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ABSTRACT: Electrochemical mass spectrometry (EC-MS) is
combined with chronoamperometry to quantify H coverage
associated with the surface hydride phase on Cu(111) in 0.1
mol/L H2SO4. A two-step potential pulse program is used to
examine anion desorption and hydride formation, and the inverse,
by tracking the 2 atomic mass unit (amu) signal for H2 production
in comparison to the charge passed. On the negative potential step,
the reduction current is partitioned between anion desorption,
hydride formation, and the hydrogen evolution reaction (HER).
For modest overpotentials, variations in partial processes are
evident as inflections in the chronoamperometry and EC-MS
signal. On the return step to positive potentials, hydride
decomposition by H recombination to H2 occurs in parallel with
sulfate adsorption. The challenge associated with the inherent diffusional delay in the EC-MS response is mitigated by total H2
collection and steady-state analysis facilitated by the thin-layer EC-MS cell geometry as demonstrated for the HER on a non-hydride
forming Ag electrode. Analysis of the respective transients and steady-state response on Cu(111) reveals a saturated hydride
fractional coverage of 0.67 at negative potentials with an upper bound charge of 106 μC/cm2 (average electrosorption valency of
≈1.76) associated with adsorption of the (√3 × √7) mixed sulfate-water adlayer at positive potentials.

■ INTRODUCTION
Understanding Cu surface chemistry is of great technological
interest because of its extensive use in microelectronic
interconnects, along with its emergent application as the
primary electrocatalyst for hydrocarbon synthesis from CO2/
CO.1−4 In both applications, the presence and role of adsorbed
H on the physical and chemical properties have yet to be fully
elucidated.5,6

Studies of Cu(111) dosed with atomic hydrogen in ultra-high
vacuum (UHV) reveal copper hydride surface phases by a
combination of diffraction and spectroscopy measurements
supported, more recently, by density functional theory (DFT)
computations.7−13 Beyond the low-temperature UHV setting,
the formation of two-dimensional (2D) hydride on Cu(111) has
also been demonstrated in acidic electrochemical environments
relevant to the technical applications of interest.14,15 Specifically,
electrochemical mass spectrometry (EC-MS) combined with
Raman spectroscopy indicates the formation of a 2D hydride
phase on Cu(111) at potentials below the reversible potential
for the H3O+/H2 reaction in sulfuric acid. Unexpectedly,
decomposition of the hydride phase by H recombination occurs
at potentials positive of the reversible potential.15 Similar
observations of H recombination were reported for polycrystal-
line Cu electrodes.16 The minimal charge transfer associated
with the recombination reaction accounts for the previously
unexplained voltammetric charge asymmetry associated with

Cu(111) in acid media.15 Based on H2 evolved by recombina-
tion at positive potentials, the fractional H coverage, θH, relative
to themetal lattice, was estimated from voltammetry to be≈0.52
and ≈0.94 in sulfuric and perchloric acid, respectively.15

Scanning tunneling microscopy studies of Cu(111) in sulfuric
acid reveal an ordered (√3 × √7) sulfate adlayer at more
positive potentials.17−20 Upon stepping to more negative
potentials, this gives way to (4 × 4) and (5 × 5) commensurate
structures on Cu(111).14,20 In early work, these structures were
ascribed to the hydration layer20 but subsequently were
reassigned to adsorbed H.14 Most recently, similar ordered
structures were reported for water monolayers on Au(111) and
Pt(111) surfaces in low-temperature UHV measurements. The
long range order reflects the interactions between Eigen/Zundel
hydrated protons within the adsorbed water layer, and
simulations indicate that these structures remain stable although
subject to thermal broadening at room temperature.21 What role
surface hydride formation may play in the structure and
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reactivity of such systems is a subject of long-standing interest,
and there is a need for a more accurate and precise evaluation of
H coverage on Cu(111) as a function of the potential.
Herein, chronoamperometry is combined with EC-MS to

quantify surface hydride coverage on Cu(111) in 0.1 mol/L
H2SO4. Hydride formation is first induced by stepping to
negative potentials <0.0 V vs the reversible hydrogen electrode
(RHE), where it overlaps with the hydrogen evolution reaction
(HER). After a fixed period, the potential is returned to the
original value >0.0 V to monitor hydride decomposition by
recombination of adsorbed hydrogen (Hads) to form H2(g)
while the charge associated with anion adsorption is monitored.
Importantly, the small dimensions and design of the EC-MS
apparatus offer the prospect of total product collection.22

However, the diffusional lag and broadening associated with the
finite thickness of the EC-MS cell limit the time resolution of the
measurements. In the present work, quantitative analysis is
facilitated by establishing a steady-state response for each

potential of interest.22,23 First, the correlation between the 2
amu EC-MS signal and hydrogen generation current was
established by tracking the total H2 collected during steady-state
HER on a polycrystalline Ag electrode, where no hydride
formation and decomposition occurs. Repeating the same
procedure for experiments with Cu(111) enabled deconvolu-
tion of the potential dependence of anion desorption, hydride
formation, and HER at negative potentials, followed by the
inverse process of hydride decomposition by H recombination
and anion adsorption at more positive potentials.

■ METHODS
Preparation of the Cu(111) and Polycrystalline Ag

Electrode. Prior to electrochemical mass spectrometry
measurements (EC-MS) both the 5 mm Cu(111) disk and 5
mm Ag disk were mechanically polished down to a 0.05 μm
finish with an alumina slurry. Both disks were thoroughly rinsed
and sonicated several times to remove residual alumina particles.

Figure 1. (a) Cyclic voltammetry with 2 complete cycles shown from 0.175 to −0.325 VRHE at 10 mV/s on Cu(111) in 0.1 mol/L H2SO4 and (b) the
corresponding 2 amu EC-MS trace. Equivalent (c) current and potential traces and (d) 2 amu EC-MS signal with time. The gray region reflects the
integration performed (with a linear background) to estimate the H2(g) generated from hydride decomposition. The dotted vertical lines spanning
panels (c−d) highlight 0 V.
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At this juncture, the Ag disk was dried with Ar and inserted into
the EC-MS.The Cu(111) disk was treated further by electro-
polishing inconcentrated phosphoric acid with the Cu surface
oriented facing upward, opposite from a Pt gauze electrode
located approximately 6 cm away. A fixed applied of potential of
1.6 V vs the Pt counter electrode was applied for 5 min. The disk
was then thoroughly rinsed with fresh 18.2 MΩ·cm H2O, dried
with Ar, and immediately mounted into the EC-MS cell.

Electrochemical Mass Spectrometry Measurements.
EC-MS was performed in a thin-layer device fabricated by
Spectroinlets*.22,24 The 0.1 mol/L H2SO4 electrolyte was
prepared afresh for each experiment using 99.999% concen-
tratedH2SO4 (Sigma-Aldrich). The electrolyte was sparged with
Ar through a glass frit for 1 h prior to use. The EC-MS Kel-F
head was mounted with the 5mmdiameter working electrode, Ir
wire counter electrode, and saturated sulfate reference electrode
(SSE) in place (Figure S1). The counter and reference

electrodes were in glass side arms attached to opposite sides
of the cell. The Ir wire counter electrode was placed more than 3
cm away from and above the main volume of the working
electrode. The electrolyte was introduced via an airtight glass
syringe, followed swiftly by immediate application of 0 V vs the
reversible hydrogen electrode (RHE) to mitigate oxidation and
dissolution of the working electrode. During rest or idle periods
between electrochemical measurements, the working electrode
was likewise poised at 0 V. A Biologic SP-200 was used for all
electrochemical measurements. The mass spectrometry and
electrochemistry data were collected on the same computer,
enabling accurate time synchronization between the two
measurements. For measurements using cyclic voltammetry,
the baseline of the mass spectrometry signal was subtracted via a
linear baseline, where the slope was determined by averaging the
spectrometry signal over 2 s before and after completion of the
voltammetric scan. In the case of potential pulse measurements,

Figure 2. (a) 2 amu EC-MS signal and (b) current trace after stepping to EPulse (0 s to 60 s) and (c) after stepping back to Erest (60 s to 120 s) reveal the
formation of hydride on the Cu(111) surface in 0.1 mol/L H2SO4. The horizontal dashed black line in panel (a) is the steady-state HER rate obtained
by averaging the EC-MS signal over the last 20 s of Epulse. The left axis for the inset in panel (a) shows the steady-state HER rate and peak 2 amu signal
associated with hydride decomposition H2,hydride observed at Erest as a function of EPulse. The right axis for the inset shows the integrated H2 evolved
between 60 s and 95 s, which is a combination of hydride decomposition by Hads recombination at Erest and H2 from HER during EPulse due to
diffusional lag from the Cu(111) surface.
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the baseline was zeroed via averaging the 2 amu signal for at least
2 s before initiating each EPulse.

■ RESULTS AND DISCUSSION
Formation of Hydride on a Cu(111) Single-Crystal

Electrode. The cyclic voltammetry and the 2 amu EC-MS
signal for Cu(111) in 0.1 mol/L H2SO4 are shown in Figure
1a,b, respectively, with a chronological representation in Figure
1c,d. The reduction peak associated with hydride formation and
HER on the negative sweep, followed by decomposition of the
hydride toH2 at positive potentials on the return scan, is evident.
The above processes also overlap with sulfate desorption and
adsorption, respectively. An estimation of the electrochemical
charge for the large reduction wave (cross-hatched region) is
−274 μC/cm2 when the positive going sweep is taken as
background (Figure 1a). In contrast, the oxidative wave yields
+75 μC/cm2 for a fixed background of 0 A and corresponds
largely to sulfate adsorption.15,17−20 Assuming the inverse, i.e.,
sulfate desorption occurs during hydride formation, leaves a
maximum reductive charge of −199 μC/cm2 available for
hydride formation. This corresponds to 2.06 nmol/cm2 of H for
nH.Echem via eq 1, where z is the number of electrons transferred,
F is Faraday’s constant, and q is the net charge measured, or a
fractional hydrogen surface coverage, θH = ΓH/ΓCu(111) of 0.7 as
referenced to the surface density of Cu(111),ΓCu(111), of 2.935×
10−9 mol/cm2 (ao, = 0.3615 nm).25

n
q

zFH.Echem =
(1)

Alternatively, the hydride coverage is estimated from the 2
amu EC-MS peak detector signal associated with hydride
decomposition. Integration yields 7.5 ± 1.7 pC, based on the
linear background shown in Figure 1d and the signal-to-noise
ratio of the EC-MS instrument, respectively. This is converted to
adsorbed hydrogen coverage, ΓH,ECMS(mol H/cm2), using eq 2
where Aelec(cm2) is the geometric surface area of the electrode,
q2amu(C) is the integrated area of the 2 amu peak (i2amu) from
EC-MS, and nHd2

is the stoichiometry of hydride decomposition
to H2 (2 mol H/mol H2)

n q

k AH, ECMS
H 2amu

ECMS elec

2=
(2)

and ( )k C
ECMS mol H2

is the spectrometry calibration factor.

Calibration involved steady-state chronoamperometric analysis
of the HER reaction (Figure S2a,b) for the exact same
experimental configuration, adding robustness to the result.
For a given potential, the current and 2 amu spectrometry signal
were sampled between 50 s and 70 s and averaged. The Faradaic
current was converted to the rate of H2 produced, assuming
100% of the charge was going toward HER. The potentials used
in this analysis were selected to be either more positive than
hydride formation or alternatively more negative than −0.25 V
to avoid overlap with sluggish hydride formation that would
significantly influence the accuracy of the calibration, vide infra.
The slope determined from the calibration curve, Figure S2c, is
kECMS = 0.064 pC/pmol± 0.0012 pC/pmol. The integrated EC-
MS signal charge for H2 produced from hydride decomposition,
7.5 pC ± 1.7 pC, shown in Figure 1d corresponds to an H
coverage of 1.2 nmol H/cm2 ± 0.3 nmol H/cm2 or a fractional
surface coverage, θH, of 0.41 ± 0.10 that stands in contrast to the
0.70 coverage derived from the voltammetric deposition charge.

The discrepancy between the values determined via deposition
charge versus the 2 amu EC-MS hydride decomposition signal is
subject to the uncertainties associated with the background
subtraction used in the respective analysis. These uncertainties
are difficult to resolve due to the convolution of the EC-MS
signal with delays in product transport as well as the overlap
between hydride formation and the HER, not to mention the
possible differences in the local HER kinetics before and after
hydride formation. Furthermore, the charge analysis is
incomplete as the contributions from double-layer charging
and/or competitive interference from parasitic reactions such as
the oxygen reduction reaction (ORR) are not addressed. Amore
refined approach is needed to quantify hydride surface coverage
and its relationship with potential.

Chronoamperometry and EC-MS Analysis of Hydride
Formation and Decomposition. Instead of sweeping the free
energy as discussed above, the EC-MS 2 amu signal and charge
associated with hydride formation and decomposition were
examined under potentiostatic conditions by stepping the
potential between a perturbation potential, Epulse, and a rest
potential, Erest (Figure 2a). A chronological example of the
potential pulse experiment is shown in Figure S3. For steady-
state conditions, a sulfate-saturated Cu(111) surface is formed at
the more positive “rest” potential of Erest = 0.175 V.17−20 For the
first iteration between Epulse and Erest, Epulse was set to −0.075 V
for 60 s, followed by stepping back to Erest for 60 s. For each
successive pulse cycle, Epulse was advanced to a more negative
value by −25 mV. For Epulse between −0.075 V and −0.150 V,
minimal H2 is measured by EC-MS during the entire potential
pulse cycle (Figure 2a). At −0.175 V, a small quantity from H2
evolution is observed at Epulse, but upon switching back to Erest, a
sharp well-defined H2 peak, representative of hydride decom-
position (H2,hydride), is detected and decays over ≈10 s. As Epulse
becomes more negative, the H2,hydride peak increases in both
intensity and duration and appears to approach a plateau or
saturation condition near −0.225 V. Stepping to more negative
potentials yields a similar H2,hydride peak shape and intensity
(relative to the baseline), as shown in the inset of Figure 2a,
while stepping more negative than −0.300 V, the H2,hydride peak
begins to increase further with accelerating contributions from
potential-activated HER, as reflected by the increase in steady-
state H2 flux (e.g., at 60 s).
Integration of the H2,hydride decomposition peak between 60 s

and 95 s yields an upper bound estimate on the H coverage
(Figure 2a, green curve of inset). This upper estimate shows
hydride increasing rapidly for Epulse more negative than −0.175
V to reach θH ≈ 0.75 by -0.225 V. The upper bound specification
arises from the diffusional lag in the EC-MS measurement that
results in H2 contributions from the preceding steady-state HER
between 20 s and 60 s at Epulse. In a related fashion, the
subsequent rapid increase in H2 measured at Erest after Epulse is
advanced more negative than −0.25 V reflects the rapid
acceleration of the HER and its dominant contribution to the
EC-MS signal in Figure 2a, the green curve of the inset.
In tandem with EC-MS measurements, the current transients

during Epulse reveal an inflection associated with surface hydride
formation, as shown in Figure 2b. This is most evident in the
−0.225 V, −0.250 V, and −0.275 V transients, where the
obscured peak current increases in magnitude while decreasing
in lifetime. For −0.225 V, the steady-state current is reached
within ≈50 s while for ≤0.250 V, the steady-state current is
reached within ≈20 s. Replotting the respective transients
(Figure S4) reveals the correlation between decay of the
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obscured current peak for hydride formation and the delayed
rise in the 2 amu signal at Epulse, subsequently followed by near
saturation of the H2,hydride decomposition peak at Erest. As Epulse is
advanced to more negative values, hydride formation is
accelerated, and the associated coverage reaches a plateau.
Assessment of the current transients and associated charge is

likewise challenging as hydride formation is accompanied by
sulfate desorption and the HER. However, if hydride
decomposition at Erest is ascribed solely to H recombination

with negligible H oxidation to hydronium, then the entire
oxidative charge can be attributed to sulfate adsorption and
double-layer charging.14 The lifetime of the anion adsorption
current transient closely follows that of the 2 amu hydride
decomposition signal, H2,hydride. In the absence of significant
hydride formation, the current transient at Erest reaches a
negative parasitic background current (i.e., trace oxygen
reduction) within ≈3 s. This period increases as the H2,hydride
recombination peak increases, with background being reached

Figure 3. Potential pulse measurements on Ag configured in position 1 in 0.1 mol/L H2SO4. (a) 2 amu EC-MS signal for each Epulse and Erest sequence.
(b)Comparison of total H2 produced from the integration of the 2 amu EC-MS signal (H2,ECMS Total) and that estimated from the product of the steady-
state HER rate and EPulse duration (H2,Estimated). The inset in panel (b) shows the average EC-MS signal for steady-state HER (last 20 s of the potential
pulse) from which H2,Estimated is determined. Chronoamperometry after steeping to (c) Epulse and (d) following the subsequent return to Erest. The
horizontal dashed lines in panel (c) represent the steady-state current (average current for the last 5 s) used to calculate the steady-state charge
(qP,Steady State) in panel (e). (e)Measured total charge (qPulse) compared to the calculated steady-state charge (qP,Steady State) measured during EPulse (0 s to
60 s) and their difference (qP,Transient) as well as the equivalent charge based on total H2 detected (qECMS Total) and the steady-state HER rate from the
EC-MS measurement (qECMS Steady State) and the difference between (qSteady State−qECMS Steady State). (f) Total charge (qRest), steady-state charge
(qR,Steady State), and the difference (qR,Transient) measured during each Erest (60 s to 120 s). Note that the x-axis in panel (f) indicates the EPulse that
preceded the step to Erest with the charge being that measured during Erest. Error bars represent the standard deviation of the measurements.
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within ≈5 s following polarization at −0.175 V, while the value
increases to ≈16 s for ≤-0.275 V, where the H2,hydride peak
saturates as evident in Figure 2c. The difference between the net
oxidative charge measured at Erest after stepping from EPulse =
−0.075 V vs EPulse = −0.300 V (Figure 2c) corresponds to ≈106
mC/cm2.
Both hydride formation and sulfate desorption are correlated,

strongly potential-dependent, and overlap with HER to some
extent. Importantly, the transient nature of hydride formation,
followed by the establishment of a steady-state H2 evolution flux,
provides an avenue for further analysis. Likewise, the inverse
reaction of sulfate adsorption and hydride decomposition by H
recombination, as opposed to H oxidation, not only accounts for
the significant charge asymmetry in voltammetry and
chronoamperometry but also provides an additional constraint
on the mass/charge balance.
As detailed earlier, calibration of the EC-MS measurement

involves establishing the correlation between steady-state HER
current and the 2 amu signal. For the thin-layer cell, this
approach yields a linear relationship between the 2 amu signal
andH2 generated, and the prospect of total product collection.

22

This capability provides an avenue for circumventing the need
for a full-time domain analysis of the diffusional lag intrinsic in
the EC-MS measurements.22 Specifically, the product of the
steady-state HER H2 flux at Epulse multiplied by the pulse
duration yields the maximum H2,HER produced at the given
potential and time. Any shortfall from this quantity can be
attributed to hydride formation and/or anion desorption that
are sampled by the 2 amu and oxidative charge, respectively,
following the potential step back to Erest. The viability of this
approach to separate H2,HER and H2,hydride is first verified by
examining the HER on Ag where surface hydride formation is
absent.

Total H2 Collection and Mass-Charge Balance for HER
on Polycrystalline Ag. The premise of total H2 collection was
explored using the same potential pulse experiments on
polycrystalline Ag. In contrast to Cu, the 2 amu EC-MS trace
and cyclic voltammetry for Ag in 0.1 mol/L H2SO4 indicate the
absence of hydride formation and/or decomposition, Figure S5,
within the detection limit of the measurement. Accordingly, the
assumption that the steady-state HER rate (H2,Estimated) and
pulse time (tP) can be used to effectively estimate the amount of
H2,HER produced for a given Epulse can be evaluated. To explore
the diffusional lag in the EC-MS measurement, three different
working distances (≈140 μm, ≈200 μm, and ≈260 μm for
Positions 1−3, respectively) between the Ag surface and the
membrane chip were examined.22,23 Profilometry and short
impulse chronoamperometry measurements were performed to
define the working distance for each configuration (Figures S6−
S8), with further details available in the Supporting Material.23

Discussion herein is focused on Position 1, which is most similar
to the configuration used in the Cu experiments (compare
Figures S8 and S9), vide infra.
Potential pulse measurements for each Ag disk position were

performed by incrementally advancing Epulse in −10 mV steps
(Figures 3, S10, and S11). Integration of the 2 amu signal for
each Epulse (0 sto 60 s) and Erest (60 s to 120 s) (Figure 3a) were
summed to yield the total H2 produced for a given pulse
sequence (Figure 3b, H2,ECMS Total). Like the in situ calibration
pulses on Cu, a steady-state HER rate for each Epulse was
determined by averaging the 2 amu signal over the last 20 s of the
pulse. The average rate at each Epulse, dashed horizontal lines in
Figure 3a (or plotted vs potential, inset Figure 3b), was

multiplied by tP (60 s) to estimate the total amount of hydrogen
produced at Epulse (Figure 3b, H2,Estimated). The “Residual” or
difference between H2,ECMS Total and H2,Estimated is constant
(Figure 3b) and thus the “Error” (Residual/H2,ECMS Total) in the
measurement generally decreases from ≈15 % to ≈5 % as Epulse
becomes more negative, reflecting the larger S/N of the EC-MS
signal.
Converting the H2,ECMS Total and H2,Estimated derived from EC-

MS to charge, qECMS Total, and qECMS Steady State, respectively
(Table 1), enables comparison to the charge from chronoam-

perometric data (Figure 3c,d). Integration of the 60 s Epulse
current transients (iEC) is denoted as qPulse (black squares) while
approximation of the charge based on the product of the steady-
state current density (Figure 3c) and pulse time (tp) is given as
qP,Steady State (red triangles, Figure 3e). As evident in Figure 3c,d,
the steady-state currents are reached <5 s after applying Epulse or
Erest, respectively, such that the difference between qPulse and
qP,Steady State shown in Figure 3e is negligible and falls within the
standard deviation of the measurement. However, a comparison
to the charge derived from the steady-state approximation of the
EC-MS measurement, qECMS Steady State, reveals an offset of −0.5
mC/cm2 at more positive pulse potentials that increases to −1
mC/cm2 by −0.37 V. The offset primarily reflects the charge
consumed by parasitic ORR, which is also present in the steady-
state charge measured during Erest, qR,Steady State (Figure 3f). The
≥1 mC/cm2 offset between EC-MS approximation and charge
measured is somewhat analogous to the zero-point offset in the
steady-state current�2 amu EC-MS signal calibration, although
it helpfully reveals the potential dependence of the parasitic
background process (see the Supporting Material for a more
detailed discussion). Experiments with the other two Ag
positions show similar offsets but with a weaker dependence
on Epulse (Figures S10e and S11e). Applying a similar analysis to

Table 1. Symbol Definitions

parameter units definition

θH ΓH/ΓCu(111) fractional H coverage on Cu(111) per
Cu atom basis

Epulse V pulse potential, t = 0−120 s
Erest V rest potential, t = 60−120 s

H2,ECMS Total nmol/cm2 i E t t( , )dk
A 0

120
2amu

ECMS

elec

H2,estimated = H2,HER nmol/cm2 ik t
A t2amu, 40 s 60 s

ECMS P

elec =

H2,hydride nmol/cm2 H2,ECMS total − H2,HER

qECMS total C/cm2 zF

A

H2,ECMS total

elec

qECMS steady state C/cm2 zF

A

H2,HER

elec

qpulse C/cm2 Aelec
−1∫ 0

60iEC(E,t)dt
qrest C/cm2 Aelec

−1∫ 60
120iEC(E,t)dt

qP,steady state C/cm2 it
A tEC, 40 s 60 s

P

elec =

qR,steady state C/cm2 it
A tEC, 100 s 120 s

R

elec =

qP,transient C/cm2 qPulse − qP,steady state

qR,transient C/cm2 qRest − qT,steady state

qP,Tafel C/cm2 E(0.0089 0.0037)t
A pulse

P

elec
+ , see

Figure S13
qP,transient (Tafel) C/cm2 qPulse − qP,Tafel

H2,hydride(qtransient) nmol/cm2

q q

zF
P,transient R,transient or

q q

zF
P,transient (Tafel) R,transient
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the oxidation transient(s), Figure 3d, reveals the effectiveness of
the steady-state approximation, albeit dominated by parasitic
background processes. The above analysis, combined with the
voltammetry shown in Figure S5, points to a negligible
contribution of H2 oxidation.

Quantifying Hydride Coverage on Cu(111) from
Potential Pulse Experiments. With the total H2 collection
experiments on Ag supporting the steady-state approximation of
the rate of HER (i.e., H2,HER ≈ H2,Estimated), quantification of the
more complex EC-MSH2,hydride response (Figure 4a) and charge
transient associated with hydride formation on Cu(111) is
examined in more detail. The H2,HER evaluated from the steady-
state EC-MS HER rate at Epulse (dashed horizontal lines, Figure
2a) was subtracted from measured H2,ECMS Total during a given
pulse sequence to generate a residual, ascribed to H2,hydride
(Figure 4a), that exhibits a sigmoidal dependence on potential.
The so-derived H2,hydride is less than that associated with the
integration of the measured H2 from 60 s and 90 s (Figure 2a,
inset) due to contributions from the HER associated with
diffusional lag in the spectrometer. This is well demonstrated by
EC-MS impulse experiments, Figure S9, where the time frame of
the diffusional lag associated with H2 from the HER occurs over
15 s after the pulse. By this subtractive analysis, a significant
quantity of hydride is first detected at−0.175 V (Figure 4a). The
hydride coverage increases substantially with decreasing Epulse
and reaches saturation near 1 nmol/cm2 of H by −0.275 V. The
saturation plateau from−0.275 V to −0.350 V equates to two-
thirds fractional H surface coverage, θH ≈ 0.67, on Cu(111).
This coverage is maintained even when the pulse time is
increased to 90 s (Figure 4a, inset). Extending the Epulse duration
enables saturation to be reached at −0.225 V, that is, between 25
mV to 50 mV more positive than that observed for 60 s pulses.
Likewise, varying the duration of Epulse between 15 s and 90 s
leads to variation in the amount of hydride formed between
−0.175 V and −0.225 V (Figure 4a, inset).
Interestingly, over the same potential range where hydride

formation is dependent on pulse time, the (pseudo) steady-state
HER rate measured by EC-MS is partially dependent on pulse
time within the standard deviations of the measurements.
Ignoring the results for 5 s, the steady-state HER rates at
intermediate potentials are plotted on a log scale (Figure S12).
At −0.2 V, a positive correlation between average HER rate and
pulse time is evident and perhaps even clearer at −0.225 V. The
time dependence of the average HER rate diminishes for Epulse ≤
0.25 V, congruent with the more rapid completion of hydride
formation and sulfate desorption. It will be challenging to
determine if the hydride coverage impact on the HER kinetics
reflects the properties of the hydride phase itself or is primarily
due to the removal of the blocking sulfate adlayer. Experiments
performed in a different electrolyte may offer more insight into
this question.
Upon stepping to Erest, hydride decomposition by Hads

recombination to H2 occurs rather than its removal by oxidation
to hydronium. This enables the charge associated with SO4

2−

adsorption, qR,Transient, (Figure 4b) to be estimated by subtracting
the integrated parasitic steady-state background current,
qR,Steady State, from the total integrated charge, qRest. As with the
Ag control experiment, the charge from the steady-state current
is negative due to parasitic ORR, and, in this analysis, its rate is
assumed to be independent of the evolution of the hydride/
SO4

2− coverage.When Epulse is between−0.075 V and−0.150 V,
the transient charge, qR,Transient, increases minimally from 20 μC/
cm2 to 25.9 μC/cm2. However, as Epulse is advanced from−0.150

Figure 4. (a) Hydride coverage on Cu(111) determined by
deconvolution of the 2 amu EC-MS signal for H2,HER from the
H2,EC‑MS Total for the potential pulse experiments in Figure 2. The inset
depicts the dependence of hydride formation on the duration of EPulse.
(b−c) Integration and comparison of current transients for (b) anion
adsorption upon stepping to Erest (60 s to 120 s) and (c) for anion
desorption and hydride formation upon stepping to Epulse (0 s to 60 s).
Note that the x-axis in panel (b) indicates the potential of the EPulse
preceding Erest, with the reported charge being that measured at Erest.
The notation “Tafel” represents a subsequent evaluation of the
respective charge by Tafel slope extrapolation to estimate the steady-

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c06207
J. Phys. Chem. C 2022, 126, 18734−18743

18740

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c06207/suppl_file/jp2c06207_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c06207/suppl_file/jp2c06207_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c06207/suppl_file/jp2c06207_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c06207?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c06207?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c06207?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c06207?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c06207?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


V to −0.225 V, qR,Transient increases substantially to 115 μC/cm2

and eventually reaches 142 μC/cm2 by −0.350 V. Given the
saturation conditions for hydride formation from the EC-MS
signal is reached by −0.275 V, the difference in charge, ≈Δ106
μC/cm2, between−0.300 V and −0.125 V is attributed to SO4

2−

adsorption. The assignment aligns well with previous Raman
studies, indicating the formation of saturated sulfate adlayers on
Cu(111)15,26,27 under these conditions. Likewise, ECSTM
studies reveal the adlayer adopts a (√3 × √7) structural
variant with a longer-range Moire pattern as a result of
superposition with the reconstructed Cu(111) surface.14,17−20

Consistent with the overlayer structure, a radiotracer study
indicates a fractional coverage of θSOd4

≈ 0.21 on Cu(111).28 An
upper bound estimate of the charge based on compensation of
the valence of the solvated sulfate species would be 120 μC/cm2,
which compares to the measured value of ≈Δ106 μC/cm2. This
corresponds to an electrosorption valency of 1.76, similar to that
reported for (√3 × √7) sulfate adlayers on other 111 fcc
surfaces.29−31

Inverse analysis based on reversibility of sulfate adsorption
enables deconvolution of the charge qP,Transient associated with
hydride formation at Epulse. The potential dependence of
qP,Transient is like that for H2,hydride determined from EC-MS, as
shown in Figure 4c, although the transition of qP,Transient to
saturation occurs more abruptly. A significant qP,Transient charge is
first observed at −0.225 V and saturates by −0.250 V at ≈−275
μC/cm2 (Figures 4c and 5a), whereas the EC-MS data shows
hydride formation begins at potentials as positive as −175 mV.
This discrepancy is likely due to the slow rate of hydride
formation at smaller overpotentials (Figures 2b and S4) that
results in significant overlap with the steady-state HER current
leading to an overestimate of the latter. To explore this further, a
Tafel plot was generated using the steady-state current from
Figure 2. The current density at the four most negative pulse

potentials, where hydride saturation is achieved, were used to
find the Tafel slope (Figure S13). Extrapolation to lower
overpotentials was used to predict the charge associated with
HER at Epulse from −0.175 V to −0.250 V (qP,Tafel in Figure 4c).
The difference between qP,Steady State and qP,Tafel represents the
incremental charge contribution associated with sulfate
desorption and hydride formation. Adding this to qP,Transient at
intermediate potentials generates qP,Transient (Tafel) in Figure 5a,
which shows a much more gradual rise in sulfate desorption/
hydride formation with potential that is more congruent with the
relationship between potential and hydride formation measured
by EC-MS (Figure 4a) and the adsorption of sulfate with the
return step to Erest (Figure 4b). In fact, if sulfate desorption is
assumed to be equal and opposite to qR,Transient for its adsorption,
then the remaining charge in qP,Transient (Tafel) can be ascribed
predominantly to hydride formation. Converting this charge to
H2 (H2,Hydride (qTransient)) and comparing this result with the
inverse decomposition process, i.e., H2,hydride from the EC-MS
measurement, captures the plausibility of this inference (Figure
5b).
Finally, the difference in qP,Transient between −0.300 and

−0.125 mV (275 mC/cm2) captures complete sulfate
desorption and hydride formation. As the saturated sulfate
coverage for adsorption at Erest was determined to be 106 mC/
cm2 in Figure 4c, this leaves 169 mC/cm2 for hydride formation.
This converts to θH of 0.6 on Cu(111), close to the coverage
measured by EC-MS (Figures 4c and 5b).
Chemisorption of hydrogen on Cu(111) in UHV has been

studied using high-resolution electron energy loss spectrosco-
py.7,11 Loss peaks at 100 meV (806. 6 cm−1) and 129 meV
(1040.46 cm−1) were measured at H coverages below 0.5 and
assigned to binding at 3-fold hollow sites. The assignment was
congruent with a subsequent infrared reflection absorption
spectroscopy study, although this differed from earlier work on
the topic.8,10 At higher coverages, a third loss peak was measured
at 115 meV (927.5 cm−1) that was assigned to subsurface
hydrogen that begins to form as occupancy of the 3-fold hollow
sites begins to approach saturation. More recently, DFT
indicated that 3-fold hollow surface sites are preferred over
subsurface sites for θH < 0.67.12 At higher coverages, the

Figure 4. continued

state H2,HER current during Epulse, as shown in Figure S13. The line
width in panel (b) and error bars in panels (a, c) represent the standard
deviation of the measurements.

Figure 5. (a) Transient charge measured during anion desorption and hydride formation at EPulse before (qP,Transient) and after adjustment via the Tafel
fit (qP,Transient (Tafel)) in Figure S13. (b) H2,hydride determined from the EC-MS signal compared to that from qP,Transient (Tafel) (H2,Hydride (qTransient)) after
subtracting the charge from sulfate adsorption during ERest (qR,Transient). Error bars represent the standard deviation of the measurement.
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presence of hydrogen at adjacent fcc and hcp sites increases the
surface adsorption potential such that the adsorption at
subsurface sites eventually becomes more favorable.12 Calcu-
lations also indicate that the energy for H adsorption to hcp sites
is isoenergetic relative to binding at fcc sites.13 Calculations
evaluating overpotential adsorption of hydrogen on Cu (111)
indicate that the Hads adsorption energy decreases with potential
and increasing coverage, with a marked increase in the HER
occurring near −0.4 V SHE corresponding to a coverage, in
excellent agreement with the present results.32 The 0.67
fractional H coverage observed for the potential and electrolyte
conditions reported herein supports H binding to three-fold
hollow sites on Cu(111) and the (3 × 1) structure suggested by
DFT12 that with multiple domains would be congruent with the
(3 × 3) LEED results.8 Hydride formation and decomposition
are strongly potential-dependent and coupled with anion
desorption and adsorption, respectively. It is possible that at
more negative potentials or other electrolyte compositions,
different coverages or structural configurations of the hydride
might be possible. It remains to be determined how the hydride
phase, i.e., (3 × 3) comprised of (3 × 1) like domains, interacts
with hydronium and other cations to render the interesting c(4
× 4) and c(5 × 5) structures reported in scanning tunneling
microscopy studies.14,20,21

The importance of Hads in electrocatalytic hydrogenation
reactions, such as CO2 reduction to hydrocarbon and oxygen-
ates on Cu surfaces, are just beginning to be explored. The
present results provide new insights and further motivation to
examine the role of Hads in guiding the selectivity and efficiency
of hydrogenation reactions, in ways that may be analogous to
prior work in homogeneous catalysis involving Cu−H
bonds.33,34 Likewise, these results provide hints as to the
possible role of proton reduction and hydride formation in the
electrodeposition of Cu at high overpotentials, along with the
impact of H on microstructural evolution.35,36

■ CONCLUSIONS
EC-MS is combined with chronoamperometry to quantify the H
surface coverage associated with the hydride surface phase
formed on Cu(111) in sulfuric acid electrolyte. Control
experiments on a non-hydride forming Ag surface were used
to demonstrate the utility of the steady-state approximation to
determine the total H2 produced fromHER in the thin-layer EC-
MS cell. The total H2 collection capability of the EC-MS
apparatus enables the mass and charge associated with hydride
formation or decomposition by H recombination and associated
anion desorption or adsorption on Cu(111) to be studied in
detail. At negative potentials, desorption of the sulfate adlayer is
coincident with the formation of the surface hydride. The
hydride has a fractional surface coverage θH of 0.67 relative to
the Cu(111) surface congruent with H occupying the three-fold
hollow sites. Modifying the amount of copper hydride formed
via pulse time revealed that the steady-state HER rate was
positively correlated to the degree of surface hydride and/or
inversely related to adsorbed sulfate. Hydride decomposition
proceeds by Hads recombination rather than oxidation such that
the majority of the oxidation charge can be associated with the
formation of the (√3 × √7) mixed sulfate-water adlayer.
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