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a b s t r a c t

We systematically investigate the effect of the driving force on the growth of palladium nanoparticles by
comparing electrochemical reduction of polyvinylpyrollidone-stabilized palladium nitrate solution with
chemical reduction by ascorbic acid using in-situ liquid cell transmission electron microscopy. Electro-
chemical data is simultaneously collected while high spatial resolution is maintained. As a chemical
reductant, ascorbic acid results in the formation of smaller, more tightly spaced palladium nanoparticles
through increased nucleation. When present during electrochemical reduction of palladium, ascorbic
acid reduces the degree to which dendrites form due to the growth of a more compact palladium layer.
Because the nanoparticles formed during chemical reduction have diameters on the order of a nano-
meter and are invisible under full liquid conditions, we employ electrochemical water splitting to
generate a gas bubble in order to observe the process in real time. This is a step towards real-time
characterization of complex solution-phase growth in which multiple pathways exist for metals to
reduce and combinations of additives interact to control size and shape.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

The morphology of metallic nanostructures through solution-
phase growth processes can be controlled both chemically and
electrochemically. There can be additional components in the
liquid, including chemical stabilizers, capping agents, and other
additives [1e3]. The problem is also applicable to subjects ranging
from catalysis, in which highly dispersed atom clusters are desired
for catalytic activity [4], to lithium-ion batteries [5], in which
dendrite growth can lead to device failure. We focus on the depo-
sition of palladium from polyvinylpyrollidone-stabilized palladium
nitrate solution [1,2,6]. Palladium is a widely studied system due to
its high activity in redox catalysis [7], and much is known about the
chemistry of reducing palladium salts [8,9]. Palladium cubes,
octahedra, and flowers can be grown [10,11]. There are also many
eng), stach@seas.upenn.edu
studies of palladium alloys with wide-ranging applications in
catalysis [12,13]. We compare the palladium morphology that re-
sults from electrochemical deposition both in the presence and
absence of ascorbic acid with that of chemical reduction using
ascorbic acid.

There are different approaches to in-situ liquid cell experiments
in Transmission Electron Microscopy (TEM). Because performing
electrochemistry in the TEM requires a liquid cell with electrically
isolated electrodes, we choose to use a commercial liquid cell TEM
holder with this capability. On the other hand, graphene liquid cells
offer the benefits of relatively thin liquid layers and window
thickness to maximize imaging resolution at the expense of
consistent sample preparation and robust electrochemistry capa-
bilities [14,15]. Compared to graphene liquid cells, commercial
liquid cells tend to have a worse spatial resolution [16]; however,
while 2D materials could be promising as electrode materials [17],
graphene liquid cells, for example, are difficult to integrate with
electrochemical capabilities. Liquid cell TEM is also possible using
an environmental TEM [18]. We use microfabricated chips with
electron-transparent SiNx windows and electrodes capable of

mailto:acmeng@missouri.edu
mailto:stach@seas.upenn.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtnano.2022.100266&domain=pdf
www.sciencedirect.com/science/journal/25888420
https://www.evise.com/profile/#/MTNANO/login
https://doi.org/10.1016/j.mtnano.2022.100266
https://doi.org/10.1016/j.mtnano.2022.100266


A.C. Meng, R. Serra-Maia, K.-B. Low et al. Materials Today Nano 21 (2023) 100266
carrying out electrochemistry in the flow channel. Although the
windows bulge due to the presence of liquid in the cell, this can be
mitigated to a large extent by in-situ bubble formation through
water splitting [19]. Thus, in-situ bubble generation is used to
investigate the initial stages of chemical reduction, in which
palladium nanoparticles on the order of a nanometer are formed.
Real-time spatially resolved structural characterization of changes
in the palladium nucleation and growth as a function of the driving
force illustrates the power of liquid cell scanning transmission
electron microscopy as an analytical tool.

Recent work using liquid cell TEM has investigated the growth
mechanism for Pd during electrodeposition [20,21]. There have also
been many studies of nanoparticle growth using liquid cell TEM
through chemical or electron beam-induced reduction [5,22e26].
Galvanic replacement reactions have also been studied using in-situ
liquid cell TEM [13]. We combine a commercially available TEM
liquid cell with robust electrochemistry capabilities with in-situ
bubble generation for improved image signal-to-noise ratio to
systematically test the differences between electrochemical,
chemical, and electron beam-induced growth. Because electro-
chemical and chemical processing occurs at real time in the TEM,
we can observe the differences in Pd morphology due to changes in
the driving force.

2. Materials and methods

TEM characterization was performed in a JEOL JEM-F200 Scan-
ning/Transmission Electron Microscope (S/TEM) equipped with
two large-area silicon drift detectors (SDD) with 1.7 steradian solid
angle for energy dispersive X-ray spectroscopy (EDS) measure-
ments. For STEM imaging, probe size 7 was used with a 40 mm
condenser aperture, yielding approximately 60 pA probe current.
For liquid cell experiments, a type II liquid cell TEM holder (Hum-
mingbird Scientific) was used with an airtight 1000 mL syringe and
syringe pump. Type P5 liquid cell chips with Pt electrodes and
250 nm spacer chips (Hummingbird Scientific) were plasma
cleaned in Ar for 1 min at a forward transmitted power of 40 W
prior to sample loading to facilitate liquid filling the cell. The liquid
cell was primed with 0.02e0.03 wt% Pd(NO3)2 solution stabilized
with 40 kDa polyvinylpyrrolidone (referred to as Pd-PVP herein)
prior to insertion into the TEM for all experiments. To investigate
the effect of ascorbic acid chemical reductant, immediately prior to
the experiment, a 1:1 mixture of freshly mixed liquid (1:1::0.03 wt
% Pd-PVP:0.01 M ascorbic acid, v/v) was primed up to a manual
valve at the liquid entrance port of the TEM holder. There is a 20 mL
dead volume between the manual valve and the sample chip,
which is traversed in a minute at a 20 mL/min flow rate. We begin
characterization of chemical reduction approximately 2 min after
flowing the freshly mixed liquid at 20 mL/min to ensure that the
chemical reductant is present. All STEM images collected are from
in-situ experiments, and the video files are included in the Sup-
porting Information. Electrochemical measurements were per-
formed using a BioLogic SP-200 potentiostat. In-situ in the TEM, Pt
working, counter, and reference electrodes are used; ex-situ,
graphite rod working and counter electrodes are used, and a Pt foil
reference electrode is used.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.mtnano.2022.100266

3. Results

First, we observe 3wt% Pd-PVP solution in the liquid cell with no
driving force for reduction, either electrochemical or chemical. This
is to verify the absence of significant sedimentation or aggregate
formation in the solution. At lowmagnifications, the STEM image is
2

featureless aside from the electrodes (Fig. 1a). However, although
an initial higher-magnification STEM image also shows no features
aside from an electrode (Fig.1b), deposits begin to form gradually at
high magnifications. The observation of square-shaped contrast
coinciding with the field of view at high magnifications is consis-
tent with electron beam-induced reduction of the Pd-PVP solution.
Also, spot-shaped deposits form at the top left corner of the field of
view because the beam position resets to begin the next scan. To
verify that the deposits are Pd, water splitting is used to form a
bubble in-situ, and EDS mapping is performed on a deposit and a
nearby region. The spectra show that the deposited material is Pd,
and that surrounding regions do not have Pd (Fig.1f and g).We note
that deposits continue to form after a bubble is formed due to a thin
film of liquid being present.

To observe electrochemical reduction of the Pd-PVP, 0.03 wt%
Pd-PVP solution is reduced in-situ in the liquid cell under full liquid
conditions by passing �10 nA of current through the working
electrode under galvanostatic conditions. Pd dendrites begin
growing immediately after reduction begins, consistent with
diffusion-limited growth. The dendrites grow until they extend
approximately 2 mm away from the working electrode, and the
average dendrite width is 52 ± 13 nm (Fig. 2b and c). Video of
electrochemical reduction is provided in the Supporting Informa-
tion. Growth slows as the dendrites are limited by the dimensions
of the liquid cell and the proximity of the counter and reference
electrodes to the working electrode. Post electrodeposition, a
bubble was generated using in-situ water splitting in order to
perform EDS mapping of the dendrite (Fig. 2def).

In contrast, chemical reduction of the Pd-PVP is observed by
flowing a 1:1 v/v mixture of 0.03 wt% Pd-PVP and 0.01 M ascorbic
acid. Under full liquid conditions, we were surprised to see no Pd
crystals growing. There were a couple of large Pd aggregates
observed, but these did not change significantly over time. An
aggregate was EDS mapped in full liquid conditions to confirm the
presence of Pd (Fig. 3a and b). Because we were anticipating
significantly smaller Pd nanoparticles, a bubble was generated to
improve the STEM image intensity signal-to-noise ratio. Post bub-
ble formation, small Pd nanoparticles are observed to result
(diameter ¼ 6 ± 1 nm) due to chemical reduction (Fig. 3c). The
nanoparticles are very closely spaced and have similar particle
sizes; the structure is significantly more isotropic compared to the
electrodeposited Pd. EDS mapping confirms that these small par-
ticles are indeed Pd (Fig. 3cee). At lower magnification, slightly
larger Pd particles are also observed (diameter ¼ 18 ± 3 nm)
(Fig. 3e). The chemical reduction process is captured on video as
well (See Supporting Information).

The effect of ascorbic acid on electrochemical reduction of the
Pd-PVP solution was examined by flowing freshly mixed 1:1
0.03 wt% Pd-PVP/0.01 M ascorbic acid into the cell and then
flowing �10 nA of current through the working electrode under
galvanostatic conditions. The structure of the Pd crystals that
grow is significantly more compact, forming a dense thin film
surrounding the working electrode as observed under full liquid
conditions (Fig. 4aec). While there are some dendrites at the
surface of this film, the branches are significantly thicker and
have less space in between. Video of the combined electro-
chemical and chemical reduction is provided in the Supporting
Information. EDS mapping is also performed after in-situ bubble
formation and confirms the presence of Pd (Fig. 4def). Due to the
presence of ascorbic acid, away from the electrodes, chemical
reduction also occurs, resulting in Pd crystals similar to those
shown in Fig. 3cee.

Finally, the electrochemical experiments are repeated on the
bench. For galvanostatic reduction without ascorbic acid, we
observe that using a fixed reductive current, the working electrode

https://doi.org/10.1016/j.mtnano.2022.100266


Fig. 1. BF-STEM images of electron beam-induced reduction of Pd(NO3)2-PVP: a) low-magnification BF STEM of electrodes and SiNx window region, b) high-magnification BF STEM
of working electrode, and c) beam-induced Pd deposition under full liquid conditions; characterization of electron beam-induced Pd deposition under thin liquid conditions (deg):
d) high-magnification and e) subsequent low-magnification BF STEM of beam-induced deposition; f) Pd square deposited by prolonged electron beam exposure and g) EDS spectra
from outlined regions in c).
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potential becomes slightly more positive in the in-situ experiment
whereas the working electrode potential becomes more negative
and reaches a plateau in the ex-situ experiment (Fig. 5a, c). For
galvanostatic reduction with ascorbic acid, we observe that at a
fixed reductive current, the working electrode potential becomes
more positive in the in-situ experiment; in the ex-situ experiment
at lower current densities, the working electrode potential behaves
similarly to reduction without ascorbic acid, however, at higher
Fig. 2. BF STEM image of electrochemical reduction of Pd(NO3)2-PVP under full liquid condit
BF STEM image and EDS maps of the e) Pt and f) Pd signals from the green rectangle in d)
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current densities, the working electrode potential also becomes
more positive, reflecting the in-situ experiment.

Cyclic voltammetry is also performed ex-situ. Without ascorbic
acid, reductive current begins to flow when the working electrode
potential is just below 1 V. Assuming the reference electrode is
close to the standard hydrogen electrode, this would be close to the
reduction potential of Pd2þ, which is 0.915 V vs. SHE. This is simi-
larly the case when ascorbic acid is present. Introducing ascorbic
ions: a) before growth, b) after electrodeposition, and c) showing dendrite structure; d)
under thin liquid conditions.



Fig. 3. a) BF STEM image and b) corresponding EDS spectrum of chemically reduced Pd under full liquid conditions; c) BF STEM image and d) corresponding EDS spectrum and e)
lower-magnification BF STEM image of chemically reduced Pd under thin liquid conditions.

A.C. Meng, R. Serra-Maia, K.-B. Low et al. Materials Today Nano 21 (2023) 100266
acid into the solution results in an onset for additional reductive
current at approximately �0.3 V. This is consistent with the
reduction potentials of ascorbate under acidic conditions [27].

4. Discussion

The convoluting effects of the electron beam are one of the main
challenges in in-situ TEM experiments. While lattice imaging under
liquid conditions with probe aberration correction is possible by
generating a bubble in-situ in the liquid cell [19], observation of the
Pd-PVP solution shows that beam-induced reduction at higher
Fig. 4. BF STEM image of electrochemical reduction of Pd(NO3)2-PVP in the presence of L-asc
c) showing dendrite structure; d) BF STEM image and EDS maps of e) Pt and f) Pd under th
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magnifications influences the sample as the image is collected.
Technically, all in-situ Pd-PVP growth experiments involve some
amount of electron beam-induced reduction. However, as this
cannot be entirely removed from the experiment, the control
experiment shows that beam effects are only dominant at higher
magnifications. Fig. 2bed shows the influence of electron beam-
induced Pd reduction on Pd electrodeposition. The region at the
bottom left of Fig. 2b and d shows significantly thicker dendrite
structures. These thicker dendrites formed due to focusing the
beam at highmagnification for the image taken in Fig. 2c. The effect
of the electron beam is similar to the effect of a chemical reductant
orbic acid under full liquid conditions: a) before growth, b) after electrodeposition, and
in liquid conditions.



Fig. 5. In-situ chronopotentiometry data from deposition in the TEM a) without ascorbic acid, and b) with ascorbic acid. Benchtop cyclic voltammetry c) without ascorbic acid, d)
with ascorbic acid and chronopotentiometry, and e) without ascorbic acid, and f) with ascorbic acid.
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in reducing the space between dendrites, except that it is spatially
localized to the beam. At low magnifications, with the addition of
either a chemical or electrochemical driving force, beam effects no
longer play a dominant role in growth. Another concern involves
adequate flow to the liquid cell: replenishing chemical species to
the region being imaged is important due to effects of mass
transport limitations. At a flow rate of 20 mL/min and a cell volume
of the electron-transparent region (90 mm � 600 mm � 250 nm) on
the order of 10�5 mL, there are more than 106 volume changes per
minute. Chemical species replenishment is not expected to be
limiting mass transport as a result.

To minimize the effects of the electron beam on the in-situ
electrochemistry, galvanostatic experiments were chosen to fix the
current at the electrodes. This prevents drift in electrochemical
potential due to the electron microscope from unduly affecting the
experiment. The in-situ experiments were compared to ex-situ
experiments under the same conditions. Cyclic voltammetry was
5

only performed ex-situ; while we have demonstrated cylic vol-
tammetry in-situ [19], here we focus on the differences in driving
force for Pd crystallization.

One interesting observation is that chemical reduction of Pd
results in very small nanoparticle aggregates that form more dense
deposits as opposed to electrochemical reduction, which results in
significantly larger dendrite structures that branch out. We attri-
bute this difference to mass transport limitation of the palladium
salt during electrodeposition, which can deplete the solution near
the electrodes. This is consistent with the observed dendrite
structure. During chemical reduction, the ascorbic acid reductant
concentration is uniform and in significant excess, consistent with
the observed compact film structure. It is expected that crystalline
fcc Pd growth results from either electrochemical or chemical
reduction. Electrodeposited Pd has been shown to be fcc [28],
similar to Pd reduced from PVP-stabilized solutions [2]. While
spatially resolved electron diffraction (e.g., 4D-STEM) could be used
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to differentiate between electrodeposited and chemically reduced
Pd, there are some complications arising from beam-induced
reduction. Whereas electrochemical reduction of Pd(NO3)2-PVP
without ascorbic acid led to dendrite structures, chemical reduction
in ascorbic acid led to approximately uniformly sized particles on
the nanometer scale that are very closely spaced. Using liquid cell
TEM and in-situ bubble formation, both processes are observed in
real time at the relevant length scales. In particular, chemical
reduction of Pd(NO3)2-PVP is observed at the nanometer scale,
giving a glimpse of the early stages of growth following nucleation.
While the structures of Pd crystallites that result are well known,
these experiments illustrate the power of liquid cell TEM for
mechanistic studies of crystal growth from electrochemical and
chemical reduction processes. Furthermore, we show that the
presence of ascorbic acid during electrochemical reduction of
Pd(NO3)2-PVP results in growth of a more compact film instead of
dendrite structures. Note that this occurs in spite of the fact that the
Pd(NO3)2 concentration is a factor of two lower for electrochemical
reduction with ascorbic acid that than in the case without. Given
that poor mass transport tends to drive the formation of dendrites,
this data suggests that the presence of ascorbic acid promotes
increased nucleation of Pd in the regions in between dendrites,
resulting in the observed film structure.

5. Conclusion

We varied the driving force for Pd crystal growth from
Pd(NO3)2-PVP from electrochemical to chemical to a combination
of both and used liquid cell TEM at nanoscale resolution to observe
the structural changes during growth. The high resolution neces-
sary for characterization of nanometer-sized particles formed
during chemical reductionwas achieved by employing in-situwater
splitting, a robust method for reducing the thickness of the liquid in
the cell. Pd dendrites were grown using electrochemical deposition
in the absence of chemical reductant, Pd nanoparticles were ob-
tained through reduction by ascorbic acid, and Pd thin film was
grown using electrochemical deposition in the presence of ascorbic
acid. Because electrochemical data and structural information can
be collected in real time, liquid cell TEM can also be used when
multiple species are being simultaneously reduced; this has ap-
plications in understanding the growth of alloys, for example.
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