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ABSTRACT: Electrolysis of impure water (such as seawater) has
recently garnered research interest as it may enable hydrogen
production at reduced costs. However, the tendency of impurity
ions and other species to degrade electrocatalysts and membranes
within an electrolyzer is a serious challenge. Here, we investigate
the effects of copper impurities of varying concentrations on the
hydrogen evolution reaction (HER) using platinum electro-
catalysts. A decrease of current density is observed with an
increasing copper concentration. By comparing the effect of ionic
impurities on current density at different concentrations, we gain Bare electrode
insight into how impurities can interfere with the HER at different

potentials. Surface characterization of the electrodes reveals

differences in the morphology and extent of copper deposition

on HER-active platinum vs inactive gold electrodes. This enables an improved understanding of how copper nucleates and grows on
the two types of electrodes under different electrochemical conditions while also confirming deposition in low-concentration cases,
as present in seawater. The results indicate that copper electrodeposition competes with the HER, and the nature of copper
electrodeposition varies depending on the electrocatalytic activity of the electrode. This study provides insight toward catalyst design
that can withstand the effects of impurity-induced degradation over extended use.
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H INTRODUCTION rendering these sites unavailable for binding to reaction
intermediates.”> ™%’

Hydrogen is a sustainable alternative to fossil fuels due to its o ) o
At the positive electrode in an electrolyzer, oxidation of

versatility as an energy carrier for transportation and grid

1-6 ; anions such as chloride*"***’ and bromide®”*" can compete
storage.” ~ Electrolysis of water to form hydrogen and oxygen p
can be used to produce hydrogen with renewable electric- with the oxygen evolution reaction (OER), which can affect
ity.”~'" While electrolysis is a well-known process, there are the catalytic selectivity toward OER.*** For the hydrogen
several limitations hindering efficient and cost-effective hydro- evolution reaction (HER) at the negative electrode, platinum
gen production.'' ™" (Pt) is usually regarded as the ideal electrocatalyst,54_56 and it

One limitation of hydrogen production is that commercial has been the primary focus of electrocatalyst design for water
electrolyzers require ultrapure water,""> and purification electrolysis.‘w’58 However, metal ion impurities within the
involves significant capital investment and is energy intensive. electrolyte that exhibit a reduction potential within the range
Investigation of direct seawater splitting has been carried out of HER can deposit on the electrocatalyst, affecting the HER
recently t(l)é_lz)otentially reduce the cost of hydrogen efficiency”"***” and thus influencing the operation of the

production.'*™*® Much work has focused on electrolyzers,
with work on membranes™' ~>* and electrocatalysts”* " for the
direct electrolysis of seawater. However, the practicality of
seawater splitting is disputed due to the associated
complications.”" Tonic or organic impurities naturally present
in seawater can impact electrolyzer operation by reacting with
or deactivating various components.’””® This effect is
particularlgr damaging to the membranes®* ™ and electro-
catalysts.""~** Impurities can severely degrade catalytic activity e
by occupying active sites and poisoning the catalyst surface,

electrolyzer. Underpotential deposition of different metals on
Pt has been widely studied, highlighting metal ion impurities
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Figure 1. (a) CV tests of Pt and Au electrodes in 0.5 M H,SO, electrolyte. (b) Fifth-cycle CV tests of Pt and Au electrodes in 0.5 M H,SO, + 50
mM CuSO, electrolyte. (c) Fifth-cycle CV tests of Pt electrodes in 0.5 M H,SO, (dotted black), 0.5 M H,SO, + 1 uM CuSO, (red), 0.5 M H,SO,
+ 1 mM CuSO, (blue), 0.5 M H,SO, + 10 mM CuSO, (green), and 0.5 M H,SO, + 50 mM CuSO, (purple), with magnified inset to show the
oxidation peak for 1 mM CuSO,,. (d) Fifth-cycle CV tests of Au electrodes in 0.5 M H,SO,, (dotted black), 0.5 M H,SO, + 1 uM CuSO, (red), 0.5
M H,SO, + 1 mM CuSO, (blue), and 0.5 M H,SO, + 50 mM CuSO, (purple), with magnified inset to show the curve for 1 mM CuSO,.

that can potentially affect the efficiency of HER,”" along with
comparisons to other electrocatalyst materials.®'

Copper (Cu) ions warrant investigation as a prototypical
impurity since their reduction potential is near the HER
potential (0.34 V vs SHE for Cu®>*/Cu and 0.15 V vs SHE for
Cu?*/Cu’), and this ion is also found in seawater in
concentrations ranging from 0.01 M to greater than 3 uM
due to industrial contamination.’”®® It has been well-
documented that underpotential deposition of Cu affects
HER,**®® but there is a limited understanding of how the
electrodeposition of Cu influences electrocatalyst evolution
and HER characteristics. In particular, understanding how the
dynamic deposition of Cu from electrolytes with different
concentrations influences the HER on various electrocatalyst
materials is needed. This information may further be used to
understand the effect of other ionic impurities on electrolyzer
behavior.

Here, we investigate the effect of Cu ionic impurities on
HER in an acidic environment using Pt electrodes, and we
contrast this behavior with gold (Au) electrodes. These
materials represent both electrocatalytic and nonelectrocata-
Iytic systems.*°>®” This study thus aims to understand how
impurities interact with different metallic electrodes with
different levels of electrocatalytic activity. An acidic environ-
ment is used to isolate the effects of Cu impurities to fully
understand their effects on the HER without interfering effects
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of pH gradients or other species. We study the effects of
varying Cu concentration to understand electrochemical
competition between Cu electrodeposition and the HER.
Scanning electron microscopy (SEM), atomic force micros-
copy (AFM), and X-ray photoelectron spectroscopy (XPS) are
used to investigate the morphology and chemistry of the
electrode surfaces after operating under different electro-
chemical conditions. The results show a decreasing trend of
current density with increasing Cu concentration, which
indicates that the presence of Cu ions suppresses HER,
resulting in a concentration-dependent trade-off between HER
and Cu electrodeposition. Surface characterization reveals
differences in the shape and morphology of Cu deposits on Au
and Pt, suggesting that HER influences the nature of
electrodeposition. Furthermore, Cu deposition is observed at
all considered concentrations (including at the relatively low
concentrations of Cu in seawater). This work highlights the
competition between impurity deposition and HER, as well as
the importance of understanding and controlling impurity
effects in electrolysis.

B EXPERIMENTAL METHODS

Working Electrode Preparation. To prepare the working
electrodes, Au or Pt was deposited (100 nm, with a 10 nm thick Ti
adhesion layer) on heat-treated (800 °C) silicon wafers (n-type,
Wafer Works Corp.) via a Denton Explorer e-beam evaporator

https://doi.org/10.1021/acsaem.4c02697
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system. The wafers were then scribed to obtain smaller samples to
make electrodes. A Cu wire was connected to the front of the
electrode with silver paint to provide an electrical connection, which
was then enclosed in a glass tube. Epoxy (Loctite 9460 epoxy
adhesive) was then used to cover the back, edges, and some of the
front of the wafer to only leave a certain controlled electrochemically
active surface area exposed to the electrolyte, which was measured to
be between 0.3 and 0.6 cm” on each electrode. The epoxy was allowed
to cure overnight at room temperature.

Electrochemical Setup and Testing. Round-bottom three-
necked flasks (Sigma-Aldrich) were used for all tests with working
electrodes prepared as described above, a Ag/AgCl reference
electrode (CH Instruments), and a carbon cloth (Fuel Cell Store)
counter electrode. A stir bar was used to continuously stir the
electrolyte during all of the tests. The working electrodes were first
cycled from 0.7 V to —0.7 V vs the Ag/AgCl reference electrode in 0.5
M H,SO, (Sigma-Aldrich) to ensure that the curves appeared as
shown in Figure la with no other peaks, following which they were
rinsed with deionized water and dried with a nitrogen gun. Three
different CuSO, concentrations (1 #M, 1 mM, and S0 mM) were
used, prepared by dissolving CuSO, (Sigma-Aldrich) in 0.5 M H,SO,
as the electrolyte. For Pt, we also studied the 10 mM CuSO,
concentration for electrochemical tests to observe the effects of a
range of concentrations on HER. Cyclic voltammetry and
chronoamperometry tests were performed on a Bio-Logic VMP3
potentiostat.

Scanning Electron Microscopy (SEM). SEM scans were
collected using a Tescan Mira3 XM FEG-SEM instrument with a 5
kV operating voltage.

Atomic Force Microscopy (AFM). AFM was carried out on a
Bruker Dimension Icon system, in noncontact or tapping mode.

X-ray Photoelectron Spectroscopy (XPS). XPS spectra were
collected on a Nexsa G2 Surface Analysis System with a
monochromated Al Ka X-ray source (source energy = 1486.6 eV).
The flood gun was turned on while all scans were collected to
minimize charging. For element scans, the pass energy was 50 eV, the
step size was 0.1 eV, the dwell time was 50 ms, the X-ray spot size was
400 pum, and the number of sweeps was set to 3.

Elemental quantification was performed using Cu 2p;,,, Pt 4f;,,
and Au 4f peaks. Since the Pt 4f region overlaps with the Cu 3p
region, peaks were deconvoluted using synthetic components for
quantification of Cu deposited on Pt. In particular, a Doniach—Sunjic
asymmetric line shape® was used for the Pt 4f peaks, while a pure
Lorentzian peak shape was used for Cu 3p. Scofield relative sensitivity
factors (RSFs)®” were used in quantification together with the
instrument-measured transmission function and effective attenuation
length correction (EAL).”” CasaXPS$ v2.3.6rev1.0Q was employed for
all data processing tasks.”" The inelastically scattered background was
subtracted using Shirley’s background.”

B RESULTS AND DISCUSSION

To investigate electrochemical differences between Pt and Au
electrodes in an acidic medium, cyclic voltammetry (CV) tests
were conducted between —0.7 V and +0.7 V vs Ag/AgCl at a
sweep rate of 20 mV/s. In Figure la, CV results are shown in
an electrolyte of 0.5 M sulfuric acid, showing the difference
between Pt and Au electrodes for catalyzing HER. As expected,
Pt shows an earlier onset of the HER current (at about —0.27
V vs Ag/AgCl) than Au (—0.55 V vs Ag/AgCl), and the Pt
electrode shows much higher current density.

Figure 1b shows CV curves with the same sulfuric acid
electrolyte but now containing 50 mM CuSO,. In both cases,
there are obvious changes in the electrochemical response
when Cu is present compared with the pure sulfuric acid
electrolyte. When sweeping cathodically from an open circuit,
there is a current density increase at ~—0.27 V vs Ag/AgCl
observed for Pt which can likely be ascribed to HER, which
reaches a maximum value of ~—13 mA cm™2, after which it
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stabilizes. The latter trend is likely due to Cu deposition
interfering with HER at that point, causing the current density
curve to flatten. As the Pt electrode is then swept to positive
potentials starting from —0.7 V vs Ag/AgCl, some of the Cu
that was reduced and deposited on the electrode is oxidized, as
indicated by the large oxidation peak seen at ~0.2 V vs Ag/
AgCl. The shape of the CV curve for Au is similar to that for
Pt, with the biggest difference being that there is very little
HER for Au since the onset of HER on Au is ~—0.55 V vs Ag/
AgCl (Figure la), implying that all of the cathodic current is
from Cu electrodeposition. The current density of the
oxidation peak is also slightly smaller for Au compared to Pt
and is offset to higher potentials.

Figure lc,d shows CV curves for Pt (Figure 1c) and Au
(Figure 1d) electrodes in sulfuric acid electrolyte with different
concentrations of CuSO,, varying from 1 yM to 50 mM. The
CV curves for electrolytes without any CuSO, are plotted in
dotted black lines, while those with varying amounts of CuSO,
are plotted in solid, colored lines. The inset plots show
magnified features at current densities near zero. For Pt
(Figure 1c), the cathodic current generally decreases with an
increasing Cu concentration. At 1 uM CuSO,, the shape of the
CV curve is nearly the same as that in pure sulfuric acid, where
the majority of the cathodic current is due to HER. For 1 mM
CuSO,, the cathodic current density observed at —0.7 V vs
Ag/AgCl decreases by about 10 mA cm ™2, which indicates that
Cu deposition is taking place along with the HER, decreasing
the overall current density. The current density is further
decreased with 10 mM CuSO,, pointing toward a competing
effect between Cu deposition and HER in this potential range.
50 mM CuSO, also shows lower current density but has a
different shape than the other CV curves, owing to limited
HER and increased Cu deposition. The Cu oxidation peak is at
0.1-0.2 V vs Ag/AgCl and also significantly increases in
magnitude with Cu concentration. For the Au electrodes
(Figure 1d), there is a similar decreasing trend in current
density from 1 gM to 1 mM CuSO, at very negative potentials.
For 50 mM CuSO,, however, the cathodic current density is
higher, and the shape of the CV curve is also different, which is
likely due to increased Cu deposition on Au.

Figure 1c and 1d also shows that the cathodic current
density increase is at higher potentials with S0 mM CuSO,
compared to lower concentrations. This trend is shown clearly
by the linear sweep voltammetry (LSV) curves shown in
Supporting Information (SI) Figure Sla-b. The greater Cu
concentration causes greater current density at higher
potentials. We also note that for the CV tests in Figure 1b—
d the fifth CV cycle is displayed. Figure Slc,d shows the first
CV cycle for electrodes in a sulfuric acid electrolyte containing
50 mM CuSO,, along with the fifth cycle.

While CV experiments offer valuable comparative informa-
tion, to qualitatively and quantitatively compare Cu deposition
behavior, chronoamperometry was carried out to estimate the
effect of Cu on the HER under different electrochemical
conditions. This was done by holding Au and Pt electrodes at
three different potentials: —0.1 V, —0.25 V, and —0.4 V vs Ag/
AgCl, using LSV. At these potentials, it is expected to observe
almost no HER, a minor amount of HER, and an increased
HER, respectively. After LSV, chronoamperometry was carried
out on each sample by holding it at a potential for either 20 s
or 5 min, leading to a total of six different electrochemical test
conditions. One such set of chronoamperometry curves is
shown in Figure 2a, for Au electrodes held at —0.1 V vs Ag/
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Figure 2. (a) Chronoamperometry tests for Au electrodes at —0.1 V vs Ag/AgCl for 20 s in 0.5 M H,SO, (dotted black), 0.5 M H,SO, + 1 uM
CuSO, (red), 0.5 M H,SO, + 1 mM CuSO, (blue), and 0.5 M H,SO, + 50 mM CuSO, (purple). (b), (c), and (d) Chronoamperometry curves
integrated over 20 s for Au and Pt electrodes in different Cu concentration electrolytes swept to —0.1 V, —0.25 V, and —0.4 V vs Ag/AgCl],

respectively.

AgCl for 20 s. The remaining sets of chronoamperometry
curves for Au electrodes are shown in Figures S2—S6, and the
full sets of chronoamperometry curves for Pt electrodes are
shown in Figures S7—S12. These plots are integrated with
respect to time and plotted to obtain the total charge passed at
each electrochemical condition for each Cu concentration. The
resulting bar plots are shown in Figure 2b—d.

As shown in Figure 2b, the current density and hence charge
that passed through the electrodes at —0.1 V vs Ag/AgCl was
very low (<10 C cm™) since there is no HER and limited Cu
deposition. There is a trend of increasing charge passed
through Pt electrodes with increased CuSO, concentration,
but there is no clear trend seen for Au electrodes. For the
integrated charge passed at —0.25 V vs Ag/AgCl (Figure 2c),
there is an increasing trend with concentration for both
electrodes, with the total charge being higher by an order of
magnitude for the S0 mM CuSO,. In addition, there is more
total charge passed at this more negative potential compared to
that in Figure 2b.

There is a different trend for the Pt electrode at —0.4 V vs
Ag/AgCl (Figure 2d). The total charge increases in electrolytes
going from zero to 1 uM CuSO,, before then decreasing as the
CuSO, concentration continues to increase. This is consistent
with the CV curves in Figure 1, where increasing CuSO,
concentration decreased the cathodic current on Pt electrodes.
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This suggests that Cu deposition interferes with HER and is
likely limiting the activity of the catalyst material to evolve
hydrogen. In contrast to this behavior, the Au electrodes in
Figure 2d show similar behavior as at the lower potentials,
where the total charge increases with CuSO, concentration.
Thus, we see divergent electrochemical behavior from
electrocatalytic vs nonelectrocatalytic electrodes.

Scanning electron microscopy (SEM) was used to image the
surfaces of the electrodes after deposition under six different
electrochemical conditions (1 and 50 mM CuSO, held at
different potentials). The goal was to examine the morphology
and extent of coverage of the deposited Cu on both Pt and Au
electrodes. Figure 3a—c shows the surface of Au electrodes
using 0.5 M H,SO, + 1 mM CuSO, electrolyte, after being
swept to —0.1 V, —0.25V, and —0.4 V vs Ag/AgCl and holding
for 5 min. The electrode surface is bare at —0.1 V vs Ag/AgCl
(Figure 3a), implying that there is no deposition or that the
deposition is too fine-grained to be observed with SEM, and
while there are noticeable Cu deposits at —0.25 V vs Ag/AgCl
(Figure 3b), a significant portion of the electrode surface is
bare. It is more extensively covered at —0.4 V vs Ag/AgCl
(Figure 3c). Figure 3d—f shows similar results but for Au
electrodes in the higher-concentration 50 mM CuSO,
electrolyte. After holding at —0.1 V vs Ag/AgCl for 5 min
(Figure 3d), there is noticeable deposition of small-grained Cu.
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Figure 3. (a—f) SEM images of Au electrodes in 0.5 M H,SO, with 1 mM CuSO, electrolyte swept to (a) —0.1 V vs Ag/AgCl, (b) —0.25 V vs Ag/
AgCl, and (c) —0.4 V vs Ag/AgCl and with 50 mM CuSO, in the electrolyte swept to (d) —0.1 V vs Ag/AgCl, (e) —0.25 V vs Ag/AgCl, and (f)
—0.4V vs Ag/AgCl (g—1) SEM images of Pt electrodes in 0.5 M H,SO, with 1 mM CuSO, electrolyte swept to (g) —0.1 V vs Ag/AgCl, (h) —0.25
V vs Ag/AgCl, and (i) —0.4 V vs Ag/AgCl and with S0 mM CuSO, in the electrolyte swept to (j) —0.1 V vs Ag/AgCl, (k) —0.25 V vs Ag/AgCl,

and (1) —0.4 V vs Ag/AgClL

At —0.25 V vs Ag/AgCl (Figure 3e), there is more significant
deposition that covers the entire electrode surface, and there
are also clusters of deposits observed at various locations. At
—0.4 V vs Ag/AgCl, the Cu deposition covers the entire
electrode (Figure 3f). The Cu grains are larger and are more
angular and faceted than in the other cases, and there was also
no noticeable variation of the thickness of the Cu deposits
across the electrode surface.

Pt surfaces were also investigated for comparison to Au, as
shown in Figure 3g—1. There is no obvious deposition at 1 mM
CuSO, concentration at either —0.1 V or —0.25 V vs Ag/AgCl
(Figure 3gh, respectively). Although the electrode surface in
Figure 3h appears more textured, SEM alone is not sufficient to
detect potentially minimal Cu deposition. At —0.4 V vs Ag/
AgCl, there are clusters of deposits observed on the surface of
the Pt electrode (Figure 3i). For the S0 mM CuSO,
concentration (Figure 3j—I), more of the electrode area is
covered with deposition. At —0.1 V vs Ag/AgCl, there is
significant deposition, but there are still bare spots left on the
surface (Figure 3j). The surface is completely covered at —0.25
V vs Ag/AgCl (Figure 3k). At —0.4 V vs Ag/AgCl, there is
significant deposition, and several areas on the electrode have
discontinuities near the surface, leading to the formation of
voids or craters (Figure 3I).

This direct comparison of electrode surfaces reveals some
subtle differences in the way Cu is observed to grow on Pt and
Au under various conditions. By comparing Figure 3b (Au)
with Figure 3h (Pt) and also Figure 3c with Figure 3i, we
notice that deposition is finer or has smaller grains on Pt than
on Au, with the latter showing increased areal coverage under
the same electrochemical conditions. However, the most
important difference between Au and Pt is apparent by
comparing the behavior at higher CuSO, concentrations and at
more negative potentials (Figure 3f and 1). With 50 mM
CuSO,, Cu deposition is the dominant reaction on Au, leading
to large deposits uniformly covering the entire electrode
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surface (Figure 3f). With the same concentration on Pt, there
is also significant HER taking place at —0.4 V vs Ag/AgCl since
Pt is electrocatalytic. It is likely that the tendency toward
hydrogen evolution at this potential leads to the formation of
the crater-like structures seen in Figure 31 that disrupt uniform
Cu deposition, highlighting the stronger effect of these
competing reactions on resulting Cu deposition morphology
on an electrocatalytic material like Pt.

Atomic force microscopy (AFM) was used to investigate the
topographic profiles of the electrodes after electrochemical
treatment. Figure 4a and ¢ shows SEM images, while Figure 4b
and d shows AFM height maps from Au and Pt electrodes.

500 nm

-40 nm

Figure 4. SEM images of (a) Au and (c) Pt electrodes and AFM
height scans of (b) Au and (d) Pt electrodes swept to —0.4 V vs Ag/
AgCl and held for S min in 0.5 M H,SO, with SO mM CuSO, (S by §
um? scan area for all).
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a) 60 nm

Au

Pt

Au

Pt

-0.25 V vs. Ag/AgCl
0.5M H2804+ 1 mM CUSO4

b) 60 nm

-0.4 V vs. Ag/AgCl

C) 60 nm

5 um

60 nm

-20 nm

100 nm

-100 nm

Figure S. AFM 3D height scans of Au electrodes in 0.5 M H,SO, with 1 mM CuSO, electrolyte swept to and held for S min at (a) —0.1 V vs Ag/
AgCl, (b) —0.25 V vs Ag/AgCl, and (c) —0.4 V vs Ag/AgCl and of Pt electrodes in the same electrolyte swept to and held for S min at (d) —0.1 V
vs Ag/AgCl, (e) —0.25 V vs Ag/AgCl, and (f) —0.4 V vs Ag/AgCl. AFM 3D height scans of Au electrodes in 0.5 M H,SO, with 50 mM CuSO,
electrolyte swept to and held for S min at (g) —0.1 V vs Ag/AgCl, (h) —0.25 V vs Ag/AgCl, and (i) —0.4 V vs Ag/AgCl and of Pt electrodes in the
same electrolyte swept to and held for S min at (j) —0.1 V vs Ag/AgCl, (k) —0.25 V vs Ag/AgCl, and (1) —0.4 V vs Ag/AgCl

Figure 4a and b depicts an SEM image and AFM tapping mode
scan, respectively, of a Au electrode swept to —0.4 V vs Ag/
AgCl and held for 5 min (50 mM CuSO, in the acidic
electrolyte). The morphology of the deposits in the AFM scan
correlates well with that of the SEM image. The AFM scan
reveals irregularities in the height of the deposits, with height
variations on the micron scale.

Figure 4c and d shows the SEM image and AFM scan of the
surface of a Pt electrode after treatment under the same
electrochemical conditions. The Cu grains and height
variations are much smaller on the Pt electrode, with grain
heights having only ~30 nm of height variation across this 25
pm?” scan. Furthermore, Figure 4c and d shows similar crater-
like regions as observed previously, which may be due to
hydrogen production and bubbling activity on the surface.

To further probe how sample topography is impacted by
electrochemical conditions, we compared AFM height maps of
Au and Pt electrodes tested at 1 mM CuSO, and 50 mM
CuSO, concentrations held at different potentials for 5 min

(Figure S).
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As shown in Figure Sa, with 1 mM CuSO,, there is
insignificant height variation at —0.1 V vs Ag/AgCl on Au,
which agrees with the SEM image (Figure 3a). At —0.25 V vs
Ag/AgCl (Figure Sb), there are a few deposits on the surface,
each a few nanometers in height. At —0.4 V vs Ag/AgCl
(Figure Sc), the deposits are taller (>60 nm) and cover more
electrode surface area. Figure Sd—f shows similar experiments
with a Pt electrode. Figure Sd and e (—0.1 and —0.25 V vs Ag/
AgCl) shows mostly bare surfaces. At —0.4 V vs Ag/AgCl
(Figure 5f), there is a greater number of deposits, but there is
less deposition than on the Au electrode in Figure Sc. This is
consistent with the deposition being more fine-grained on Pt
than on Au for this 1 mM CuSO, concentration.

Figure 5g—1 shows AFM scans of Au and Pt with a higher
concentration of CuSO, in the electrolyte (50 mM). Figure Sg
shows significant deposition over the entire area of the
electrode surface in the scan, even at —0.1 V vs Ag/AgCl on
Au, with the deposits growing slightly larger for the —0.25 V vs
Ag/AgCl case (Figure Sh). At —0.4 V vs Ag/AgCl (Figure 5i),
the deposits become up to ~1 pm in size (as discussed in
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Figure 6. XPS scans of Cu 2p spectra for (a) Pt electrodes in 0.5 M H,SO, with 1 uM CuSO, electrolyte, (b) Au electrodes in 0.5 M H,SO, with 1
UM CuSO,, (c) Pt electrodes in 0.5 M H,SO, with 1 mM CuSO, electrolyte, and (d) Au electrodes in 0.5 M H,SO, with 1 mM CuSO,. Samples
were swept to —0.1 V vs Ag/AgCl for 20 s and S min (light red and dark red), —0.25 V vs Ag/AgCl for 20 s and S min (light green and dark green),
and —0.4 V vs Ag/AgCl for 20 s and S min (light blue and dark blue).

Figure 4b). While there is also significant deposition observed
at —0.1 V vs Ag/AgCl on Pt in Figure Sj, there are still some
bare spots left on the surface. There are no noticeable bare
spots at —0.25 V vs Ag/AgCl (Figure Sk); however, the height
of the deposits is more consistent than that at —0.1 V vs Ag/
AgCl. This trend of decreasing variation in the height of the
deposit at more negative potentials on Pt continues at —0.4 V
vs Ag/AgCl, where in Figure Sl the surface is flatter and more
uniform than in the previous two cases. This is the opposite
trend to the Au case.

While SEM and AFM are useful for providing insight into
the growth and morphology of Cu on Pt and Au under the
electrochemical conditions tested, these techniques do not
provide adequate insight into whether deposition takes place at
the lower concentration of 1 yuM CuSO,, where the grain size
of Cu may be too small to be observed. Since this is a relevant
concentration to understand the effect of impurity ions in
seawater interfering with HER, we use X-ray photoelectron
spectroscopy (XPS) to probe this case. As a surface-sensitive
technique, we expect to detect trace amounts of Cu deposition
on the two substrates in the 0.5 M H,SO, + 1 uM CuSO,
electrolyte, depending on the electrochemical conditions used.

Figure 6 shows the Cu 2p spectra for the 1 uM and 1 mM
CuSO, cases on Pt and Au electrodes for all six electro-
chemical tests. Spectra were collected from at least two points
on each sample to ensure the uniformity of coverage. Figure 6a
shows the Cu 2p scans from electrochemical testing at various
potentials and times on Pt electrodes in a 1 yuM CuSO,
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electrolyte. For electrodes held at —0.1 V and —0.25 V vs Ag/
AgCl for only 20 s, there are no Cu 2p peaks, indicating that
Cu deposition had not taken place. For the electrode held at
—0.4 V vs Ag/AgCl for 20 s, there are characteristic Cu 2p;/,
(932.6 eV) and Cu 2p;,, peaks observed, indicating Cu
deposition, likely in the form of CuO as indicated by the
presence of weak satellite peaks.”” For electrodes held at all
three potentials for S min, the Cu 2p doublet is also visible.
These results imply that Cu deposition takes place in parallel
with the HER on Pt electrodes even at the very dilute
concentrations found in seawater. On Au electrodes in the
same dilute electrolyte (1 uM CuSO,), Cu deposition is
observed in all six cases (Figure 6b). Thus, Cu deposition
occurs more readily on Au than on Pt, possibly because of the
competition with the HER on Pt.

For the electrolyte containing 1 mM CuSO,, peaks are
observed for all electrochemical conditions on a Pt electrode
(Figure 6c¢), indicating a greater deposition of Cu or Cu oxides
on the electrode surface with this increased CuSO,
concentration. The magnitude of the peaks enlarges as the
potential is held at more negative values for a given time. For
the same electrolyte concentration tested on Au electrodes, the
spectra shown in Figure 6d similarly indicate deposition
occurring in all cases, as Cu metal or Cu oxides. XPS data for
samples tested in electrolytes containing S0 mM CuSO, are
shown in SI Figure S13.

We also collected the Pt 4f and Au 4f XPS spectra for all
samples, as shown in SI Figure S14. At 50 mM CuSO,, there
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Figure 7. Calculated percentages of Cu on Au and Pt electrode surfaces from XPS data for samples in 0.5 M H,SO, with 1 uM CuSO, swept to
different potentials and held for (a) 20 s and (c) S min and for samples in 0.5 M H,SO, with 1 mM CuSO, held for (b) 20 s and (d) S min.

are no Au peaks detected from the Au electrodes apart from
the samples swept to —0.1 V vs Ag/AgC], indicating that the
Cu completely covered the surface of the electrode (thicker
than at least a few nanometers) in all other cases, leaving no Au
exposed. For Pt electrodes, the Pt 4f doublet also diminishes
with Cu deposition at lower potentials and longer times. A new
set of peaks arises around 75—80 eV binding energy, which is
ascribed to Cu 3p. As more Cu is deposited, the Cu 3p peak
intensity increases until it dominates the Pt 4f signal since it is
in a similar binding energy range.

Apart from a qualitative analysis, we also conducted a
quantitative analysis of the XPS data to find the quantity of Cu
on Au and Pt electrode surfaces after treatment under different
electrochemical conditions. Cu 2ps,, Pt 4f;/,, and Au 4f peaks
were utilized in quantitative analysis and to account for the
differences in kinetic energies of the peaks used in
quantification. Effective attenuation length (as described by
Seah) was utilized.”” The quantification results are shown as
bar plots in Figure 7. Figure 7a shows the quantitative analysis
for Au and Pt electrodes in a 0.5 M H,SO, + 1 uM CuSO,
electrolyte, with the electrodes held at 0.1 V, —0.25 V, and
—0.4 V vs Ag/AgCl for 20 s. The extent of Cu surface coverage
is less than 2% for Au and less than 5% for Pt. While this is a
low total percentage, this still means that a portion of the
electrode surface is poisoned by Cu deposition even at this
very dilute concentration over limited time. For 1 mM CuSO,
after 20 s (Figure 7b), more Cu is present. On Au, a relatively
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higher concentration of Cu is present (8—10%). While the
percentage is lower for Pt compared to Au at all potentials, it is
still seen to increase as observed in Figure 7a, particularly for
—0.25 V and —0.4 V vs Ag/AgClL

To observe the trends over a longer deposition period, this
quantitative analysis was performed on samples held at these
potentials for S min. Figure 7c shows the comparison for the
electrodes in a 0.5 M H,SO, + 1 uM CuSO, electrolyte. There
is an increase in areal coverage for all cases compared to Figure
7a when holding at a potential for a longer duration at the
same concentration, except for Pt at —0.4 V vs Ag/AgCl. This
could be due to HER starting to dominate over time in the
presence of very limited Cu present in the electrolyte, or it
could simply be due to variability in the XPS data. Similarly, for
samples held for 5 min in the electrolyte containing 1 mM
CuSO, (Figure 7d), the concentration of Cu on Au electrodes
increased S times for samples swept to —0.25 V and —0.4 V vs
Ag/AgCl, while it appears to be consistent for —0.1 V vs Ag/
AgCl. There is an increase in the extent of deposition observed
for Pt electrodes as well, compared with Figure 7b. Both Figure
7¢ and d for samples held at S min show more deposition on
Au electrodes compared with Pt. Additionally, for cases
involving higher concentrations of CuSO, in the electrolyte,
as well as more negative potentials and longer deposition
times, there was generally an increased concentration of sulfur
detected on the surface, possibly owing to the greater content
of sulfate ions present in the electrolyte.
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B CONCLUSIONS

Impurities are a major concern for electrolyzers using direct
seawater splitting. This study shows that Cu ions in solution
can significantly affect the HER on catalytic surfaces. Increased
CuSO, concentration caused more substantial electrodeposi-
tion, indicating that impurity buildup over extended electro-
lyzer operation can have a substantial effect and poison a
catalyst. Cyclic voltammetry tests showed a decrease of the
current density with increasing CuSO, concentration for both
Pt and Au electrodes, which points to a poisoning effect.
Integrated charge plots obtained from chronoamperometry
curves indicated a similar decrease in total charge passed as the
concentration of CuSO, was increased from 1 uM to 50 mM
for Pt for the —0.4 V vs Ag/AgCl case. However, a similar clear
trend was not seen for Au, which is likely because the HER
does not compete with Cu deposition to the same extent on
Au, owing to its lower electrocatalytic activity for HER.

Surface analysis of the electrodes via SEM and AFM
suggested that Cu deposits have different morphologies and
larger sizes on Au than on Pt. At high CuSO, concentration
and low potentials, Pt electrodes showed signs of the deposited
Cu being damaged, which is potentially due to hydrogen
evolution and bubbling. This is in contrast to the regular and
uniform deposition observed on Au. This was confirmed by
testing several samples, ensuring the reliability and repeat-
ability of the deposition trends on both electrodes. XPS
confirmed the presence of Cu even at the lowest considered
concentration of 1 uM CuSO, Thus, the electrocatalytic
activity of the electrode material appears to affect the nature
and morphology of metal deposition when the HER and metal
electrodeposition are occurring simultaneously.

These trends showcase a competition between HER and Cu
electrodeposition, revealed by using surface analysis techniques
at higher Cu concentrations. However, Cu deposition was
observed even at low concentrations (similar to its
concentration in seawater), indicating a likelihood of
competing effects that are essential to consider in the design
of appropriate catalysts, especially ones that can maintain
optimum operating efficiency over extended use.

These findings highlight the importance of studying
mechanisms associated with impurities to determine their
effects on fuel-producing reactions, with further work needed
to simulate the complex real case of seawater where multiple
types of ions are present. Additionally, in situ studies to provide
greater insight into complex electrochemical behavior and the
competing electrochemical reactions in the presence of
impurities would be beneficial. In situ studies could also
prove useful in identifying the mechanism of nucleation and
growth of impurities on different substrates in the early stages
and whether this is dependent on the nature of the impurity
itself and/or the nature of the electrocatalyst. Finally, it is also
of interest to study other impurities and different electro-
catalysts, which may be engineered to avoid or limit poisoning.
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