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We report the design and performance of a 3-electrode device for real time in sifu scanning transmission
X-ray microscopy studies of electrochemical processes under both static (sealed, non-flow) conditions
and with a continuous flow of electrolytes. The device was made using a combination of silicon
microfabrication and 3D printing technologies. The performance is illustrated by results of a study
of copper deposition and stripping at a gold working electrode. X-ray absorption spectromicroscopy
at the Cu 2p edge was used to follow the evolution as a function of potential and time of the spatial
distributions of Cu(0) and Cu(1) species electro-deposited from an aqueous solution of copper sulphate.
The results are interpreted in terms of competing mechanisms for the reduction of Cu(u). Published

by AIP Publishing. https://doi.org/10.1063/1.5023288

l. INTRODUCTION

Electrochemistry is widely applied in many fields, such
as the manufacturing of integrated circuits,! bio-sensors,>
solar cells,? fuel cells,* energy storage devices,” and confor-
mal metal coatings.® There are strong interests in how the
nanostructure may influence electrochemistry and how the
optimization of an electrochemical process can play a role
in the synthesis of nanostructures.”'? Electrochemistry at the
macro-scale is well developed.!! However, electrochemistry
at micro- or nano-scales behaves rather differently,'”>~!3 espe-
cially when the rate of arrival of electrochemical reagents at
electrodes is diffusion limited.'® In situ spectroscopy tech-
niques!” can be a powerful tool to probe the chemical states
of an electrochemical system under active potential control.
If they can be detected, the identification and quantitation of
metastable or reactive intermediates can provide key insights
into reaction mechanisms. Typically, these are best detected
through in situ experiments. However, in situ experiments
are very challenging. If the phenomena of interest are local-
ized at the micro- or nano-scale, the measurements must
be performed in some type of analytical microscope—so-
called spectro-electrochemical microscopy.!®2° In addition
to electron microscopy-based methods which are described
below, there are a variety of absorption, transmission,
and reflectance spectro-microscopies, including in situ UV-
VIS spectro-electrochemistry, to study optically differenti-
ated charge carriers during redox transformation,?! in situ
FT-IR and Raman spectroscopy to probe electrochemical
changes in chemical bonds,?” in situ Electron Spin Reso-
nance (ESR) spectroscopy for the characterization of radi-
cal anions and cations in the electrochemical double layer
region,” in situ NMR spectroscopy for the investigation
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and characterization of electro-organic reactions,* etc. Often,
these in situ techniques are used in combination with con-
ventional electrochemical characterization techniques such
as electrochemical impedance spectroscopy and AC con-
ductance studies.!! On similar lines, the development of
in situ soft X-ray, microscopy, with in situ flow capabil-
ity to change the electrolyte, would enable experimenters to
investigate electrochemical processes with chemical sensi-
tivity (X-ray absorption spectra) and high spatial resolution
(~25 nm). A successful spectro-electrochemical microscopy
requires adequate chemical sensitivity to the sample sys-
tem of interest, electrical contacts, the presence of a suit-
able electrolyte (often aqueous), and, if possible, a reference
electrode.>>26

We are developing in sifu electrochemical instrumen-
tation and methods for soft X-ray Scanning Transmission
X-ray Microscopy (STXM). The STXM provides chemical
speciation and quantitative analysis at a spatial resolution of
~25 nm.?’ The spectroscopic basis of STXM is near edge X-
ray absorption spectroscopy (NEXAFS).?8 In 2005, our group
first demonstrated in situ soft X-ray STXM electrochemical
capabilities.”” Since then it has been extensively developed
and exploited by Bozzini and co-workers**=3? for a range of
systems and, more recently, by several groups for in situ and
operando studies of lithium batteries*>—3> and for metal depo-
sition.’®37 However, in situ electrochemical-STXM experi-
ments are still very challenging due to the large attenuation
coefficients of soft X-rays and the very short focal length of
the soft X-ray STXM. Improvements in instrumentation and
methods are needed. In the hard X-ray region (>2 keV), in situ
electrochemical studies using spectroscopy?®*° and spectro-
microscopy*” are quite well developed since the constraints in
terms of the sample thickness and cell dimensions are much
less severe.

In situ studies of electrochemical processes using
transmission electron microscopy (TEM) have become

Published by AIP Publishing.
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popular recently, stimulated in large part by the availability
of reliable commercial instrumentation. Although there were
earlier attempts,*'=*3 the first in situ electrochemical studies
using the modern TEM were reported by Williamson et al.
in 2003.* In recent years, many groups have applied in situ
electrochemical electron microscopy techniques to study metal
deposition,lg"‘s‘47 Li battery systerns,“g'49 fuel cells,’® and
other systems.’! The in situ electrochemical TEM is very
powerful since it combines very high (sub-nm) spatial resolu-
tion and rapid data collection, including real time imaging.>>
There are cases where spectroscopic methods—specifically
energy dispersive X-ray spectroscopy (EDS)—have been used
to perform local elemental analysis in the in sifu electro-
chemical TEM.>3 However, the thick fluid media of an elec-
trochemical cell cause extensive multiple scattering,*” which
makes it difficult to perform core level electron energy loss
spectroscopy (EELS), which is the only TEM-based analyt-
ical method providing information on oxidation states and
chemical speciation. Although spatial resolution (~25 nm) is
worse and data acquisition speed (~10-30 s/image) is slower
in the STXM compared to the TEM, the ability to perform
high quality X-ray absorption spectroscopy for the identifi-
cation of chemical species provides a strong motivation for
the development and application of in situ electrochemical
soft X-ray STXM. Our ultimate goal is to provide STXM
instrumentation platforms similar to those for in situ elec-
trochemical TEM for applications in many areas including
energy materials, environmental sciences, and soft matter
research.

Previously, we demonstrated the in situ electrochemical-
STXM under sealed, non-flow conditions in a study of elec-
trochromism in electrodeposited polyaniline.?” More recently,
we have reported preliminary results on the role of electrolyte
pH in determining the chemical species present in copper
electro-deposition and stripping.>* The in situ system used for
that Cu study, which was phase 1 of this instrument develop-
ment project, was only capable of operating with a sealed cell.
However, for in situ X-ray spectro-electrochemical studies, it
is advantageous to be able to flow electrolytes and reagents
into and out of the in situ cell. An instrument capable of
flow electrochemical studies allows an experimenter to per-
form electrochemical studies under kinetic growth conditions
through continuous replenishment of the electroactive species.
It also provides the ability to change the electrolyte, to control
pH, or to change concentrations of reactive species (within the
scope of the system under study) rather than setting up a whole
new device.

This paper reports our recent progress toward the devel-
opment of a reliable and cost-efficient system to perform
in situ flow electrochemical STXM studies. This consists of
custom micro-fabricated silicon chips having X-ray transpar-
ent silicon nitride windows with lithographically deposited
electrodes, which are combined with a novel 3D printed sam-
ple holder with provision for the flow of the electrolyte and
mounting in the STXM using a common 3-pin kinematic
mounting scheme.” The performance of the current device
(referred to as phase 1b) as a tool to investigate electrochem-
ical changes at electrode-electrolyte interfaces is evaluated
through an in situ flow electrochemical STXM study of copper
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electro-deposition and electro-stripping at the gold working
electrode.

Il. INSTRUMENTATION
A. Silicon chip device: Design and fabrication

Figure 1 presents details of the phase 1b silicon device
for the in situ flow electrochemical STXM developed by the
academic authors in collaboration with Norcada, Inc. Two cus-
tom silicon chips were fabricated: one with electrodes (chip
“E”) and the other with a channel defined by a spacer (chip
“F). The electrode chip “E” [Fig. 1(a)] is 12 mm X 5 mm
in size, 200 pum thick silicon with 3 gold electrodes, which
are at a mm scale on most of the chips and reduce in size to
um scale on the 100 nm thin, X-ray transparent silicon nitride
membrane window of size 200 um X 80 um. The entire sur-
face of chip “E,” except the window and small areas around
the window (270 um X 150 um) and the electrical contact
pad of the electrodes at the top (5 mm X 2.5 mm), is coated
with an electrically insulating passivation layer to ensure that
almost all the observed electrical signals come from the win-
dow area where STXM studies can be performed. Two square
inlet and outlet ports (0.8 mm X 0.8 mm), placed with ver-
tical offsets, are etched through electrode chip “E” to allow
provision for the continuous or intermittent flow of the liquid
electrolyte.

Figure 1(d) is an expanded view of the window region,
showing the detailed design of the active region of the elec-
trodes. The hemispherical electrode at the top is used as the
working electrode (WE). The large electrode on the right is
used as the counter electrode (CE). The third, narrow electrode,
to the left of the WE, is used as the reference electrode (RE).
Together they form a three-electrode cell system. The elec-
trode design differs from designs in analogous planar devices
for in situ electrochemistry, which typically have the counter
electrode surrounded by a circular working electrode.*-° Our
design was chosen in order to have a sufficient area on the WE
for ink-jet printing a structure similar to the cathode in a poly-
mer electrolyte membrane fuel cell (PEM-FC), a future goal of
this project. Another reason for this choice of electrode design
is to minimize the chance of shorting the CE and WE by elec-
trodeposited dendrites. The darker circles on the WE and the
CE are regions with a much thinner Au coating to allow studies
on an area where there is no edge-enhanced field and where
the electrode absorption is sufficiently small to allow studies
at the C 1s edge.

The spacer chip “F” [Fig. 1(b)] is 9 mm X 5 mm in size,
200 um thick silicon and has a 240 ym X 120 um, 50 nm
thin X-ray transparent Si3N4 window, fabricated using Nor-
cada proprietary hydrophilic SiNx. Most of the surfaces of
chip “F” are coated with a 1.5 um thick, non-polymeric, insu-
lating, hydrophobic spacer layer, leaving a hydrophilic “J”
shaped flow channel. The tops of the “J” channels align with
the two flow ports on the electrode chip, “E,” and arcs around
the window on the spacer chip. This “J” channel defines the
path for the liquid electrolyte to flow to and over the window
region. The hydrophilic character of SiNy used facilitates the
flow of the aqueous electrolyte within the channel. Figure 1(c)
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FIG. 1. Design of silicon/silicon nitride
chips for use in in situ flow electro-
chemistry STXM studies. (a) Electrode
chip “E.” (b) Spacer chip “FE.” (c) Car-
toons of the electrode and spacer chip.
(d) Expanded view of the soft X-ray

transparent silicon nitride window and
@ 0 electrodes. (e) Cartoon of the assembled
device.
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contains images from the CAD models of the electrode and
spacer chip. The idea is to enclose a 1.0—1.5 um thin film of the
liquid electrolyte between the two chips. After assembling the
electrode chip as the downstream chip and the spacer chip as
the upstream chip, a complete, but unsealed, cell is formed

[Fig. 1(e)].

B. Sample holder design and fabrication

An in situ flow electrochemical cell holder (called the
phase 1b holder) was designed and fabricated using a Projet®
3510 SD multi-jet 3D printer. Its functions include support-
ing the assembled electrode chips, attaching the system to the
3-pin STXM kinematic mount,>* hermetic (liquid-tight) seal-
ing the sandwich of electrode-spacer chips, connecting to the
fluid flow, and establishing electrical biasing. The holder con-
sists of three pieces: the base [Fig. 2(a)], the keeper [Fig. 2(b)],
and the bias [Fig. 2(c)]. These parts were 3D printed using a
UV curable acrylic polymer (Visijet M3 crystals). The acrylic
polymer is a semi-solid gel in its uncured form. After UV expo-
sure and curing, it does not contain any voids, which minimizes
outgassing under high vacuum conditions.>’

The sides of the base piece have thin, uniform areas (fins)
with smooth edges, which are sized to slide into the 3-pin
kinematic mounting scheme used in many soft X-ray
STXMs.>> The base has two ports on the top, which mate
with flangeless microfluidic fittings (Idex model M660)°8 that
are used to connect the device to a syringe pump (New Era
Syringe Pump, NE1010)* through ethylene tetrafluoroethy-
lene (ETFE) tubing (Idex model Tefzel™ 1517).%8 The syringe
pump is used in the infusion mode in order to maintain a sta-
ble, low rate flow of fluid into the STXM in situ cell. The
base piece has a 400 um deep rectangular slot [Fig. 2(a)] into
which the assembled silicon chips “E” and “F” are placed.
The surface of the rectangular housing has two hollow frus-
tum shaped features [Figs. 2(d)-2(f)], which align and plug
into the flow ports on the electrode chip. These features are
surrounded by grooves to house O-rings®® (1.5 mm diameter
X 0.45 mm width) which seal between the holder and the flow
ports on the electrode chip. The keeper piece is designed to
hold the two chips in place when the holder is mounted verti-
cally in the 3-pin mount in an oxygen-free helium environment.
00-80 NCF stainless steel (SS) screws are used to apply a gen-
tle pressure on the O-rings in order to seal the flow channel.
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The initial hope was that the pressure exerted by the keeper
piece on the pair of chips would provide a vacuum-tight seal
using the hydrophobic spacer coating as a gasket. However,
when assembled and tested under high vacuum, there were
leaks at the interface between the electrode and spacer chips,
so the present work was conducted under a static 1 bar of
helium gas, achieved by flowing He through the STXM cham-
ber for ~15 min to displace the air. The absence of a pressure
differential meant there was negligible leak of the electrolyte
from the cell into the STXM chamber.

The bias piece is equipped with three copper electrical
contact strips of 10 X 1 mm dimensions, which slide into 3
parallel slots on the bias piece. These strips make contact with
the Au electrodes on chip “E” and are fixed in position using
00-80 NCF screws to attach to the insulating polyacrylate body
of the holder. This provides an independent electrical connec-
tion of the 3 electrodes on the window to a potentiostat (Ivium
Pocketstat)®! located outside the STXM. The electrical inter-
face through the STXM chamber wall uses standard Bayonet
Neill-Concelman (BNC) connectors at ambient-STXM at the
Canadian Light Source (CLS) and SubMiniature version A
(SMA) connectors at STXM 11.0.2 at the Advanced Light
Source (ALS).

Figure 3(a) (Multimedia view) presents an exploded view
of the assembled in situ flow cell on the holder. Figure 3(b)
(Multimedia view) is a photograph of an assembled device
ready to mount in the STXM. So far, this device has been
tested for compatibility and used with STXM instrumentation
at PolLux-X07DA at the Swiss Light Source (Switzerland),
with STXM 11.0.2 at the Advanced Light Source (Berke-
ley, California, USA), and at the ambient-STXM on beamline
10ID-1 at the Canadian Light Source (Saskatoon, Canada).

Rev. Sci. Instrum. 89, 063702 (2018)

FIG. 2. Design of the in situ flow cell
3D printed holder. (a) Overall design of
all components. (b) Design of the keeper
piece. (c) Design of the biasing piece.
[(d) and (e)] Detail of o-ring sealed flow
@ ports. (f) Isometric view of detail B (e).

lll. EXPERIMENTAL METHODS
A. Sample materials

The Cu 2p reference spectra for Cu(r) and Cu(1) species
were obtained from an ex situ sample prepared on a two
electrode silicon chip by constant current electrodeposition
on Au from an electrolyte of 0.1M CuCl, - 2H,O (reagent
grade, >99%, Sigma-Aldrich) in milli-Q water (<20 ppm)
for 2 min (min). This resulted in finely segregated species
of Cu(1) and Cu(0), and some amount of precipitated CuCl,
salt on the window surface due to inadequate washing post
electro-deposition. A copper metal [Cu(0)] reference sam-
ple was prepared by electrodeposition at —0.5 V for 20 s
from an electrolyte of 10 mM CuSOy in 0.1M H,SO4 solu-
tion, on the Au electrodes of two electrode silicon chips.
The chemicals used for the in situ flow study were cupric
sulphate pentahydrate (CuSOj4 - SH,O, reagent grade, Sigma-
Aldrich, >98%), ammonium sulfate [(NH4),SOq4, reagent
grade, Sigma-Aldrich >98%], and sulphuric acid (H,SO4,
reagent grade, Sigma-Aldrich, 95%-98%).

B. Scanning Transmission X-ray Microscopy (STXM)

The results reported in this paper were measured using
the ambient-STXM on CLS beamline 10ID1.%? The instru-
mentation, typical imaging techniques, and analytical spectro-
microscopy methods have been described elsewhere.”’ In
brief, the sample is raster scanned at the focus of a Fresnel
zone plate while synchronously measuring the transmitted,
monochromatic X-ray flux. Image sequences at a series of
photon energies (also referred to as stacks®®) are recorded
for subsequent detailed analysis. Point spectra, single images,
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COMPONENTS
ITEM | QTY PART NUMBER DESCRIPTION
@ 1 1 |Base Holder Acrylic Resin - 3D Printed
2 2 |O-ring Rubber - 1.4mm I.D - 0.4mm H
3 1 |Silicon Wafer Devices |Microfabrication - Norcada Inc.
t t 4 1 |[Biasing Piece Acrylic Resin - 3D Printed
t 7 5 1 |Keeper Piece Acrylic Resin - 3D Printed
6 2 |Microfluidic Fittings PEEK - 1/16" I.D
7 6 |Screws 00-80 NCF Screw
8 2 |Tubing ETFE-1/16" O.D-1mm 1.D

All Dimensions are in mm.

line scan spectra, or few-image stacks are used, coordi-
nated with continuous or step changes in the cell potential
in order to follow electrochemically induced changes to the
system.

As-measured transmission images are converted to opti-
cal density (OD) images through the Beer-Lambert Law,
OD =1log(Ip/T), where I is the incident photon flux, which can
be measured either through a hole in the phase 1b holder or
through an area of the silicon nitride windows of the cell where
there is only electrolyte, and I is the photon flux transmitted
through the sample area of interest. aXis2000%* was used for
stack alignment, conversion to OD, and generation of chem-
ical maps from the in situ data. The spectra of Cu(0), Cu(1),
and Cu(m) oxidation states, recorded separately from the pure
materials, were converted to the optical density per nanome-
ter thickness (OD1) intensity scale?’ by scaling the measured
OD outside the near edge structured region to match the ele-
mental OD1 computed from the tabulated elemental cross sec-
tions,® the elemental composition, and the material densities
894 ¢ cm™3, 6.00 g cm~3, and 6.31 g c¢m™3 for Cu metal %
Cu,0,%” and CuO,%® respectively).

C. In situ flow cell setup

Successful operation of a microfluidic flow cell requires
a minimal dead volume in the system during operation, so
the inlet tubing and the outlet tubing are pre-filled with the
electrolyte using a syringe fitted with a 0.5 pum rated syringe

FIG. 3. (a) Cartoon showing the assembly of the
in situ flow cell on the 3D-printed holder. This is
a frame from an animation of the assembly proce-
dure. (b) Photograph of a completely assembled device
ready to mount into the STXM. Multimedia view:
https://doi.org/10.1063/1.5023288.1

filter (BD plastic).®” An in situ flow cell was assembled using
the phase 1b silicon chip devices. A detailed, illustrated guide
to the device assembly procedure is given in the first author’s
M.Sc. thesis.”” An animation of the assembly process as an
mp4 movie is available as a linked Multimedia view from the
electronic version of the paper. A movie showing chemical
maps of the changes in Cu chemistry at the working electrode
as a function of applied potential over 3 cycles is also provided
as a Multimedia view available from the electronic version of
the paper.

After the assembly of the device, a flow rate of 24 ul/h was
set on the syringe pump and was left under continuous flow
for 1 h until a small droplet of the electrolyte was observed
at the end of the outlet tubing. The flow rate of 24 ul/h was
chosen based on Hagen-Poiseuille calculations for the flow
of fluid through a rectangular microfluidic channel, using the
dimensions of the J-channel in the flow cell [Eq. (1)],”!

3
h]thp, )

0= [1 0.630W 2L
where Q is the flow rate of the electrolyte, 4 is the height
of the spacer layer (1.5 um), w is the width of the channel
(1000 pm), 7 is the viscosity of the electrolyte, L is the length
of the channel (~10 mm), and 4p is the pressure head between
the inlet and the outlet flow ports on the chip assembly, which
was calculated to be 0.01 bar, based on the average velocity of
the fluid flow and equivalent diameter of the microchannel.”?
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Although the X-ray path length from the Si3sN4 window
isolating the STXM tank from the ultrahigh vacuum (UHV)
beamline to the detector is only 3-6 mm (the distance depends
on photon energy), at atmospheric pressure of air, most of
the soft X-ray flux is absorbed by the air before reaching the
detector. While it is possible to perform STXM with 1 atm
air present at 395 eV (i.e., below the onset of absorption by
Nj), it is generally best to replace the air with He for bet-
ter quality measurements, to access the full spectral range of
the beamline and to avoid additional radiation damage from
activated oxygen species. In our experience, despite careful
tightening of the keeper piece, and even with epoxy sealing, if
the STXM is actively pumped to high vacuum, the phase 1b
flow cell will leak the electrolyte from the edges of the silicon
chip sandwich, i.e., the spacer layer in chip “F” does not act as
a gasket. Over the long term, the small residual leak can dam-
age the STXM. Thus, we minimize the amount of the leaked
electrolyte by always keeping the pressure at 1 atm. Opera-
tionally, the air in the STXM tank is displaced by (i) opening
an exit valve and (ii) establishing a slight overpressure of pure
He such that there is a low flow of He gas at the exit valve (all
other ports on the STXM tank must be fastened with screws
to avoid the back flow of air). The time required to replace the
air with He depends on the volume of the STXM tank and the
overpressure, but it is typically 10-15 min. The progress of air
removal can be monitored by measuring the transmitted X-ray
signal at401.1 eV (the peak of the N 1s — xt* transition in N»).
Once the 401.1 eV signal is saturated, the STXM tank is sealed.

D. In situ flow cell electrochemical STXM:
Data acquisition and treatment

The STXM acquires data serially, with each pixel in an
image measured sequentially. Since the main goal is to visu-
alize electrochemical changes, the acquisition scheme was
chosen to allow chemically sensitive measurements as fast as
possible. Previously multi-point spectra and line-scan spec-
tral measurements have been used for in situ electrochemical
studies.?’ In this work, we wished to image electrochemi-
cal changes over most of the working electrode so we mea-
sured a series of image sequences (stacks), each consisting
of 3 discrete energies chosen to visualize and quantify Cu
species present over restricted potential ranges during contin-
uous potential scan in situ operation. The energies chosen were
930.5 eV (pre-edge background), 933.1 eV [main Cu 2p — 4s
peaks of Cu(1) and Cu(0), which overlap], and 937.0 eV [first
continuum multiple scattering peak of Cu(0), where the ratio
of the 933.1-937.0 eV intensities are very different for Cu(0)
and Cu(1)]—see Fig. 4. The signals at these three energies are
analyzed by fitting the values at each pixel to the OD1 refer-
ence spectra (Fig. 4) to generate quantitative component maps
of Cu(0) and Cu(1). Although the 930.5 eV signal is where
Cu(u) absorbs (see Fig. 4), the amount of Cu?* in the elec-
trolyte is so small that it can be safely ignored, and thus the
signal at 930.5 eV is a valid pre-edge measure of the non-Cu
intensity, associated with the silicon nitride windows, water,
and Au electrodes.

An Ivium Pocketstat potentiostat®! was used for all elec-
trochemical measurements. The performance of the phase 1b

Rev. Sci. Instrum. 89, 063702 (2018)

Cu 2p
A
E B 5 um’* Cu(ll)
= Cu(l)
) l ] Cu(0)
Ot o o o o 0 ¢ ¢ ¢ o0 ¢ 9 9 9444441

930 940 950 960 970
Photon energy (eV)

FIG. 4. Cu 2p reference spectra of Cu(0), Cu(1), and Cu(ir), measured from
electrodeposited Cu metal, CuCl, and CuCl, - 2H; O, respectively. The inten-
sity scale is absolute in terms of the OD/nm thickness at standard densities
of the solids (OD1). The arrows labeled A, B, C indicate the energies used to
determine Cu(0) and Cu(r) amounts in the in situ flow electrochemical study.

in situ flow electrochemical STXM was evaluated by prob-
ing the spatial distributions of the Cu(0) and Cu(1) species on
and beside the working electrode at several potentials during
a very slow (5 mV/s) but continuous cyclic voltammetry scan
which spanned potentials for both the reduction and oxidation
of Cu. Based on our earlier work under static conditions,>*7°
electrodeposition at potentials below —0.3 V (with respect
to the Au reference electrode on the device) from a 0.1M
H,S04 electrolyte (pH = 1) with less than 0.1M CuSOy - SH,0
yields only copper metal. When the electrodeposition is carried
out at higher pH (2.5-4.0) under restricted diffusion condi-
tions, and without an added supporting electrolyte, there is
co-deposition of a Cu(1) species (Cu,0).”%73 Here an aqueous
solution of 5 mM CuSOy - 5H,0 in milli-Q water (<20 ppm)
(pH = 4.75) was the electrolyte, and the in situ STXM was
used to probe the amounts and spatial distributions of Cu(r)
and Cu(0) species. In order to increase the ionic conductiv-
ity of the electrolyte and to minimize the ohmic (IR) drop,
25 mM (NH4),SO4 was used as a supporting electrolyte. Three
cycles of in situ cyclic voltammetry (CV) through a potential
range of +0.15 to —0.5 V at a sweep rate of 5 mV/s were per-
formed while maintaining an electrolyte flow rate of 24 ul/h.
At this flow rate, the volume measured by the STXM
(30 um x 30 um x 2 pm = 1800 um? or 1.8 x 107¢ pul) is
replaced every 0.3 ms, so itis safe to assume that the electrolyte
composition, in particular, [Cu2+], was maintained constant
throughout the measurement.

The parameters defining the image quality, scan area, step
size, and dwell time/pixel were chosen so that the acquisition
time for each image was ~20 s. The CV potential scans (scan
rate of 5 mV/s over a potential span of 1.3 V, executed automat-
ically over 3 cycles) took 780 s. Thus, during the course of a
single in situ measurement, 13 stacks were acquired, each con-
taining 3 images. These parameters are a balance between the
image size, spatial sampling, chemical sensitivity, and speed
of data collection.
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@ Contant (Au electrode)

(d) Residual of fit

@ Cu(0) Cu(I) Au electrode

FIG. 5. Component maps for (a) Cu(0), (b) Cu(I) and (c) constant (Au elec-
trode) derived from a singular value decomposition fit of a 3-energy Cu 2p
stack during in-situ flow electrochemical study. The grayscale units are nm
thickness, at standard density. (d) Residual map from the fit (grayscale in
units of OD). (e) Rescaled color coded composite map of Cu(0) (red), Cu(I)
(green) and Au electrode (blue).

Each 3-energy stack, consisting of OD images (100 x 83
pixels) at 930.6,933.1, and 937.0 eV, was aligned, converted to
optical density and fit using singular value decomposition’* to
the Cu(0) and Cu(1) OD1 reference spectra (Fig. 4), and a con-
stant, representing the Au electrode. An example is presented
in Fig. 5 which displays the Cu(r) and Cu(0) and constant com-
ponent maps and the residual of the fit, as well as a color coded
composite. The maps from the in situ data are quantitative due
to the use of OD1 reference spectra in the fit. Outlier signals
in the component maps are removed by histogram clipping,
and a color composite map with rescaling is generated using
red for Cu(0), green for Cu(1), and blue for constant (the Au
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electrode). This gives a visual representation of the distribu-
tion of Cu(0) and Cu(1) species [Fig. 5(e)]. Threshold masks
(map of components on a 0/1 z-scale) were then generated
from the Cu(0) and Cu(1) thickness maps in order to derive the
average amounts of Cu(r) and Cu(0) at each potential. After
multiplying the thickness maps by the threshold masks, the
non-zero pixels were averaged to give the average thickness of
the Cu(0) and Cu(r) deposits at a given potential in the 3-cycle
in situ measurement. The resulting average thickness and area
information were used to compute the amount (in ng) of each
component deposited, through conventional mass-density cal-
culations using standard densities. To evaluate uncertainties,
a similar procedure of averaging the thickness data for each
species was repeated 3 times.

IV. RESULTS

A. Reference spectra of pure species
and speciation strategy

Figure 4 presents the Cu 2p X-ray absorption spectra for
Cu metal, CuCl, and CuCl, - 2H, O, on an absolute OD1 inten-
sity scale. These spectra are similar to literature spectra of Cu
metal,”> Cu,0,”* and CuO’®”7 in terms of shape and ener-
gies of the absorption peaks. Energies of the main spectral
features in these reference spectra are compared to literature
values in Table I. The first strong peak in the Cu 2ps3, por-
tion of the 3 spectra occurs at 930.6(2) eV (A), 933.06(8) eV
(B), and 933.1(2) eV, for Cu(m), Cu(1), and Cu(0), respectively.
For Cu(ir), where there is a hole in the 3d band ([Ar]3d°), the
strong, sharp peak at 930.6(2) eV is due to Cu 2p3, — 3d
transitions. The exact position of the 2p3/, — 3d transition in
Cu(r) compounds depends on the local environment. Phillips
et al.’” have reported variations of up to 0.8 eV in the Cu 2p3)
— 3d peak position for a series of organic carboxylate ligands.

For Cu metal, the first Cu 2p absorption peak occurs at
933.1 eV, which is ~3 eV higher than that of the first peak
in Cu(m). At first glance, this is surprising because core exci-
tation edges usually shift to a higher energy with increasing
oxidation state. However, the 3d band is full in metallic cop-
per ([Ar]4s!3d!%) and thus the 2p — 3d transition is forbidden.
The first peak in Cu(0) is the 2p3;, — 4s transition. The first
Cu 2p absorption peak for Cu(1) essentially coincides with that
of Cu metal, but it is significantly narrower and more intense.
The Cu 3d band is also filled in Cu(1) ([Ar]4s°3d'%); thus, the
onset peak in Cu(1) is also assigned to Cu 2p — 4s transi-
tions. The Cu 2p — 4s transition intensity is larger in Cu(1)
than Cu(0) due to the lower ground state occupancy of the 4s

TABLE 1. Energies of characteristic features in the Cu 2p spectra of Cu(0), Cu(1), and Cu(1) species.

Energy (eV)
Compound ~ Chemical state Transition Experiment® Ref. 77 Ref. 76 Ref. 83 Ref. 84
CuCl, Cu(m) 2p3p — 3d 930.6(2) 930.0(8) 931.3 ... 931.3
CuCl Cu(n) 2p3pn — 4s 933.06(8) . 933.7 ... 933.4
Cu Cu(0) 2p3p — 4s 933.1(2) .. 933.7 932.0(4)

Peak position calibrated with the 1s — 3p transition of Ne gas (867.23 eV®).
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level.”>”” Due to the well-defined local structure and strong
scattering power of Cu relative to O or Cl, the region between
936 and 944 eV in Cu metal shows strong multiple scattering
features which provide a unique signal to differentiate Cu(0)
and Cu(1). Peak C (Fig. 4) at937.0eV in Cu(0) was used for this
purpose.

B. In situ monitoring of Cu electrodeposition

Figure 6(a) plots CV signals obtained in one of the in situ
flow experiments of Cu electrodeposition and electrostripping
conducted on a system of S mM CuSOy - SH,0 in a 25 mM
solution of (NH4),SO4, prepared in milli-Q water using the
phase 1b in situ flow electrochemical STXM. As the CV scan
proceeds, 3-image Cu 2p stacks are collected continuously.
Figure 6(b) presents the potential-time plot, which also indi-
cates the voltage ranges over which each of the 3-energy stacks
are acquired. Figure 7(a) (Multimedia view) plots the cur-
rent as a function of time for the 3-cycle CV measurement.
Figure 7(b) (Multimedia view) presents selected red-green-
blue (RGB) color coded composites of the component maps
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FIG. 6. (a) Cyclic voltammogram (CV) signals measured during the oper-
ation of the in situ flow cell with 5 mM CuSO4 - 5H;O and 25 mM
(NH4),SO4 supporting electrolyte, obtained over 3 cycles at 5 mV/s scan
rate. (b) V(t) curve for this study. The start times (0) and ranges (dotted lines)
of time/potential at which each 3-energy stack was measured are indicated.
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FIG. 7. (a) I(t) curve for the 3-cycle CV scan. (b) Frames from the in situ
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in amounts of Cu(0) (red) at the edge of the working electrode (blue)
with detectable amounts of Cu(r) (green) in the electro-reduction half cycle.
Multimedia view: https://doi.org/10.1063/1.5023288.2

corresponding to the peak electrodeposition and electro-
stripping at each cycle. Figure 7(b) (Multimedia view)present
the changes in the amounts and spatial distributions of Cu(0)
and Cu(1) species during the in situ experiment. The movie
presents the alternating deposition and stripping cycles mon-
itored in situ during the cyclic voltammetric scan. The movie
was constructed from frames from a single in situ STXM
study. To improve the viewability, additional images were
generated by linearly interpolating the results of each stack
measurement between consecutive frames. The interpolation
created 1 frame every 1.8 s from the 13 frames (stacks)
acquired experimentally. Each stack took ~60 s to record and
averages electrochemical changes over that period, which
spans a potential range of 300 mV [see STXM stack time lines
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in Fig. 6(b)]. The potentials indicated in Fig. 7(b) (Multimedia
view) are the mean potential of the WE relative to the RE over
the 60 s time.

The shape of the current response in the CV cycles
[Fig. 7(a) (Multimedia view)] is typical for diffusion-limited
electro-deposition and electro-stripping of Cu species.*® At
+0.15 'V, the start value of the potential scan, the current is very
small. When the potential has dropped to —0.2 V, the charge
required to overcome the Helmholtz double layer charge at
the electrode surface has been achieved. This is followed by
a peak in the reduction current at ca. —0.31 V versus Au
reference, which is similar to the reduction peak potential
reported in in situ TEM studies of the same system.*® Sub-
sequently, upon reversing the direction of the potential scan
at —0.5 V, the current is low until a potential of ca. +0.05 V
is reached, at which point a peak in the oxidation current is
observed. Another interesting observation from the CV curve
is the potential of the crossover of the anodic and cathodic
sections of the CV curves. This is due to the use of a Au
electrode, which has an entirely different microstructure com-
pared to copper metal, causing a crystallographic substrate-
metal misfit.”® This is also why the observed reduction poten-
tials are larger than the standard reduction potentials of
copper.

The observation of oxidation and reduction features in the
CV curve can be correlated with the RGB maps in Fig. 7(b)
(Multimedia view) as follows. During cycle I of the CV, the
frame corresponding to the first observed electrodeposition is
recorded over the potential range from +195 to —105 mV. The
first electro-stripping is observed on the positive scan direc-
tion from —200 to +100 mV. In the first cycle, the charge
applied is used mainly for double layer charging, nucleation,
and initial growth of Cu islands, followed by stripping. Small
traces of Cu metal after stripping indicate a certain extent of
irreversibility in the diffusion-controlled deposition and strip-
ping of Cu. During cycle II, the electro-deposition occurs
at more negative potentials (—200 to —500 mV) while the
electro-stripping occurs at similar potentials (=200 to +100
mV). The deposition that occurs in cycle II is likely facil-
itated by the presence of pre-deposited Cu providing more
defects/active sites for the induced growth of the deposits.
In the third cycle, extensive further deposition occurs in the
reduction half-cycle, but many of the electrodeposited den-
dritic Cu structures lose electrical contact with the WE and
thus are not oxidized in the stripping potential range. The
amount of Cu(1) steadily increases throughout the 3-cycle
process. Further insights into the reversibility of the Cu elec-
trochemical system at these conditions are given in the next
section.

C. Quantitation of in situ electrochemical STXM data

The integrated amount of the Cu(0) and Cu(1) species at
each point in the 3 cycles was determined from the quantitative
component maps. Masks (1/0 pixel maps) were generated from
the quantitative component maps for Cu(0) and Cu(1) by setting
a thickness threshold of 5 nm. The multiplication of the full
component map by the mask results in maps of Cu(0)-rich and
Cu(1)-rich areas. Averaging the non-zero pixels in the masked
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component maps gives an average value of the thickness of
the Cu(0) or Cu(1) material as well as the area of the non-zero
pixels. The uncertainty in the average values was estimated
by repeating a similar procedure of averaging thickness data
and using the standard deviation of three repeats as an error
estimate. The mean thickness and area information were used
to compute the quantity, in nanograms (ng) of each component,
through conventional mass-density calculations using standard
densities.

Based on the quantitative data on amounts of Cu(0) and
Cu(1) species in the in situ movie (Fig. 3) (Multimedia view),
it is noted that significant deposition and stripping of Cu(r)
develops only in the 3rd cycle, which unfortunately could
not be used to study the quantitative reversibility of the
electrodeposition system due to the electrical disconnect of
dendrites. Instead, a detailed account of the reversibility of the
system is presented in terms of Cu(0) deposition and stripping.
Figure 8(a) plots the amount of Cu(0) deposited with respect
to time during the potential sweep experiment. The amounts
of Cu(0) at the end of each reduction and oxidation peak were
used to estimate the stripping efficiency at the end of each CV
cycle [Fig. 8(b)]. Based on the in situ movie (Fig. 3) (Multi-
media view) and the stripping efficiency data, it is noted that
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FIG. 8. (a) Quantitation of the amount of Cu(0) deposited as a function of
time during the CV scan and (b) plot indicating the reversibility of the Cu
electrochemical system—a fully reversible system would have a stripping effi-
ciency of 100%. The decreasing stripping efficiency is related to irreversible
deposition due to dendritic growth [see Fig. 6(b)] and loss of electrical contact.
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conformal and near-uniform films at the beginning of the CV
experiment turn into rounded dendrites in the 2nd cycle at
the current densities that were passed through the WE. Upon
reversing the current, parts of the dendrites are left behind in
the electrolyte region, leading to deterioration in the stripping
efficiency during the CV experiment.

V. DISCUSSION

Related to the requirement of pure Cu metal deposition
for semiconductor interconnects,! electrodeposition at cur-
rent densities greater than 45 A/m? as occurred in the 2nd
and 3rd cycles will lead to Cu(1) contamination and dendritic
growth of Cu(0) deposits. Neither phenomenon is desirable.
Thus, a pulse-reversal current deposition at the current densi-
ties observed in the 1st cycle (15-25 A/m?) is advisable for
Cu deposition in order to minimize Cu(1) contamination and
dendritic growth of Cu(0) deposits.

Despite successful demonstrations of in situ flow electro-
chemistry, there are significant limitations of the present phase
1b device. These include the following:

o Small operating window of flow rates owing to the small
cell geometry, which limits higher flow rates. It is proba-
bly also unsuitable for applications requiring a turbulent
flow, such as those used in Zn redox flow batteries. Sys-
tems which can adjust the gap between windows, such
as that developed at UVSOR®” would be able to work at
a higher rate or turbulent flow.

e Lack of a system to vent gases evolved in electrochem-
ical reactions. This precludes the use of the device for
studies of processes involving gas evolution, such as
hydrogen and chlorine electrochemical generation tech-
nologies. There are plans to extend the present device to
include one or two additional ports for gas introduction
and exhaust.

e Successful in situ electrochemical STXM studies
requires prolonged exposure of the sample to soft X-rays
at the absorption edge of the material of interest, which
makes this technique not suitable for materials highly
sensitive to X-ray exposure. In addition, the radiolysis
of aqueous electrolytes is known to lead to solvated elec-
trons, radicals (H, OH), ions, and gases79 which can lead
to significant and unintended modifications of the chem-
istry. This issue has been identified previously in the field
of in situ electrochemical TEM, where the problem is
significantly more severe.

e The current density distribution for this 3-electrode
geometry is such that there is a higher current density
along edges of the electrodes which leads to excess depo-
sition at edges and non-conformal deposition over the
electrode surface. In future, modeling of the fields for
different electrode geometries could lead to a system
with less impact of electrode edges on the outcome of
the electrochemistry.

e Limited parameter ranges: a flow rate of 50 ul/h (twice
that used) caused leaks and occasional window break-
age. Pressure head has to be very small, less than 0.01
bar differential between the inlet and outlet.
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e Finite detection limits, which are set by the use of trans-
mission detection. Typically one cannot detect less than
1% of a component, except in cases of very strong sig-
nals [such as the Cu 2p3¢; — 3p transition in Cu(m)]
where STXM is probably capable of detecting 0.1%.

e Limited area for study. Due to scan speed limitations, it
is not practical to track electrochemical events at high
spatial resolution across the entire working electrode.
However, smaller areas can be recorded more quickly,
and tracking changes at a single position at 1 energy
or with short lines can be done with sub-second sam-
pling, as has been shown previously.” Even with the
slow rate of acquisition used in this work, the abil-
ity to monitor changes in chemical states over space,
time, and applied potential provides added-value rel-
ative to other in situ and operando electrochemical
spectromicroscopy methods.

Overcoming the above limitations is not within the scope
of the current generation of devices. We consider these as a
motivation toward the evolution of “Phase 2” of the in situ
electrochemical STXM. To stress its advantages, the current
phase 1b device is a custom made and cost-efficient system
compared to commercial devices such as the Hummingbird
Scientific’s X-ray liquid holder.®! This allows users the pos-
sibility to explore modifications to the electrode surface, such
as:

e Deposition of battery electrode materials and use of non-
aqueous electrolytes.

e In-jet printing of the PEM-FC catalyst, which is a target
of our future studies.

e Drop-casting of mineral-bacteria complexes at the work-
ing electrode, which has been attempted by Martin Obst
and his co-workers.

Further improvements in the device fabrication and
assembly techniques of the phase 1b instrumentation, which
will lead to a more reliable system for in situ flow electro-
chemical STXM studies, include the following:

e Use of an epoxy sealant at the edges of the sandwich
in order to eliminate leaks due to pressure gradients
in the flow channel. If done carefully, it will be pos-
sible to operate the device in vacuum, which is now a
requirement at some STXM microscopes.

e Use of a calibrated torque wrench to reliably assemble
the bias and keeper piece without cracking the silicon
chips or breaking the SiNx windows.

e Use of chip-to-chip sealing to directly bond the two
chips, thereby forming a vacuum compatible flow cell.
An attempt to use the phase 1b instrumentation with
pumping the STXM tank resulted in a significant fail-
ure. Due to this incident, operating the phase 1b device
with the STXM tank under vacuum is not recommended.
The direct bonding approach should provide reliable,
high vacuum operation for in situ electrochemical stud-
ies, and the electrode surface can be modified by in situ
metal deposition. However, a major limitation of the
direct bonding approach relative to the initial motiva-
tion for this instrument is that it would not be possible
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to introduce solids, such as microtomed polymer thin
films, as electrodes, or for the end-user to directly
modify electrodes, such as to inkjet print fuel cell
cathode layers.

VL. SUMMARY

An electrochemical flow cell for in situ scanning trans-
mission X-ray microscopy studies, consisting of silicon micro-
fabricated chips and a 3D printed holder, was developed
and first results were presented. The silicon wafer devices,
equipped with X-ray transparent Si3N4 membrane windows,
functionalized chip surfaces, and deposited electrodes, provide
a budget friendly platform to carry out studies on electro-
chemical systems at ~25 nm spatial resolution. An opera-
tional procedure for successful setup and the use of the tech-
nique was provided and results were presented from a sample
study of Cu electrodeposition and electrostripping. The sys-
tem should find applications in diverse fields including but
not limited to fuel cell optimization, battery technology, cor-
rosion protection, bio-sensors, studies of environmental redox
processes, etc. A noteworthy observation is the irreversible
formation of dendrites. The dendritic growth of Cu in the fab-
rication of semiconductor interconnects can lead to device fail-
ure.®? The in situ electrochemical STXM technique described
here may be a useful tool for the optimization of electro-
chemical deposition processes and for understanding failure
mechanisms.
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