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1. Introduction

Electrochemistry is a crucial technology
for energy storage and conversion, e.g.,
battery, fuel cell, electrolysis, etc., offering
potential solutions to the global energy cri-
sis and climate change.[1,2] For instance,
transitioning to electric vehicles can reduce
the greenhouse gas emissions from road
transport sector by 11.9%.[3] Additionally,
electrochemical recycling of carbon dioxide
can further lead to net-zero carbon
economy.[4,5] As electrochemistry involves
interactions between electrons and ions,
nanoscale investigations are necessary to
understand fundamental mechanisms
and improve application performances.

In situ transmission electron micros-
copy (in situ TEM) allows the characterization of morphological,
crystallographic, and chemical information at the nanoscale with
various stimuli such as heat,[6,7] electricity,[8,9] at various gas,[10,11]

and liquid environments.[12,13] Many in situ TEM studies related
to energy materials have already been reported.[14,15] The micro-
electromechanical-system (MEMS)-based chips enable creation
of working environment, mimicking real-world senarios, around
the sample reliably with minimal drift.[16,17] Platinum (Pt) micro-
electrodes are widely used in MEMS chips for electrical biasing
because of their good electrical conductivity, chemical stability,
and fabrication availability through comparatively clean room
processes.[18] However, using Pt microelectrodes for electro-
chemistry can restrict the proper understanding of underlying
mechanisms for two reasons. First, Pt itself is a well-known
electrochemical catalyst, so Pt microelectrodes can react to the
electrochemical environment additionally from the planned
reaction.[19] For example, a Pt microelectrode with an
aqueous solution can lead to a hydrogen evolution reaction.[20]

Therefore, an alternative microelectrode is crucial for a better
understanding of electrochemical reactions. Second, the high
atomic number of the Pt microelectrode results in low
electron transparency. As the electrochemical reaction occurs
around the microelectrode, only results that occur at the
edge (i.e., outside of the microelectrode) are clearly visible in
TEM mode.[21] Although scanning TEM (STEM) mode is more
conducive to detecting deposition on top of the Pt microelec-
trode, the typical scan rate of conventional STEM detectors
(<5 frames per second, fps) is not high enough to observe fast
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In situ transmission electron microscopy (TEM) is increasingly utilized by
researchers to explore various electrochemical applications in the quest to
address climate change, aiming to comprehend underlying mechanisms and
enhance performance. However, the conventional Pt microelectrode commonly
used in in situ TEM poses limitations due to its low electron transparency and
high catalytic activity. In this study, titanium nitride (TiNx) is introduced as a
novel microelectrode material that can be fabricated following typical cleanroom
processes. Through in situ Zn and Cu electrodeposition studies, it is shown
how the low catalytic activity and higher electron transparency of TiNx enable
obtaining stable electrochemical cycling and quantify the deposition on top of
microelectrode in TEMmode, highlighting the benefit of TiNx microelectrodes for
different in situ TEM studies.
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electrochemical reactions compared to the scan rate of TEM
(>100 fps).

Glassy carbon is one potential alternative to Pt microelectro-
des.[22,23] However, analytical analysis of carbon-based material
on top of glassy carbon microelectrode may be challenging.
Hence, a non-carbon-based alternative microelectrode material
should be developed. This article proposes a ceramic titanium
nitride (TiNx) as a solution. For this, the working, counter,
and reference TiNx microelectrodes are fabricated using a simple
reactive magnetron sputtering technique that is coherent with
the MEMS device fabrication workflow. The MEMS chips con-
taining TiNx microelectrodes were tested at a liquid-biasing in
situ TEM setup (Figure S1, Supporting Information).[24] The
behavior of the conventional Pt microelectrode and that of the
new TiNxmicroelectrode during Zn electroplating are compared.
Furthermore, the electroplating and stripping behaviors of Cu
occurring on top of our TiNx microelectrode are investigated.
This study offers a newmicroelectrodematerial for studying elec-
trochemistry in TEM, which can lead to a more thorough under-
standing of this field and potentially contribute to the fast
improvement of electrochemical storage and conversion devices.

2. Results and Discussion

The TiNx microelectrodes were fabricated with rectangular and
round shapes in a periodical arrangement as can be seen in
Figure 1. The surface area of a single TiNx microelectrode on
SiN window is around 8� 5 μm with 3 μm diameter hole. The
scanning electron microscopy energy-dispersive X-Ray spectros-
copy (SEM–EDS) elemental mapping showed the fabricated
structure of TiNx microelectrode on the Si MEMS chip
(Figure S2, Supporting Information). All the mapping results
match well with the MEMS chip design (Figure S2h,
Supporting Information). The small amount of oxygen was
detected due to the absorbed water or surface oxidation.

2.1. Comparison of Pt and TiNx Microelectrode during
Electrochemical Plating and Stripping Behaviors of Zn

In principle, an ideal microelectrode to perform electrochemical
experiments should allow the proposed biasing stimuli and pre-
vent side reactions. To compare the behavior of Pt and TiNx

microelectrode during electrochemical processes, cyclic voltam-
metry (CV) between�1.5 andþ1.0 V at scan rate 100mVs�1 was
performed with 100mM ZnSO4 aqueous solution separately.
With Pt microelectrode, there are many spikes and fluctuations
in the obtained CV curves (Figure 2a). Moreover, bubble forma-
tion was observed on microelectrode as highlighted by the arrow
in Figure 2b. These results indicate the applied voltage on the Pt
microelectrode not only plated and stripped Zn but also formed
gas bubbles from the solution. As Pt has a low hydrogen evolu-
tion potential, the formed bubble from the working microelec-
trode would be hydrogen gas. As the gas evolution reaction
from aqueous solution with Pt microelectrode is hard to avoid,
the results could not purely represent the target electrochemistry.
Additionally, the formed bubble pushed the liquid and led to
contact loss between liquid and working microelectrode, which
would explain the origin of spikes and fluctuation in CV
(Figure 2a). Notably, with the TiNx microelectrode, smooth
and continuous CV curves were obtained (Figure 2c) without
bubble formation during CV scanning (Figure 2d). Thus, as
opposed to the results obtained with the Pt microelectrode,
the applied bias on the TiNx microelectrode might be fully used
to plate and strip the Zn without any side reactions, confirming
that the TiNx microelectrodes are well-suited candidates for
electrochemical experiments. To show the long-term stability of
the TiNx microelectrode, we have performed a 50 cycle CV

Figure 1. a,b) The TiNx microelectrodes at different magnifications
and c) a typical SAED pattern obtained from round-shaped TiNx

microelectrode.

Figure 2. Cyclic voltammetry curves and TEM images acquired while per-
forming Zn plating and stripping on a,b) Pt and c,d) TiNx microelectrode,
respectively.
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(Figure S3, Supporting Information) ex situ and TEM investiga-
tions are carried out after 11th, 21st, and 50th cycle. TEM investi-
gation reflects that the microelectrode remains intact after this
long-term cycling. It should be pointed out that the gradual
decrease of the current with increasing cycles during the last
30 CV cycles (Figure S3c, Supporting Information) is related to
the increasing amount of detached Zn particles during cycling
(and thus could not be stripped electrochemically during CV),
as can be seen in Figure S3f, Supporting Information.

Electrochemical reaction stability is an essential factor, but vis-
ibility is also a critical factor for in-depth in situ TEM electrochem-
ical studies. As electron beam cannot easily transmit the Pt
microelectrode (typically around 70 nm thickness used) due to
high atomic number, plated Zn could be recognized only at the
outside of the Pt microelectrode (Figure 2b). However, plated
Zn was fully visible all around and on top of the TiNx microelec-
trode (Figure 2d). Additionally, low-magnification TEM image
proved that Zn plating was evenly performed on whole TiNx

microelectrodes (Figure S4a, Supporting Information). The
selected area electron diffraction (SAED) pattern of plated Zn
on TiNx microelectrode (Figure S4b,c, Supporting Information)
was bright and sharp enough to be analyzed after subtracting
the SAED pattern of pure TiNx microelectrode (Figure 1b).
Therefore, compared to Pt, TiNx can solve not only reaction sta-
bility but also TEM visibility, which leads to in-depth investigation
even when the deposition occurs on top of the microelectrode.

2.2. Investigation of Electrochemical Plating and Stripping
Behaviors of Cu on Top of TiNx Microelectrode

Cu is one of important electrocatalysts for the electrochemical
reduction of CO2. The nanostructure of Cu such as the exposed

facets or the surface atom arrangements affects not only the
activity but also the product selectivity. To investigate Cu plating
and stripping behavior on TiNxmicroelectrode via TEM imaging,
four-cycle chronoamperometry (CA) (between þ1.5 and �1.5 V)
was performed in themixture aqueous solution of 20mMCuSO4

and 10mM KH2PO4 (Figure S5, Supporting Information). The
complete process can be followed via Movie S1, Supporting
Information. The whole process can be divided into four plating
phases (P1–P4) and three stripping phases (S1–S3). The plating
phase led to Cu deposition without any coalescence (Figure 3a–d).
From P1 to P4, the size of plated Cu particles enlarged and the
number of plated Cu particles decreased. The small gray features
shown at the outside of TiNx microelectrode on TEM images
would be electron-beam-induced deposited Cu nanoparticles.[21]

For further quantitative analysis of each plated Cu particles
(Figure 3e–h), image process was performed to all TEM images.
The processing steps can be found in Figure S6 and S7,
Supporting Information. Movie S1, Supporting Information,
also includes the outcome of the processing. Since the experi-
ments are performed in TEM mode, quantitative analyses
are based on area rather than volume. During each plating
(P1–P4), the measured Cu plated area continuously increased
and the plating rate (slope) got slower along plating time
(Figure 3e). During each stripping (S1–S3), the measured Cu
plated area continuously decreased with a constant stripping rate
(slope) (Figure 3f ). The stripping rate got slower along phases.
After the initial nucleation, there were no further nucleation dur-
ing the individual plating phase but the number of nucleation
decreased to almost half from P1 to P2 and from P2 to P4.
Number of nucleation sites for the phase P2 and P3 are similar
(Figure 3g). The average particle area enlarged smoothly at each
plating phase after initial growth and the real growth rate
increased along phases (Figure 3h). We assume that the amounts

Figure 3. a–d) In situ TEM images of Cu plating on TiNx microelectrode at 15 s from each plating phases. e) Total plated Cu area at each plating phases.
f ) Total plated Cu area at each stripping phases. g) Number of Cu particles at each plating phases. h) Average Cu particle area at each plating phases. All
the tracking data were extracted from in situ TEM images by image processing (Figure S6, Supporting Information).
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of plated Cu ions were similar through the phases (same current
and time), the Cu ions were gathered closely and less number of
larger Cu particles were formed along phases. The stripping
behavior is purely affected by the surface to volume of particles
and thus the stripping rate is slower for the large particles, as can
be seen in Figure 3f.

3. Conclusion

We fabricated TiNx microelectrodes by reactive magnetron sput-
tering technique and performed electroplating and stripping
experiments via in situ TEM. Compared to Pt microelectrode,
all electroplating and stripping of Zn with TiNx microelectrode
were stable without bubble formation and that of plated Zn were
fully visible even on top of TiNx microelectrode. Based on the
high electron transparency of TiNx, electroplating and stripping
of Cu deposited on top of microelectrode were investigated and
further quantification were made. These results showcase the
effectiveness of TiNx microelectrodes in achieving an in-depth
understanding of electrochemical processes and encourage
researchers to use TiNx microelectrodes for liquid-phase battery,
CO2 conversion, and electrolysis studies via in situ TEM.

4. Experimental Section

Fabrication and Characterization of MEMS Chip with TiNx

Microelectrodes: The titanium nitride (TiNx) thin film was deposited on
a p-type silicon (100) substrate by reactive magnetron sputtering tech-
nique. A Ti metal target was placed at a short distance (i.e., few tens
of mm) away from the substrate. The chamber was initially evacuated
by a rotary pump and multiple diffusion pumps lower to 10�8 mbar, then
the chamber pressure was set to a few 10�6 mbar with N2 gas flow. The
chamber pressure was a major factor determining the conductivity and
stability of TiNx film. In general, lower pressure allowed to get not only
higher conductivity but also weaker stability due to enhancing the in-plane
stress. Different tests were done to maximize both conductivity and
stability of TiNx film. After the TiNx film was successfully deposited on
the substrate, standard lithography techniques and reactive ion etching
were used to pattern the TiNx microelectrodes and thus generate the final
layout with the working, reference, and counter microelectrodes, which
were eventually partially encapsulated with SiNx film.

The fabricated TiNx microelectrodes on MEMS chip were characterized
by TEM (FEI Tecnai 20 D375 Twin) for morphology and crystallographic
structure and SEM (Zeiss SUPRA55 SAPPHIRE, 15 kV) equipped with an
EDS for morphology and chemical composition.

In Situ Electrochemical TEM Studies: The in situ electrochemical Zn and
Cu plating and stripping phenomena were studied by using a TEM holder
with liquid flow and biasing function (Stream LB, DENSsolutions,
Netherlands) (Figure S1, Supporting Information). The liquid cell was
formed between a top and a bottom MEMS chip with an O-ring in
between. Both chips had electron transparent SiNx windows (≈50 nm
thickness) and the bottom chip was the functional chip containing the
TiNx microelectrodes. The commercially available Stream LB Nano-Cell
chip with Pt microelectrodes is also used in this paper for comparison.
Before the assembly, the chips were treated by oxygen plasma for
2 min to form hydrophilic surface. During the assembly, the SiNx windows
of the top and the bottom chips were aligned. After the assembled TEM
holder passed the leakage test, the holder was inserted into TEM.

Two liquid solutions (for Zn plating: 100mM ZnSO4 aqueous solution
and for Cu plating: 20 mM CuSO4 with the addition of 10mM KH2PO4

aqueous solution) were prepared. One of the liquid solutions was flowed
into the liquid cell by gas pressing system via a polyetheretherketone tub-
ing. With a liquid flow rate of 2–5 μLmin�1, the reaching time from the

system to the liquid cell was less than 1min. After 1 min, the liquid flow
was stopped and all the experiments were done without flowing the liquid
(static mode).

Electrical biasing was applied to the liquid cell by using PalmSens 4C
potentiostat with 100mV s�1 scan rate. Microelectrode calibration was
performed with 1 mM standard ferrocenyl-methanol in 100mM KCl aque-
ous solution. A droplet (≈4 μL) of the standard solution was placed on the
bottom chip to cover the three microelectrodes, and then the CV curves
were recorded. Based on the well-known characteristics of the oxidation
and reduction couple, 0.0 V versus reversible hydrogen microelectrode
was correlated to �0.45 V versus TiNx.

Electroplating and stripping of Zn was performed on both Pt and TiNx

microelectrodes with CV starting from 0, þ1.0, �1.5, and back to 0 V,
respectively. Electroplating and stripping of Cu was performed on the
TiNx microelectrodes with CA betweenþ1.5 and �1.5 V per 15 s. The plat-
ing and stripping phenomena were recorded by TEM (FEI Tecnai 20 D375
Twin, high tension: 120 kV, Emission: 6 μA, Spot size 5) with an Olympus
Megaview G2 camera, or captured by a screen recorder software
(Camtasia). After plating the Zn, the TEM holder was disassembled to
perform a postmortem analysis, and thus the bottom chips were charac-
terized by TEM.

The post-processing and quantitative image analysis for Cu plating and
stripping behaviors were performed with python programming (Figure S6,
Supporting Information). After the original TEM images were captured, the
images were processed as: 1) crop (600� 600 pixel aroundmicroelectrode);
2) rotate (4°); 3) Gaussian filter (noise reduction); 4) mask (removal
outside of microelectrode); 5) subtraction from the reference image (pure
microelectrode image, non-plated); 6) threshold (Figure S7, Supporting
Information); and 7) segmentation with watershed algorithm.[25] After seg-
mentation, the result table contained the location and area of each particle
of each image, respectively. Finally, size of Cu particles during plating and
stripping could be tracked based on the location data.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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