pubs.acs.org/JACS

URNAL OF THE AMERICAN CHEMICAL SOCIETY

JA CS

Nanobubbles: An E ective Way to Study Gas-Generating Catalysis on
a Single Nanoparticle

Shuping Li, ** Ying Du, * Ting He, * Yangbin Shen, © Chuang Bai, Fandi Ning, Xin Hu, 5
Wenhui Wang, Shaobo Xi, and Xiaochun Zhou*" *°

Division of Advanced Nanomaterials, Suzhou Institute of Nano-tech and Nano-bionics, Chinese Academy of Sciences (CAS),
Suzhou 215123, China

University of Chinese Academy of Sciences, Beijing 100049, China
SKey Lab of Nanodevices and Applications, Suzhou Institute of Nano-Tech and Nano-Bionics, Chinese Academy of Sciences (CAS),
Suzhou 215123, China

< Supporting Information

ABSTRACT: Gas-generating catalysis is important to many energy-related research

elds, such as photocatalytic water splitting, water electrolysis, etc. The technique of
single-nanoparticle catalysis is an e ective way to search for highly active nanocatalysts
and elucidate the reaction mechanism. However, gas-generating catalysis remains
di cult to investigate at the single-nanoparticle level because product gases, such as H, S
and O,, are di cult to detect on an individual nanoparticle. Here, we successfully nd
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that nanobubbles can be used to study the gas-generating catalysis, i.e., H, generation et -
from formic acid dehydrogenation on a single Pd Ag nanoplate, with a high time > Ay ~
resolution (50 ms) via dark- eld microscopy. The research reveals that the nanobubble s

evolution process includes nucleation time and lifetime. The nucleation rate of
nanobubbles is proportional to the catalytic activity of a single nanocatalyst. The
relationship between the catalytic activity and the nucleation rate is quantitatively described by a mathematical model, which
shows that an onset reaction rate (o) €xists for the generation of nanobubbles on a single Pd  Ag nanoplate. The research also
reveals that a Pd Ag nanoplate with larger size usually has a higher activity. However, some large-sized ones still have low
activities, indicating the size of the Pd Ag nanoplate is not the only key factor for the activity. Notablely, further research shows
that Pd content is the key factor for the activity of single Pd Ag nanoplates with similar size. The methodology and knowledge
acquired from this research are also applicable to other important gas-generating catalysis reactions at the single-nanoparticle
level.

Single nanocatalyst

INTRODUCTION

Gas-generating catalysis is important to many energy-related
research elds, such as photocatalytic water splitting,” * water
electrolysis,* dehydrogenation,” % and the electro-oxidation of
small organic molecules, including methanol,** ethanol,** and
formic acid (FA)."™ Di erent nanocatalysts in the aforemen-
tioned reactions usually exhibit di erent activities because their
activities are highly correlated with their unique structures,***’
shapes,"® compositions,> and facets.®*® #* Conventional
techniques, such as UV vis, usually measure the average result
over a large number of molecules or nanoparticles, resulting in
missing the highly active nanoparticles with a small population.
Searching for these highly active nanoparticles and elucidating
the reaction mechanism necessitates the study of the
nanocatalysts at the single-nanoparticle level.” %’

Currently, catalysis research on single nanoparticles is mainly
based on single-molecule uorescence,”® ?® single-nanoparticle
surface plasmon resonance,”® and single-molecule Raman
scattering.>” However, studying gas-generating catalysis at the
single-nanoparticle level remains di cult because the product
gases, such as H,, CO,, N,, and O,, are di cult to detect by
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using the aforementioned methods, particularly when the gases
are dissolved in solution.®**?

Fortunately, the gases can form nanobubbles at the interface
between a solid and a liquid solution.** “° Compared with the
gases dissolved in solution, the nanobubble is substantially
easier to detect. Thus far, nanobubbles have been investigated
by atomic force microscopy (AFM)** ** electrochemical
techniques,®®*"* total internal re ection uorescence micros-
copy (TIRFM),*® infrared spectroscopy,®® and dark- eld
microscopy (DFM).*® DFM, in particular, is a convenient
method to detect scattered light from nano-objects, such as
nanoparticles,** nanowire,”®* and nanobubbles.”® Recently, we
have used DFM to study chemical reactions on individual silver
nanowires”** and silver nanoplates® in situ and in real time.
Research on the light scattering of gas bubbles can be traced
back to as early as 1955.%° However, the nanobubbles presented
in recent papers are substantially smaller than the gas bubbles
in previous works, 3 37414647
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Figure 1. Track gas-generating catalysis on a single nanoparticle by monitoring the nanobubble via DFM. (a) TEM image of Pd Ag (mole ratio is
Npg:Nag = 1:1) nanoplate catalysts. The inset is the high-resolution TEM image. (b) Experimental scheme using DFM and a micro uidic reactor to
image the nanobubble containing the gas from the dehydrogenation of FA on a single Pd Ag nanoplate. The depth of the micro uidic reactor is 4.2

m. The micro uidic reactor contains 5 L of FA solution and is steady. (c) Schematic of the light scattering of a nanobubble on a single Pd Ag
nanoplate catalyst. (d) Wide- eld DFM image of individual Pd Ag nanoplates undergoing FA dehydrogenation in 1.67 M FA and 107.6 mM
sodium dodecyl sulfate (SDS). The insets are the SEM images of the single Pd Ag nanoplates after the reaction. The scale bars in the insets are 100
nm. Refer to Figure S5 for a comparison of the large-scale DFM and SEM images. (e) The scattering intensity versus time trajectory for the
evolution of nanobubbles on a single Pd Ag nanoplate, as identi ed by the red arrow in part d. Refer to Figure S7 for the whole trajectory in part e,

and for more trajectories of other single Pd Ag nanoplates.

However, gas-generating catalysis at the single-nanoparticle
level has rarely been reported, although such research is highly
signi cant in many energy-related research elds. In this paper,
we successfully nd that nanobubbles can be used to study the
gas-generating catalysis, i.e., H, generation from formic acid
(FA) dehydrogenation on a single Pd Ag nanoplate via DFM.
The methodology and knowledge obtained from this research
are applicable to other gas-generating catalysis, such as water
splitting," * water electrolysis,* and electro-oxidation in fuel
cells.®

RESULTS AND DISCUSSION

Track Gas-Generating Catalysis by Nanobubble. In
this research, Pd Ag (Npg:nag = 1:1) nanoplates with an edge
length of 20 230 nm* and a thickness of 6.2 nm were used
as a nanocatalyst for FA dehydrogenation to H, and CO,
(Figure 1a and Figure S1).** The results of physical
characterization by X-ray di raction (XRD), energy-dispersive
X-ray spectroscopy (EDX), and X-ray photoelectron spectros-
copy (XPS) show that the sample contained well-alloyed Pd
Ag nanoplates (Figures S2 54).® The Pd Ag nanoplates were
immobilized on a glass slide by direct dropping of a
monodispersion and drying in air (Figure 1b and Figure
S5).%% A reaction solution with a certain concentration of FA
was dropped onto the glass slide with immobilized Pd Ag
nanoplates and immediately covered with a coverslip. The
depth of the micro uidic reactor was 4.2 m (Figure S5). The
glass slide was then installed onto a dark- eld microscope®
(Figure 1b) to detect the gas nanobubble generated via FA
dehydrogenation through the reaction as

HCOOH Pd Agnanoplate H2 + C02 (1)

When a nanobubble is generated on a single Pd A%
nanoplate (Figure 1c), the scattering intensity will increase”
and be detected by DFM (Figure 1d).“° In principle, a larger-
sized nanobubble can have a stronger scattering intensity,*’
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which is also validated by our nite di erence time domain
(FDTD) simulation (Figure S6). Therefore, we can track the
nanobubble by monitoring the scattering intensity on a single
Pd Ag nanoplate.

To validate that the nanobubble is indeed generated via the
catalysis, a series of control experiments were conducted. First,
no nanobubble was detected on single Pd Ag nanoplates in
pure water (Figure S8), HCOOH solution without sodium
dodecyl sulfate (SDS) (Figure S9), and SDS solution without
HCOOH (Figure S10). Therefore, HCOOH and SDS have
their unique functions for the generation of nanobubbles on
single Pd Ag nanoplates. HCOOH is necessary for the gas-
generating reaction, while SDS is necessary for the formation of
nanobubbles. Second, the light intensity at the blank area
(without any Pd Ag nanoplate) does not change with time
during the reaction (Figure S11). This result means that no
nanobubbles are generated in the bulk reactant solution and
that the nanobubbles on a single Pd Ag nanoplate also do not
originate from the bulk solution. Third, the incident light (0.4
W m ?) is not su ciently strong to generate steam nano-
bubbles.*” Fourth, SI1.15 SI.17 in the Supporting Information
show that the vibration of scattering intensity is not due the
plasmon resonance of single Pd Ag nanoplates, because our
research system is di erent from the literature.**? Therefore,
this research successfully demonstrates that the gas-generating
reaction on a single Pd Ag nanoplate catalyst can be detected
by monitoring the nanobubbles by DFM.

Figure 1e shows that the scattering intensity on a single Pd
Ag nanoplate will jump from a low state (S,,,) to a high state
(Shign) when a nanobubble is generated. On the other hand, the
scattering intensity will drop from Sg4, to Sy, when the
nanobubble dissolves (Figure 1e). The jumping time from Sy,
to Spgr and the dropping time from Sy, to Sy, are both very
short (Figure le and Figure S7a). Most of the transitions
between S,,, and Sy,g, ONly have a single point (pointed to by a
red arrow in Figure S7a), and only very few transitions have
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Figure 2. Variation of the nucleation rate of nanobubbles with time for di erent FA concentrations. (a) The temporal nucleation rates of
nanobubbles on three examples of single Pd Ag nanoplates using 1.67 M FA. Each point is the average of nanobubbles generated in 200 s. (b f)
Histograms of the nucleation rates for 417 nanoplates at di erent times using 1.67 M FA. ; is the starting time of each 200 s. (g) The average activity
per nanoplate (r) versus time from an ensemble experiment. (h) The average nucleation rate of nanobubble (  yugeation ) Versus time. (i) The value

of rduring0 't 100 S (Viniga) @A nucieation - during 0t

200s ( nuceation  linitia) VErsus the FA concentration. The reactant solution

contained 107.6 mM SDS, and the ratio of HCOOH and HCOONa was 2:1. All of the experiments were conducted at 19 °C.

two points (pointed to by a green arrow in Figure S7a).
Therefore, both the formation and dissolving time of
nanobubble are usually too short to be resolved by our
EMCCD camera with a 50 ms time resolution. These
observations agree with the literature result that the formation
time of nanobubbles is less than 1 ms.**

Waiting Time, Nucleation Time, and Scattering
Intensity of Nanobubble. With FA dehydrogenation on a
single Pd Ag nanocatalyst, many nanobubbles continuously
generated and were detected by DFM. Consequently, many
transformations between Syq, and Sy, were observed in the
scattering intensity versus time trajectory from the evolution of
nanobubbles on a single Pd Ag nanoplate (Figure 1e). Some
important parameters, such as the waiting time of the low state
(o). the waiting time of the high state ( ng,), and the
nucleation time for one nanobubble ( ,uceation): Can be
extracted from the scattering intensity trajectory (Figure 1e).

The waiting time of the low state ( |,,) IS the period between
the dissolving moment of a former nanobubble and the forming
moment of a latter nanobubble (Figure 1e). During the waiting
time of the low state ( |o,), 9as is continuously generated from
reaction 1, and the gas concentration around the single Pd Ag
nanocatalyst can be basically kept at a constant value. Because
the reaction rate is fast enough to keep the gas concentration at
a supersaturation state,***° nanobubbles will generate on the
single Pd  Ag nanocatalyst. It should be particularly mentioned
that not all gas from reaction 1 blows the nanobubbles, but only
a part of the gas does. The other part will directly dissolve to a
nearby solution, and play an important role in keeping a
relatively high gas concentration around the single Pd Ag
nanocatalyst. Therefore, ,, is the nucleation time of a
nanobubble ( nucleation)s e,

low nucleation (2)
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The nucleation rate of nanobubbles on a single Pd Ag
nanocatalyst can be calculated by

— 1
J= nucleation i (3)

where J (s 1) is the nucleation rate of nanobubbles and

nucleation i 1S from many nanobubbles on an individual Pd Ag
nanoplate with index i (the notation ; means “average in an
individual nanoparticle™). The nucleation rate of nanobubbles is
proportional to the reaction rate on a single Pd Ag
nanocatalyst.

The waiting time of the high state ( ) is the lifetime of a
nanobubble, which is proportional to the stability of the
nanobubble (Figure 1e). A longer i means a stabler
nanobubble. Figure S12 shows the variation in the average
waiting time of the high state (g, , Which is from many
nanobubbles and multiple Pd Ag nanoplates; the notation
means “average of many particles” for di erent FA concen-
trations during the FA dehydrogenation reaction. The value of

high 1S less than 3 s, which is much shorter than the lifetimes
of nanobubbles reported in the literature (up to
hours).**3*°1°2 gych a short lifetime in this research may be
due to an unstable condition. The solution around the
nanoplate catalyst is strongly disturbed by the continuously
generated gas from the reaction. The hydrophilic surface of the
slide may be another reason for the short lifetime.>*>*

During g the generated nanobubble can cover the single
Pd Ag nanocatalyst, block the mass transfer of reactant, and
decrease the reaction rate. Then, the gas-generating rate has a
slight decrease, and so does the gas concentration around the
single Pd Ag nanocatalyst. However, the decrease of gas
concentration is not large because g, is always much shorter
than 4, and the block of the nanobubble is not rigorous due
to the small size of the nanobubble. After the nanobubble
dissolves, the reactant solution will immerse the single Pd Ag
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nanocatalyst immediately, and the gas-generating rate will
quickly recover. Then, the concentration of dissolved gas will
quickly return to a constant value. Because the vibration of gas
concentration is very weak, we can take it as a quasi-steady
state. When the nanobubble dissolves, the scattering intensity
will drop from the high state to the low state.

Figure 1e shows that the scattering intensity of a nanobubble
almost retains the same value during the high state, indicating
the size of the nanobubble does not change much during  pign.
The literature also showed that nanobubbles on the interface
can retain their size for a few minutes or even days.>**
Therefore, our observation is consistent with that in the
literature.

Nucleation Rate of Nanobubbles and Activity of a
Single Nanocatalyst. Figure 2a shows the temporal
nucleation rate of the nanobubbles on three examples of
individual Pd Ag nanoplates in the presence of 1.67 M FA.
From Figure 2a, three characteristic phenomena were observed
for the reaction on a single Pd Ag nanoplate catalyst. First, the
temporal nucleation rates of all of the nanoplates exhibit an
overall decreasing trend with time. Irrespective of the
nucleation rate at the beginning of the reaction, it will decay
to zero by the end of the reaction. Second, the temporal
nucleation rate on most of the nanoplates usually exhibits large
variations with time, indicating dynamic activity uctuations of
individual Pd Ag nanoplates. This feature is typical of single-
nanoparticle catalysis.”* Third, the temporal nucleation rate on
di erent nanoplates exhibits a large heterogeneity from one
nanoplate to another. The highest nucleation rate is 10 times
greater than the lowest one, which will be discussed in the last
section. Therefore, this methodology can be used to identify
the highly active catalysts in gas-generating reactions.

To track the variation in activity of the Pd Ag nanoplates,
Figure 2b f shows the histogram of the nucleation rate for 417
nanoplates at di erent times in the presence of 1.67 M FA. At
the initial stage of the reaction, the heterogeneity of the activity
is very large (Figure 2b). Many highly active nanoplates with a
high nucleation rate of nanobubbles are presented in Figure 2b.
As the reaction proceeds, the number of highly active
nanoplates decreases sharply and the number of less active
nanoplates increases (Figure 2c¢ f). Former research showed
that the nucleation of bubbles has a strong relationship with the
curvature of the surface,”® which is possible to be induced by
di erent sizes of nanoplates. To avoid the e ect of nanoplate
size on the nucleation of nanobubbles, we chose only
nanoplates with a narrow size of 100 140 nm for the analysis
of the nucleation rate (Figure 1d and Figure S5).

Researchers in the catalysis eld are widely interested in
understanding the catalytic behavior of a single nanocatalyst
during gas-generating catalytic reactions. *** ** To this end,
the quantitative relationship between the activity in an
ensemble experiment and the nucleation rate of nanobubbles
( nucleation ) in a single nanoparticle experiment needs to be
elucidated. In this work, great e ort is devoted to uncovering
this quantitative relationship.

First, Figure 2g shows the average activity per Pd Ag
nanoplate (r) measured via the ensemble experiment (refer to
SI.1 in the Supporting Information for experimental details).
Here, r is the average number of dehydrogenation reactions per
second that occur on a single Pd Ag nanoplate in the
ensemble experiment (SI.1 in the Supporting Information for
the details of the calculation). Figure 2g shows that r gradually
decreases with time during the FA decomposition reaction,

irrespective of the FA concentration.">*” Because the decrease
of FA concentration after the reaction is always less than 6.2%
in the ensemble experiment (Table S1), the decay of the
reaction rate cannot be attributed to the decrease of FA
concentration. The deactivation of the catalyst is mainly due to
the formation of poisonous intermediates like CO,y on the
surface of the catalyst.>®

Second, Figure 2h shows that the average nucleation rate of a
nanobubble ( eaion 1) ON single nanoplates also gradually
decreases with time. The decay of ,emion - Cannot be
attributed to the decrease of FA concentration because the
decrease of FA concentration after the reaction is estimated to
be less than 0.11% in the single nanoparticle experiment (SI.1
in the Supporting Information). Therefore, the trend of

nckeation — agrees well with that of r in Figure 2g. In
particular, both parts g and h of Figure 2 show an activation
process in the initial 500 s using 0.50 M FA. Therefore,

nucleation — €an e ectively re ect the activity of the nano-
catalyst. Interestingly, uceation - @lWays decays to zero after a
certain reaction time (Figure 2h); however, the reaction rates in
the ensemble experiment do not (Figure 2g). This di erence
indicates that the generation of a nanobubble needs an onset
value of supersaturation of gas around the single Pd Ag
nanoplate. Only when the supersaturation is higher than the
onset value will a remarkable number of nanobubbles be
generated on a single nanoplate. The onset value can only be
reached using a highly active single nanoplate, as will be shown
in the following discussion.

Figure 2i shows the e ect of FA concentration on the initial
ensemble activity (r|initi) @and the initial nucleation rate of single
Pd Ag nanoplates ( nucleation 1|initial)- Both r|initial and

nucleationinitia N@VE @ volcano shape with the peak found at
a concentration of 1.67 M FA (Figure 2i).°*®° Furthermore, the
volcano shape of  pugeation  linitia Matches the trend of it
very well, indicating a ne consistence between the ensemble
and single nanoparticle experiments.

Third, we built a mathematical model to quantitatively
describe the relationship between the ensemble activity (r) and
the uaeation - OF the nanobubbles according to the previous
literature (refer to S1.2 in the Supporting Information for the
formula derivation process); it is described as follows®*°

P
nucleation T=A EXp m )
_ 1 % ()
P 3kTP? 4)

where A (s 1) can be treated as a constant, (N m 1) is the
liquid surface tension, s a function of the contact angle (refer
to SI.2 in the Supporting Information for its expression.), is
the contact angle equaling macroscopic contact angle of
solution,”* is the supersaturation of the gas in the liquid, c
is the saturation concentration of the gas at a given pressure,
and P is the applied pressure at which nucleation occurs.
Equation 4 provides a method to determine the activity of a
single nanocatalyst through the measurement of the nucleation
rate of the nanobubbles generated on it. In future research, this
method may also be applied to measure the activity of a single
nanoparticle in other gas-generating catalysis reactions, such as
water splitting,” ® water electrolysis,” and the electro-oxidation
of small organic molecules.”® *°
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Figure 3a shows that eq 4 ts the data of average activity per
nanoplate (r) versus the nucleation rate ( nycestion ©) VEry

Figure 3. Relationship between the ensemble activity (r) and the
nucleation rate of nanobubbles ( nuexion 1) (a) The relationship
between r and  geaion - TNe scattered points are from experi-
ments, and the curves are from model tting. (b) The parameters A
and k; are from the tting in part a at di erent FA concentrations. ()
The de nition of the onset activity of a Pd Ag nanoplate (o) for
the generation of nanobubbles. The inset is the curve simulated by eq
4 using the parameters from 2.00 M FA. The red rectangle in the inset
is where we zoom in. (d) The onset activity of a Pd Ag nanoplate
(ronset) and the onset supersaturation ( o) for di erent FA
concentrations.

well. Only the parameters A and k, vary during the tting,
whereas the other parameters were determined by experimental
measurement (SI.1 and SI1.13 14 in the Supporting Informa-
tion). From the tting, the values of the parameters A and k,
were obtained (Figure 3b). The plot of A versus FA
concentration shows a volcano shape with a peak at ¢ycoon
= 1.67 M. A higher A implies a greater ability to generate
nanobubbles. Therefore, the nucleation rate of nanobubbles at
Chcoon = 1.67 M is faster than that at the other investigated FA
concentrations. We attribute the variation of the pre-
exponential term A to the concentration change of formic
acid and formate, which a ects the interface between glass and
reaction solution. Figure 3b also shows that the parameter k,
always increases with increasing FA concentration. Equation S7
in the Supporting Information reveals that a higher k, results in
a higher supersaturation of the gas in the liquid for the same
reaction rate, which implies that FA in uences the super-
saturation of hydrogen in solution. Therefore, greater super-
saturations of the gas will be reached at higher FA
concentrations.

Both parts a and c of Figure 3 show that each curve has a
long low stage of nucleation rate of nanobubbles ( pyceation )
at the low activity (r). For example, Figure 3¢ shows that

nucleation 1S @lways close to zero when r is less than 7000 s .
However, the value of qeation  ~ Will €xhibit a clear increase if
the activity of the Pd Ag nanoplate exceeds a certain value. We
name this value as the onset activity for the Pd Ag nanoplate
(Fonset) t0 massively generate nanobubbles. In this paper, we
de ne the intercept on the horizontal axis of the tangent lines at
the in ection point (i.e., the point at maximum slope) as the
onset activity (rone) (Figure 3c). We de ne the onset activity

by analogy with the onset potential in electrochemistry.”®%? We
derive the expression of ryne from eq 4 as

1 2
Foneet = — C+ —
onset k2 S 3 \/p71 (5)

The physical meaning of the onset activity can be de ned as
the boundary between the appearances of nanobubbles in small
and large numbers. Combining eqs 4 and 5, we nd that the
nucleation rate of nanobubbles is always slower than 3.42% of
the maximum rate when the activity is lower than ry.. When
the activity is higher than the onset activity, the nucleation rate
of the nanobubble will increase fast.

The black dots and curve in Figure 3d show the onset value
of activity (rone) for di erent FA concentrations. The rynet
shows a volcano shape with the peak at ¢ycoon = 1.67 M. The
peak value of Iy (9130 s 1) at ¢ycoon = 1.67 M is much
higher than the lowest value (5970 s 1) at cycoon = 3.00 M,
indicating that nanobubbles start to massively appear at higher
activity at cycoon = 1.67 M. The model can also provide the
onset value of supersaturation for the generation of nano-
bubbles:

21.5\/p71

onset — 3 CS (6)

The red curve with square symbols in Figure 3d shows the
onset value of supersaturation for the generation of nano-
bubbles ( ont) at di erent FA concentrations. The value of

onset Feaches approximately 8 at cycoon = 1.67 M. If the gas
supersaturation around a nanocatalyst is lower than e, few
nanobubbles will appear on the nanocatalyst. This is the reason
for the decay of qeation © tO zero in Figure 2h. In addition,
the dissolved gas in bulk solution has a very weak e ect on the
formation rate of a nanobubble, because the concentration of
H, in the bulk solution is low, and is usually much lower than
that near Pd Ag nanoplates.

In future research, it is necessary to discover some ways to
decrease ryng €nabling this method to detect slower gas-
generating reactions. From eq 5, we know that the onset value
of activity (ronet) 1S proportional to the square root of p;.
Equation 4 shows that p, is calculated using , , T, and P,
indicating that ry, can be decreased by modifying these
parameters.

Relationship between Nucleation Rate of Nano-
bubbles and the Size of Single Pd Ag Nanocatalysts.
Figure 4 shows the time dependent nucleation rate of
nanobubbles on di erent sizes of Pd Ag nanoplates. To
facilitate the analysis, the sizes of Pd Ag nanoplates are roughly
divided into three groups, i.e., small (L < 112 nm), middle (112
nm L 126 nm), and large (L > 126 nm). Figure 4a shows
that the size of Pd Ag nanoplates and the nucleation rate of
nanobubbles show a relatively strong correlation (= 0.30).
Therefore, a Pd Ag nanoplate with larger size usually has a
higher activity. The highest activity appears at a size of about
130 nm in a large-sized group (pointed to by a red arrow).
However, the activity of some large Pd Ag nanoplates is still
very low even at the beginning of the reaction in Figure 4a.
Moreover, Figure 4a also shows that highly active Pd Ag
nanoplates can appear in each group, indicating the size of the
Pd Ag nanoplate is not the only key factor to a ect the
activity. Other factors, such as the content of Pd,**®* facet,*®
and structure,®*®® also can strongly a ect the activity of the
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Figure 4. Time dependent nucleation rate of nanobubbles on di erent
sizes of Pd Ag nanoplates at 1.67 M FA. (a) t;=0s. (b) t;=800s. ()
t, = 1600 s. (d) t; = 2400 s. () t, = 3200 s. The sizes of Pd Ag
nanoplates are divided into three groups, i.e., small (L < 112 nm),
middle (112nm L 126 nm), and large (L > 126 nm). The L is the
size of the Pd Ag nanoplate, ie., the edge length of a Pd Ag
nanoplate. The red numbers on the top of each plot are the counts of
Pd Ag nanoplates, whose nucleation rate is faster than 1 s ..
Pearson’s correlation coe cient ( ) for di erent time is shown in the
top right of each plot.

Pd Ag catalyst for the FA dehydrogenation. Therefore, the
reactivity variation by a factor of 10 is mainly due to these
factors for the Pd Ag nanoplates with similar size.

With the reaction processing, the activity of Pd Ag
nanoplates decreases (Figure 4b e). For the small Pd Ag
nanoplates, a sharp decrease occurs after 800 s, while a sharp
decrease occurs after 1600 s for the middle and large ones.
Interestingly, the number of Pd Ag nanoplates with high
activity (>1 s ') in the small-sized group has a weak increase
from 22 to 25, indicating an activation process for small Pd Ag
nanoplates. For the middle Pd Ag nanoplates, there are still
four active ones at t; = 2400 s, indicating a better stability. The
higher stability may be due to the optimum content of Pd in
the middle-sized Pd Ag nanoplates. Our previous research
clearly shows that the synthesis procedure is di erent for the A
nanoplates with di erent sizes at the single nanoparticle level.”
For the middle-sized Ag nanoplates, the deposition of high
potential metal occurs in a proper rate at both the edge and the
mid part of the nanoplate.”® Therefore, the middle-sized Pd
Ag nanoplates are easier to obtain an optimum content of Pd
during the synthesis.

Relationship between Nucleation Rate of Nano-
bubbles and the Pd Content of Single Pd Ag Nano-
catalysts. Figure 5a shows that the initial activity of Pd Ag
nanoplates increases with the increase of Pd content in an

Figure 5. E ect of Pd content on the activity of single Pd Ag
nanoplates. (a) Activity of Pd Ag nanoplates with di erent Pd
contents in an ensemble experiment. The reaction rate is the initial
hydrogen production rate. (b) EDX measurement of a single Pd Ag
nanoplate. The insert images are the DFM and SEM images for a same
single Pd  Ag nanoplate. The Pd content is the persentage of Pd atom
in Pd Ag alloy, ie., npg/(Npg + Nag). Scale bars for DFM and SEM
imaging are 1 'm and 100 nm, respectively. (c) Correlation between
the nucleation rate of nanobubbles and the Pd content for the same
single Pd Ag nanoplates. The gray dots are for 59 single
nanoparticles, and the red dots are for the average value in a certain
range of Pd content. All of the experiments were conducted with 1.67
M FA at 19 °C.

ensemble experiment. However, Figure S20 shows that the
activity of Pd Ag nanoplates after reacting 1500 s has an
optimum value at  50% Pd content. Previous studies also show
that an activity peak appears at the optimum Pd content
( 50%) in the Pd Ag alloy nanocatalyst for FA dehydrogen-
ation.**%* Therefore, the trend of activity can change with
reaction time. In this research, we usually compare the initial
activity of Pd Ag nanoplates for ensemble and single
nanoparticle experiments.

According to the trend in Figure 5a, we suppose the Pd
content could play a key role in the catalysis at the single
nanoparticle level. To prove the hypothesis, it is needed to
measure the Pd content in single nanoparticles, which nish
their single nanoparticle catalysis research. In this research, we
used energy dispersive X-ray spectroscopy (EDX, EDAX
APOLLO 10SDD) coupled with eld emission scanning
electron microscopy (FE-SEM, QUANTA FEG 250) to
measure the Pd and Ag contents in single nanoparticles. Figure
5b shows that the activity and Pd content (i.e., Npg/ (Npg + Nag))
can be measured for the same set of single nanoparticles. For
the nanoplate in Figure 5b, the Pd content is 50.7%, and the
activity, i.e., the nucleation rate of nanobubbles, is 2.88 s *. To

nd more Pd Ag nanoplates, we did not wash the slide after
the single nanoparticle research. We just dried the slide in air,
and then did EDX measurement. Thus, there are usually some
dirty dots, which are SDS or sodium formate, that surround the
single Pd Ag nanoplates (SEM image in Figure 5b). However,
these dirty dots did not a ect the detection of Pd and Ag
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contents, because they only contain some light elements
including C, H, O, and S.

In order to study the e ect of Pd content on the activity of
single Pd Ag nanoplates, we measured the activity and Pd
content for many single nanoparticles (Figure 5¢). The gray
dots in Figure 5¢ are for the single nanoparticles, and the red
dots are for the average value in a certain range of Pd content.
Figure 5c¢ clearly shows that the activity of Pd Ag nanoplates
increases with the increase of Pd content for both the single
Pd Ag nanoplates and the average activity. The trend in single
nanoparticle research is consistent with that in an ensemble
experiment, as shown in Figure 5a. Therefore, the Pd content is
the key factor for the activity of single Pd Ag nanoplates with
similar size. Moreover, this research successfully demonstrates
that the key factor for the highly active nanocatalyst can be
uncovered by the careful study on the physical properties, such
as nanostructure, size, composition, spectroscopy, etc., after
single nanoparticle catalysis research.

CONCLUSION

In summary, we successfully studied the gas-generating
catalysis, i.e.,, FA dehydrogenation to H, and CO, on single
Pd Ag nanoplate catalysts, by monitoring nanobubbles using
DFM. The gas-generating catalysis was studied at a high spatial
resolution (single nanoparticle) and at a high time resolution
(50 ms). The nanobubble evolution process was successfully
proved to involve the nucleation time and lifetime. The
nucleation rate of the nanobubbles was found to be
proportional to the catalytic activity of the individual
nanocatalyst. A mathematic model was built to quantitatively
describe the relationship between the catalytic activity and the
nucleation rate. The model revealed that an onset reaction rate
exists for a single Pd Ag nanoplate (r.e) tO generate
nanobubbles. A remarkable number of nanobubbles will be
generated on a single nanoplate only when the reaction rate of
a single Pd Ag nanoplate is higher than the onset rate. The
value of Iy is as high as 9130 s L at 1.67 M FA and is as low
as 5970 s ' at 3.00 M FA. The research also reveals that the size
of Pd Ag nanoplates and the nucleation rate of nanobubbles
show a relatively strong correlation (= 0.30). The middle-
sized Pd Ag nanoplates usually have both high activity and
high stability due to the optimum Pd content. However, the
size of the Pd Ag nanoplate is not the only key factor to a ect
the activity. Further research shows that the Pd content of
single Pd Ag nanocatalysts has a strong e ect on the
nucleation rate of nanobubbles, indicating that the Pd content
is the key factor for the activity of single Pd Ag nanoplates
with similar size. Because the gas-generating catalysis on a
single nanocatalyst is di cult to do, this research becomes
signi cant in providing an e ective way to nd the highly active
nanocatalyst and study the mechanism of the nanocatalyst for
gas-generating reaction at the single-nanoparticle level, enabling
further investigation in many other energy-related elds, such
as water splitting and the electro-oxidation of small organic
molecules.
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