130 kHz, and total tip height 12−18 μm were
used. KPFM images and corresponding topographies of samples were
obtained simultaneously. CPD was measured by modulation of an AC
bias 0.5 V in amplitude at 3 kHz. All KPFM measurements were
carried out under ambient conditions.

■ RESULTS AND DISCUSSION
SEM Measurements. Electron microscopy is a routine and

widely accepted method for the analysis of nanoparticles. In
measurements here, a thin Au/Pd layer was sputter-coated on
each of three Au NC samples. In the absence of a sputter-
coated metal layer, adsorbed CTAB underwent significant
charging and morphological transformation (Figure S5) when
exposed to the electron beam. CTAB thickness was
determined by subtracting the Au/Pd thin layer thickness
(Figures S6 and S7) from the overall thickness of the outer
layer, which presumably consists of both Au/Pd and CTAB.
Typically, CTAB and the core Au NC could be distinguished
by SEM due to contrast differences, thereby allowing
measurement of a composite layer that represented the
combined thickness of Au/Pd coating and CTAB from
electron micrographs (Figure S8). The composite layer
shows two regions of differing contrast. The brighter
outermost layer is taken to consist of the Au/Pd coating and
CTAB, and the darker region to be comprised primarily of
CTAB, which produces lower contrast due to lower
conductivity. The apparent thickness of the Au/Pd layer (for
all coatings) is consistently ∼5 nm; however, the possibility of
intermixing between the CTAB layer and Au/Pd coating
cannot be explicitly ruled out. For the EC-cleaned sample,
where most CTAB appeared to be removed, the difference in
thickness measured before and after Au/Pd coating was taken
as the thickness of the Au/Pd layer.
SEM images were used to visualize the thickness of CTAB

on the sidewall of Au NCs (Figure 2a−f) in dehydrated
conditions. To resolve the core Au NC from adsorbed CTAB,
each Au NC was measured separately via the in-lens detector
(Figure 2a−c) and Everhart−Thornley (ET) detector (Figure
2d−f). Drop-cast and EC-cleaned Au NCs showed well-
resolved surfaces with the in-lens detector (Figure 2a,c), while

the contrast difference of CTAB for the MeOH-washed Au
NCs was more apparent with the ET detector (Figure 2e). The
line profile of intensity collected from drop-cast (black line),
MeOH-washed (blue line), and EC-cleaned Au NCs (red line)
indicated the approximate in vacuo width of adsorbed CTAB
on Au NCs (Figure 2a′−f′). Measured widths of drop-cast,
MeOH-washed, and EC-cleaned samples were ca. 100, 97, and
89 nm, respectively (Figures S9−S12 and Tables S1−S3),
indicating that subsequent cleaning steps decreased the
amount of CTAB on Au NCs. Consequently, CTAB
thicknesses of drop-cast and MeOH-washed Au NC were 4.2
± 1.6 and 3.0 ± 1.3 nm, respectively. CTAB was not clearly
observed for EC-cleaned Au NCs, suggesting most of CTAB
was removed. Summarized measured values are presented in
Table 1.

AFM Measurements. The morphology of CTAB adsorbed
on Au NCs under hydrated conditions was examined with in
situ AFM. Figure 3a−f shows two-dimensional (2D) and three-
dimensional (3D)-rendered topographic images of Au NCs,
respectively. Line profiles at locations indicated by dashed lines
on drop-cast (black line), MeOH-washed (blue line), and EC-
cleaned Au NCs (red line) are shown in Figure 3g. The three
different Au NC samples show a clear trend of decreasing
thickness of CTAB on Au NCs. The apparent height and full
width at half-maximum (FWHM) values can be determined
from line profiles (Figures S13−S15 and Tables S4−S6).
Drop-cast Au NCs showed a height of 87.4 ± 3.2 nm with
FWHM of 233.5 ± 58.4 nm, MeOH-washed Au NCs showed
79.6 ± 3.1 nm height with FWHM of 135.6 ± 6.5 nm, and EC-
cleaned Au NCs showed 78.8 ± 3.7 nm height with FWHM of
103.5 ± 5.1 nm (Figure 3h,i). Importantly, for this data,
maximum height measurements are expected to be accurate
reflections of the true sample height, while FWHM measure-
ments represent a convolution of imaging artifacts (vide infra).
Compared to the 77.5 ± 2.0 nm edge length of Au NCs

measured by TEM analysis, the drop-cast sample showed ca.
10 and 156 nm greater maximum height and FWHM,
respectively (Table 2), suggesting that a substantial amount
of CTAB was initially present on Au NCs. Notably, the height
of Au NCs decreased by ca. 9 and 10%, and the FWHM
decreased by ca. 42 and 56% after subsequent MeOH-washing
and EC-cleaning steps, respectively. Removal of CTAB by
methanol treatment is presumed to occur due to a difference in
solubility of CTAB between methanol and water.30−32 The
lower dielectric constant of MeOH (relative to water) might
also screen charges less effectively, leading to destabilization of
CTAB−CTAB interactions. Considering a nominal 77.5 nm
edge length of the original Au NC, and a standard deviation of
±2.0 nm in that measurement, a difference of 1.3 nm in height

Table 1. Calculated Thickness of CTAB at Au NCs from
SEM Measurementa

n
CTAB average thickness

(nm)
Au/Pd coating thickness

(nm)

drop-cast 5 4.2 ± 1.6 5.1
MeOH-
washed

8 3.0 ± 1.3 5.6

EC-cleaned 7 not detectable 5.1
aCTAB thickness was determined by subtracting the estimated
thickness of the Au/Pd layer from measured widths (n: number of Au
NCs analyzed). Details are included in Tables S1−S3.
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and 26 nm in FWHM after the EC-cleaning step suggests that
the treatment protocol employed here removes the majority of
CTAB on Au NCs. For EC-cleaning, the use of acidic media
and excursions to potentials suitable for proton reduction
generates surface adsorption/desorption of protons/H2, which
likely aids in disrupting the adsorption of CTAB. This
supposition is in line with previous reports that have described
CTAB reorganization at metal surfaces under an applied
potential.8 Additionally, Fan and co-workers reported a similar
electrochemical cleaning procedure that utilized proton
reduction in 0.1 M HClO4 for disrupting adsorption of
oleylamine at Pt nanoparticles.20

Differences in Au NC dimensions measured by AFM,
especially for the MeOH-washed and EC-cleaned sample
heights, are difficult to confirm, and as such additional
characterization approaches were employed. Force−distance
(FD) spectroscopy can detect adsorbed CTAB with higher
sensitivity than AFM imaging because the cantilever tip
vertically probes a point on the surface of the particle without
feedback. The yield force (Table 3) measured at a typical drop-
cast Au NC was ca. 0.7 nN (ⓑ in Figure 4a), and for a MeOH-
washed Au NC was ca. 0.2 nN (ⓔ in Figure 4b). The
maximum adhesion force obtained from drop-cast Au NCs was
ca. −0.5 nN (ⓒ in Figure 4a), which is about 2.5 times larger
than that measured from MeOH-washed Au NCs (ⓕ in Figure
4b). When considered in the context of AFM imaging and
SEM experiments, these results suggest that the majority of the

layer of CTAB at the interface of drop-cast Au NCs is removed
with MeOH washing, but residual CTAB remains.
Yield and adhesion forces were not detected in EC-cleaned

Au NCs, suggesting that CTAB was removed from the surface
of EC-cleaned Au NCs. These results are in line with those
observed from SEM measurements in which CTAB appeared
rougher and thinner after methanol treatment and was not
observed after electrochemical cycling. Tip−interface inter-
actions were measured at distances of ca. 80 nm for drop-cast
Au NCs (ⓐ in Figure 4a), and ca. 40 nm for MeOH-washed
Au NCs (ⓓ in Figure 4b), while EC-cleaned Au NCs showed
no interaction. The starting points for interactions in FD
curves were confirmed by comparing the difference between
approach and retract curves.
Potentials measured by KPFM were used to demonstrate

both the effects of residual CTAB and the effect of cleaning as
described here on the electrical properties of Au NCs. In the
KPFM image of drop-cast Au NCs (Figure 5a), CPD was not
apparent while CPD values were of ca. −50 mV (Figure 5b)
and −90 mV (Figure 5c) in MeOH-washed and EC-cleaned
Au NCs, respectively. Topographic images collected simulta-
neously showed features consistent with nanoparticle dimen-
sions, although Au NCs are difficult to definitively identify in
drop-cast samples (Figure 5d−f).

Figure 3. Representative in situ AFM topographies (a−c) and corresponding 3D-rendered topographies (d−f) of drop-cast (a, d), MeOH-washed
(b, e), and EC-cleaned (c, f) Au NCs. Line profiles of the three samples measured from each corresponding in situ AFM topography (g): drop-cast
(black trace), MeOH-washed (blue trace), and EC-cleaned Au NCs (red trace). An outline of a Au NC size is included, based on an edge length
(ca. 77.5 nm, yellow-dashed line). Average maximum height (h) and average FWHM (i) measured from each sample shown in (a−f). The scale bar
in (c) is applied to all AFM topographies.

Table 2. Average Maximum Height and FWHM of Au NCs
from Three Samples Measured by In Situ AFM in H2O (n:
Number of Au NCs Measured)

n maximum height (nm) FWHM (nm)

drop-cast 8 87.4 ± 3.2 233.5 ± 58.4
MeOH-washed 8 79.6 ± 3.1 135.6 ± 6.5
EC-cleaned 6 78.8 ± 3.7 103.5 ± 5.1

Table 3. Summary of Approximate Yield Force, Maximum
Adhesion Force, and Interaction Start Distance between
Drop-Cast and MeOH-Washed Au NCs Obtained from FD
Curves in Figure 4

yield force
(nN)

max. adhesion force
(nN)

interaction start
distance (nm)

drop-cast ca. 0.7 ca. −0.5 ca. 80
MeOH-
washed

ca. 0.2 ca. −0.2 ca. 40

EC-cleaned N/A N/A N/A
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With the measurements described above, information can be
extracted regarding the state of adsorbed CTAB for drop-cast,
MeOH-washed, and EC-cleaned Au NC samples. Importantly,
on the basis of measurements here, we cannot clearly identify
monolayer, micelle, bicelle, or extended organized CTAB
structures. Considering a bilayer thickness for CTAB of 3.2
nm,41 the thickness attributed to CTAB at Au NCs in drop-
cast sample is in significant excess of what a single bilayer
coating would represent, while MeOH-washed and EC-cleaned
samples show less than a bilayer. Drop-casting the sample for
initial deposition clearly occurs with an excess of CTAB, which
then coats the GC substrate and as the solution evaporates,
appears to concentrate CTAB in unorganized aggregates at Au
NCs.
Ex Situ Measurements of CTAB on Au NCs. Au NCs

provide a model system for verifying correlative nanoscale
measurements reported here. In particular, the cubic geometry
with identical edge lengths along the x-, y-, and z-axes proves
beneficial for the correlation of topography from in situ AFM
and 2D images from SEM. Au NCs used here had an edge

length of 77.5 ± 2.0 nm and an aspect ratio of 1.03,
determined by statistical analysis of ca. 100 NCs (Figures S1
and S2).
Here, SEM was utilized as a benchmark EM technique to

study adsorbed CTAB on Au NCs in dehydrated conditions.
In electron micrographs, the core Au NC and CTAB can be
distinguished based on differences in contrast. The adsorbed
CTAB thickness decreased over the series of CTAB removal
treatments. Compared to untreated drop-cast Au NCs (Figure
2a,d), MeOH-washed Au NCs showed thinner outer layers
with rougher morphology and no dark interfacial regions
(Figure 2b,e). This contrast was not observed for EC-cleaned
Au NCs, suggesting electrochemical cycling was effective at
removing a majority of CTAB present (Figure 2c,f). Instead, a
thin, rough surface layer attributed to Au/Pd was observed
(Figures 2c and S12). The average width of Au NCs after
subtracting the Au/Pd layer thickness was calculated as 78.6
and 78.7 nm from the x- and y-axes, respectively (Table S3), in
good agreement with the edge length of Au NCs measured
from TEM. Consistency in nanocrystal morphology before and
after ligand removal is an important point to confirm. While
less aggressive methods, like ligand exchange42 or chemical
washing,43 are known to preserve nanoparticle structure, more
aggressive methods, such as thermal annealing44,45 or UV-
ozone treatment with annealing,46 can alter nanoparticle
morphology. The sequential combination of chemical washing
and electrochemical treatment provides a strategy for ligand
removal with a minimal obvious change in nanoparticle
morphology, with the caveat that, infrequently, some high
aspect particle features (corners) were observed to blunt after
electrochemical cycling.
To collect electron micrographs with improved contrast

between the Au core and CTAB, both in-lens and Everhart−
Thornley (ET) detectors were utilized. For drop-cast Au NCs,
the contrast difference between the Au NC and CTAB was
clearly resolved from both detectors (Figure 2a,d). However,
for MeOH-washed samples, adsorbed CTAB was distinguished
more easily by the ET detector (Figure 2b,e). Electron
micrographs recorded by the in-lens detector are mainly
composed of secondary electrons generated from direct
excitation by the primary electron beam and originate from
small escape depths close to the sample surface. Consequently,
images from the in-lens detector have high surface sensitivity
and have been used previously to examine surface contami-
nation.47,48 The ET detector signal originates from secondary
electrons generated from interactions of back-scattered
electrons with the sample or surrounding materials, generating
images from higher kinetic energy electrons with less surface
sensitivity.47 In the measurements here, the contrast between
the Au/Pd layer and CTAB in MeOH-washed samples was not
clear in the in-lens detector, as opposed to the case of drop-
cast Au NC (Figure 2b). Thus, electron micrographs recorded
by the ET detector were used for analyzing MeOH-washed
samples. CTAB was not obvious in EC-cleaned Au NC images
collected with either detector, only a layer typical of the Au/Pd
coating. Finally, line profiles from SEM images of three
different samples demonstrate that the width of features
decreased as sequential surface cleaning steps were conducted,
which is attributed to progressive removal of CTAB (Figure
2a′−f′).

In Situ Measurements of CTAB at Au NCs. For
applications such as catalysis or biosensing, nanoparticles
(NPs) are typically utilized under hydrated conditions. Thus,

Figure 4. FD curves obtained at a drop-cast (a), MeOH-washed (b),
and EC-cleaned (c) Au NC in H2O. The start of interaction between
the tip and interface was determined by measuring the difference
between the onset of force at the approaching (forward) and
retracting (backward) step of the FD curve in Au NCs (ⓐ and ⓓ).
Yield force was measured by the force between the zero-force and
plateau region (ⓑ and ⓔ). Maximum adhesion force values were
determined by measuring the difference of force between zero-force
and the most negative force reached (ⓒ and ⓕ). The approach/retract
rate from FD curve acquisition was 1.0 μm/s. Yield and adhesion
forces were not detected in EC-cleaned Au NCs (c).
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there are limits to the utility of information extracted from
electron microscopy and studying NPs under hydrated
conditions is crucial to bridge the gap between the two
different environments. Here, in situ AFM was used to
characterize adsorbed CTAB thicknesses on Au NCs at the
nanometer scale. Information from AFM comes chiefly from
three criteria, maximum height, FWHM, and FD spectroscopy.
Given an edge length for Au NCs of 77.5 ± 2.0 nm (from
TEM), measured height differences for drop-cast, MeOH-
washed, and EC-cleaned Au NC samples were ca. 10, 2, and 1
nm of CTAB layer thickness, respectively.
Lateral thicknesses of the CTAB layer were estimated by

subtracting the average edge length from the measured width
(at FWHM) in AFM measurements and yielded lateral
thicknesses of ca. 78, 29, and 13 nm for drop-cast, MeOH-
washed, and EC-cleaned samples, respectively. Lateral
dimensions of Au NCs measured by AFM in the manner
employed here are subject to imaging artifacts, which are
important to consider. To rule out convolution of the tip
sample, deconvolution under conditions used here was
considered. The AFM tip used in this study showed a
measured diameter of 8 nm and a tip-surface angle of 10°
(Figure S16). When the height of the object is larger than the
tip radius, apparent widths are exaggerated due to the
interaction of the AFM tip and object, an effect that is
exacerbated for objects with sharp features, such as nanocubes
imaged here.49 Since the height of Au NCs is clearly larger (ca.
20 times) than the tip radius, the tip-surface angle is a primary
driver of observed artifacts. The sidewall angle in the
topographies of drop-cast, MeOH-washed, and EC-cleaned
Au NCs was 30, 24, and 20°, respectively, which are greater
than the tip-surface angle (Figure S17), suggesting that the
topographies in all three conditions were not affected by tip
artifacts during imaging. To verify further, tip-deconvolution
analysis was carried out with an 8 nm tip diameter and varied
tip sidewall angles in the range from 5 to 40° for both

topographies of drop-cast and EC-cleaned Au NCs (Figure
S18). The line profile change was negligible in drop-cast Au
NCs (Figure S18a) after tip-deconvolution at angles as high as
40°. In EC-cleaned Au NCs (Figure S18b), attempts to further
deconvolute images by increasing the sidewall angle decreased
the width at the top surface of Au NCs to values below ca. 77.5
nm (from TEM), which is physically unrealistic based on EM
characterization. We should note that we cannot exclusively
rule out adsorption of CTAB to the tip of the AFM cantilever,
which could lead to lateral broadening. Results from FD
spectroscopy, in particular, show interaction of a hard tip with
a hard surface, which suggests that there is little or no CTAB at
the cantilever tip.
AFM imaging in liquid is known to decrease resolution, a

consequence of both a lower Q-factor and a less well-defined
resonance frequency. In air, where Q-factors can be more
readily characterized, tapping mode AFM shows high
sensitivity to equilibrium perturbations when the tip reaches
a sharp vertical edge,50 the same as what would be expected for
a perfectly clean Au NC, which likely limits lateral resolution
for these samples. Additionally, in an effort to minimize
interference from residual salts in subsequent EM imaging, an
electrolyte was not added to solutions used here. The lack of
an electrolyte means electrostatic forces between the tip and
sample may not be effectively screened. The opportunity for
additional chemical interactions between the tip and sample
also exists, especially for the case of drop-cast and MeOH-
washed samples, where CTAB molecules initially adsorbed on
the surface can equilibrate with bulk solution and then may
adsorb to the AFM probe. With these caveats in mind, and
comparative data from SEM, high confidence exists that excess
CTAB is present in the case of both drop-cast and MeOH-
washed samples. For the EC-cleaned sample, the presence of
CTAB at Au NC sidewalls is unclear.
Measurements from FD spectroscopy provide additional

information related to the nature of CTAB present. Previous

Figure 5. Contact potential difference (CPD) of drop-cast (a), MeOH-washed (b), and EC-cleaned (c) Au NCs, measured by Kelvin probe force
microscopy (KPFM), and corresponding topographies (d−f), respectively. The line profile of CPD (blue trace) and topography (black trace) in
(h), (i), and (j), respectively, plotted for each sample. The scale bar in (d) is valid for all images.
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FD measurements at mica surfaces have reported the start of
measurable interactions at distances of <10 nm for CTAB and
CTAC on hydrophilic mica surfaces.14,15 For Au NCs
measured here, interaction start distances of ca. 80 and 40
nm were measured for drop-cast and MeOH-washed Au NCs,
respectively, which are both significantly longer than that
measured previously (Figure 4), likely due to the fact that in
previous studies, ordered layers were investigated and the
electrolyte added to the solution screened electrostatic forces
present. In sum, interaction start distance, yield force, and
adhesion force from the interaction of AFM tip with adsorbed
CTAB were all reduced after methanol treatment and
disappeared with electrochemical cleaning.
KPFM Measurements. Observations here of different

CTAB thicknesses at Au NCs underscore the importance of
considering sample quality in the evaluation of solution-
processed nanomaterials used in catalysis, both in terms of the
electrochemical surface area and of the contact between the
nanoparticle and underlying substrate. Such effects have been
discussed previously in studies, for instance by Wang and co-
workers, which showed a poor electrical contact between NP
catalysts and the electrode surface could result in significant
differences in electrochemical activity.51 Moreover, residual
CTAB could possibly influence selectivity in catalytic reactions
under some circumstances.7 KPFM provides a route to probe
the electrical properties of drop-cast, MeOH-washed, and EC-
cleaned samples (Figure 5).
Previous studies have taken advantage of KPFM to evaluate

the influence of surface adsorbates at the submicron scale. For
instance, Abdellatif et al.52 demonstrated that a capping agent,
oleylamine, significantly affected surface-potential measure-
ments of Au nanoparticles. Thermal annealing was used to
remove oleylamine, which resulted in significant particle
aggregation. In results here, KPFM measurements compared
to topographic measurements are informative of the electrical
properties of Au NCs before and after cleaning steps. In the

drop-cast sample, CPD values were nonexistent, or possibly
even depressed over areas that are assumed to be Au NCs. For
MeOH-washed samples, maximal CPD values were depressed
(ca. −50 mV) and showed correlation with Au NCs in
topography, but the response was broader than the actual Au
NC width. For EC-cleaned samples, a more significant CPD
response was measured (ca. −90 mV) and CPD response
tracked well with the lateral dimensions of Au NCs. These
results indicate that removal of insulating CTAB layers through
the cleaning methods here improves nanoscale electrical
contact with the sample.

Correlative AFM and SEM. Correlative measurements of
in situ AFM and in vacuo SEM provide a deeper understanding
of adsorbed CTAB on Au NCs by investigating the same Au
NC under two different environments, dehydrated and
hydrated conditions. The correlative analysis also provides
more reliable measurements by minimizing potential errors
from subtle size variation of synthesized Au NCs. For instance,
from the AFM measurements of maximum height (Table 2),
CTAB thickness was determined to be 2.1 and 1.3 nm for
MeOH-washed and EC-cleaned Au NCs, respectively.
However, the measured thickness is within a standard
deviation of the edge length of Au NC itself, which is ca. 2.0
nm determined from analyzing TEM images (Figure S1). Here
in correlative studies, the edge length of the same Au NC can
be determined from SEM, minimizing error, and allowing
heterogeneity of CTAB adsorption on Au NCs to be studied
more reliably.
Heterogeneity in the presence of CTAB was measured by

comparison of individual MeOH-washed Au NCs with
correlative SEM and AFM measurements. Typically, a 10 μm
× 10 μm scan was recorded by in situ AFM, followed by SEM
of the same area (Figure S19). Figure 6 presents two
representative sets of data analyzed via correlative measure-
ment techniques (additional data included in Figure S20 and
Table S7). To compare CTAB thickness under the two

Figure 6. Representative examples of correlative in situ AFM and SEM characterization of MeOH-washed Au NCs. AFM topography (a) (scan
size: 380 nm × 380 nm) and corresponding electron micrograph (b) of the Au NC. The edge length of the Au NC was measured between yellow-
dashed lines illustrated in (b). Cross-sectional view (c) of Au NC measured by in situ AFM (black trace) and SEM (blue trace). The in situ AFM
line profile was collected along the black dashed line in (a), and the SEM line profile was collected along the blue dashed line in (b). Width
measured for both in situ AFM and SEM were defined by FWHM (ⓐ and ⓑ). Additional samples described were characterized in a similar fashion
(d−f).
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conditions, line profiles from AFM (black trace) and SEM
(blue trace) were extracted from the corresponding images of
Figure 6a,b, respectively, then plotted together in Figure 6c.
The core diameter of the Au NC (edge length) was measured
from SEM images as shown with the yellow-dashed line in
Figure 6b, where the edge length and height are taken as 77.8
nm. The intensity value from the SEM image was adjusted to
match the maximum height of the in situ AFM line profile for
proper comparison of the width of adsorbed CTAB. AFM
showed 79.9 nm height which is 2.1 nm greater than the edge
length of Au NC determined by SEM. Accordingly, six
additional Au NCs from the same scan area showed CTAB
thickness in hydrated conditions that varied from 1.8 to 6.8
nm, except for one Au NC (#1, Table S7), which is possibly a
result of a misshaped particle. Meanwhile, variation in the
lateral CTAB thickness measured from FWHM of Au NCs was
greater than in height measurements. CTAB thickness under
hydrated conditions was calculated by subtracting the edge
length (from SEM) of the Au NC from the measured FWHM,
while that under dehydrated conditions was determined by
subtracting the edge length of Au NC and the Au/Pd coating
thickness from the measured width. Consequently, under
hydrated conditions, a CTAB thickness of 21.1 nm (FWHM)
was measured by in situ AFM (ⓐ in Figure 6c), while that
under dehydrated conditions was 2.6 nm on the line profile
measured by SEM (ⓑ in Figure 6c). As an example, a second
Au NC (Figure 6d−f) showed the same trend as observed in
Figure 6a−c, with six other individual single Au NCs showing
CTAB thicknesses that vary from 13.4 to 22.3 nm from AFM
and from 0.1 to 3.9 nm from SEM (Table S8), which further
underscores heterogeneity in terms of the amount of CTAB
present on different particles. Correlative results shown in
Figure 6 also clearly demonstrate that for the same Au NC,
adsorbed CTAB appears thicker under hydrated conditions
than dehydrated conditions.

■ CONCLUSIONS
We have characterized the stepwise ligand removal of CTAB at
individual Au NCs using a battery of AFM and SEM
techniques, including correlative in situ AFM and SEM
measurements. Significant amounts of CTAB were detected
by AFM and EM after methanol washing alone. Electro-
chemical cycling was demonstrated as a possible method to
remove CTAB ligands from Au NCs.
The presence of CTAB after all cleaning steps is the most

important point to consider. For EC-cleaned Au NCs, results
here suggest the following. First, the presence of CTAB on the
sidewalls of Au NCs remains a possibility but is inconclusive.
Second, the maximum height of EC-cleaned Au NCs (Table 2,
ca. 78.8 nm) is nearly identical to the average edge length of
pristine Au NCs (Figure S1, ca. 77.5 nm) and well within the
standard deviation (±2.0 nm) of the average. Third, FD results
also do not reveal the presence of a significant layer at the top
of the Au NC. Height measurements give values that are well
within the inherent statistical deviations of particle dimensions
and asymmetry from TEM, which combined with FD
measurements suggests the possibility of complete removal
of CTAB. However, we cannot exclusively rule out the
presence of residual CTAB, which could reside at the interface
between the GC surface and the Au NC. The supposition that
residual CTAB might reside at the interface between Au NCs
and surfaces seems a possibility given the methods used here to
remove CTAB likely may not completely access the hindered

physical space underneath Au NCs. Fourth, and to the issue of
the impact of the presence of CTAB at the Au NC−GC
interface, KPFM data showed markedly improved correlation
between topographic response and CPD measurements after
EC-cleaning.
These results suggest that complete removal of CTAB on Au

NCs is not always trivial, and we expect that this is a
generalizable conclusion that should be considered when
working with nanomaterials and surfactants. Clearly, the
presence of residual ligands should be considered even if no
signal is observed from common EM or FT-IR spectroscopy.
Collectively, the single-particle analysis framework described
here paves the way to assessing the efficacy of ligand removal
on individual nanoscale catalysts and underscores the
importance of considering the surface chemistry in applications
of solution synthesized nanomaterials.
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