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ABSTRACT: Exploring efficient and low-cost electrocatalysts for hydrogen evolution reaction (HER) in alkaline media is crit-
ical for developing anion exchange membrane electrolyzers. The key to a rational catalyst design is understanding the de-
scriptors that govern the alkaline HER activity. Unfortunately, the principles that governs alkaline HER performance remain
unclear and are still under debate. By studying the alkaline HER at a series of NiCu bimetallic surfaces, where the electronic
structure is modulated by ligand effect, we demonstrate that alkaline HER activity can be correlated with either the calculated
or the experimental-measured d band center (an indicator of hydrogen binding energy) via a volcano-type relationship. Such
correlation indicates the descriptor role of d band center, and this hypothesis is further supported by the evidence that com-
bining Ni and Cu produces a variety of adsorption sites, which possess near-optimal hydrogen binding energy. Our finding
broadens the applicability of d band theory to activity prediction of metal electrocatalysts and may offer an insightful under-

standing of alkaline HER mechanism.

Introduction

The transition of the energy infrastructure from fossil
fuels to sustainable energy sources requires us to develop
low-cost energy storage and conversion technologies that
utilize renewable energy (such as solar, tidal, wind, etc.) for
providing electricity at-scale and on-demand.'-3 A promis-
ing method is to electrochemically generate Hz as an energy
carrier.* Energy is stored by electrochemical water splitting,
which produces Hz and Oz; and their recombination, for ex-
ample, can generate electricity via fuel cells.®:5-¢ To realize
this hydrogen-based energy system, one of the key chal-
lenges is to efficiently produce Ha. This challenge requires
the use of highly active and cost-effective catalysts to mini-
mize the overpotential necessary for driving the hydrogen
evolution reaction (HER), which constitutes half of the wa-
ter splitting process. Platinum is the state-of-the-art catalyst
for HER in acid electrolyte, but the scarcity and high cost of
platinum limits its widespread technological usage, and

thus calling for the search for highly active, earth-abundant
catalysts to replace Pt.7-8

The alkaline environment of hydroxide exchange mem-
brane enables the possibility of using non-precious metal
catalysts for HER.%-11 To guide the rational search for metal
HER catalysts in alkaline, researchers have established
some design principles, such as the hydrogen binding en-
ergy theory.” 1213 Despite the recent evidences about the
role of adsorbed OH in the water dissociation step for HER
in alkaline,'#1¢ hydrogen binding energy has been proved to
be the dominant factor that governs alkaline HER activity at
various monometallic catalysts.? 12-13.17 [nspired by the suc-
cess of hydrogen binding energy, we further infer that alka-
line HER at metal catalysts is governed by the position of d
band center, because adsorbate binding energy (e.g. hydro-
gen binding energy) is usually reflected by the d band cen-
ter, which has been universally accepted as the descriptor
for HER in acid;82° and also other catalysis reactions.?1-2*



There are several works that attempt to raise the commu-
nity’s awareness of the importance of d band center to alka-
line HER at sulfide,?5 phosphide,?¢ nitride?” and metal cata-
lysts.?8-31 Despite the pioneering efforts, there is still a lack
of a systematic study that tunes the d band center over a
broad range and identifies an optimum value (Sabatier prin-
ciple)3? by directly establishing the relationship of alkaline
HER activity vs. d band center. The absence of this relation-
ship leads to the circumstance that the applicability of d
band theory to alkaline HER is unanswered and the role of
the d band center position in alkaline HER at metal catalysts
remains elusive. Acquiring such knowledge is helpful for
broadening our fundamental understanding on alkaline
HER and instructing the design of more efficient electrocat-
alysts for alkaline HER.

To address this issue, this article chooses a series of NiCu
bimetallic nanoparticles (NPs) as the model material to
study the correlation between alkaline HER activity and the
position of d band center. NiCu is chosen because alkaline
HER at Ni-33-35 and Cu-based?® non-precious metals has ex-
hibited excellent activity (even approaches Pt), which de-
serves more studies for further activity improvement. We
synthesized NiCu NPs via a colloidal method. By varying the
surface compositional ratio of Ni to Cu, we took the ad-
vantage of ligand effect?% 37 - the metal ligands of the surface
atoms are changed - to tune the position of d band center,
which is quantified by density functional theory (DFT) cal-
culation and X-ray photoelectron spectroscopy (XPS) meas-
urement. The intrinsic HER activity of NiCu bimetallic sur-
face exhibits a volcano-shaped dependence on the d band
position, which indicates that the d band center can be pri-
marily used as a descriptor for alkaline HER. The applicabil-
ity of d band center is further supported by the evidence
that combination of Ni and Cu produces a variety of adsorp-
tion sites, which possess near-optimal hydrogen binding en-

ergy.

Methods

Synthesis of NiCu nanoparticles (NPs). The free-standing
NiCu NPs with various compositions were synthesized by re-
ducing Ni(acac)z and Cu(acac)z in oleylamine. In a typical syn-
thesis of Ni1Cu1 NPs, 0.5 mmol Ni(acac)z, 0.5 mmol Cu(acac)z,
10 ml oleylamine and 0.8 ml oleic acid were mixed at room tem-
perature (25 °C). The solution was then kept at 120 °C under
an Ar blanket for 30 min to remove the moisture. Then the so-
lution was heated to 220 °C at a heating rate of 2 °C/min. The
reaction was maintained at 220 °C for 1 hr and then naturally
cooled down to room temperature. As-prepared NiiCui NPs
were collected and washed by centrifugation. The composition
was varied by changing the precursor ratio between Ni(acac)2
and Cu(acac)a.

Carbon loading. A suspension of Vulcan XC-72 (Premetek,
USA) was prepared by sonicating ~320 mg of Vulcan in 600 ml
hexane in an ice bath for 5 hours. Afterward, a suspension of
as-prepared NiCu NPs in hexane was added into the Vulcan sus-
pension and the mixture was further sonicated for 2 additional
hours. The catalyst powders were collected by purging Ar
(evaporating hexane) at room temperature and dried in vac-
uum oven for 24 hr. The mass loading of NiCu NPs at NiCu/C
catalysts was controlled at 20 w%. To remove the surfactants
attached on NPs, the NiCu/C catalysts were heated up to 250 °C
under air and maintained at this temperature for 30 min. After

naturally cooling down to the room temperature, the air atmos-
phere was switched to a mixture of Hz2/Ar (5% Hz) and the tem-
perature was further increased up to 200 °C and maintained for
1 hr.

Physical characterization. The TEM study was carried out
on a JEOL 2010 transmission electron microscope at 200 kV.
The X-ray diffraction pattern was collected on a PANalytical
X’pert Pro with Cu Ka radiation (A =1.5418 A). The XRD sam-
ples were prepared by dropping highly concentrated NP solu-
tion onto glass slides. The composition of NPs was determined
by ICP. For X-ray photoelectron spectroscopy (XPS) experi-
ments a PHI5700 spectrometer, made by Physical Electronics,
was employed.

Electrochemical measurement. Working electrodes were
fabricated by drop-casting catalysts onto glassy carbon rotat-
ing disk electrode (RDE) with a modified ink recipe as de-
scribed previously.¢ The as-prepared NiCu/C catalysts were
dispersed in a mixture of solvents containing water, isopropa-
nol and Nafion® perfluorinated resin solution (5 wt% in wa-
ter) (v/v/v=4/1/0.04). After sonicating for 1 hr in an ice bath,
15 pL of this ink was then dropped onto the glassy carbon RDE
electrode (5 mm diameter) and dried at room temperature,
yielding a metal mass loading of 2 pgmetal (10.2 pgmetal/cmZ2disk)-
HER tests were conducted in a three-electrode cell, where the
working electrode compartment and counter electrode com-
partment were separated by an AMI-7001 anion exchange
membrane (Figure S17). Electrochemical data was recorded by
a BioLogic SP-150 potentiostat at room temperature (25 °C). A
Pt foil served as counter electrode and a mercury-mercury ox-
ide (Hg/HgO, filled with 0.1 M KOH solution) was used as ref-
erence electrode. The HER performance was assessed by the
cyclic voltammetry (CV) at 10 mV/s with a rotation speed of
1600 rpm in Hz-saturated 0.1 M KOH (prepared by Sigma-Al-
drich potassium hydroxide, assay 99.99%). The applied poten-
tials were converted to the RHE scale via reference electrode
calibration in Hz-saturated 0.1 M KOH. The potentials were fur-
ther iR-corrected. R (the uncompensated resistance) was
measured by electrochemical impedance spectroscopy (EIS).
The ECSA of Ni was extracted based on the Coulombic charge
under the OH adsorption peak at 0.2 V vs. RHE,38 and ECSA of
Cu was measured by the charge under the peak (at 0.6 V vs
RHE) which represents the formation of Cuz0 monolayer. See
the detailed methodology discussion in Supporting Infor-
mation (SI).2

DFT calculation. All DFT calculations were performed by
using Vienna Ab-initio Simulation Package (VASP) under the
Projected Augmented Wave (PAW) method. The revised
Perdew-Burke-Ernzerhof (RPBE) functional was used to de-
scribe the exchange and correlation effects, since it has been
proved to provide useful trend in computing adsorption ener-
gies.39-40 [n all the calculations, the cutoff energy was set to be
450 eV. The (111) surface was used to represent the catalytic
interface of the metals and metal alloys. The Monkhorst-Pack
grids*! were set to be 4x4x1 and 9x9x1 for computing the sur-
face optimizations and density of states (DOS) calculations, re-
spectively. At least 18 A vacuum layer was applied in z-direc-
tion of the slab models, preventing the slabs from vertical in-
teractions. The descriptor proposed by Norskov et al. was used
to describe the HER activity on a given catalyst surface, where
the free energy of hydrogen adsorption (AGu+) was considered
as the key parameter determining the HER activity.2 For HER
in aqueous solutions, it is a two-step process and involves only
one reaction intermediate, the chemisorbed H atom. The free
energy of the adsorbed hydrogen is defined as: AGu* = AEq +
AEzpe - TASH, where AEn is the hydrogen binding energy, AEzpe



is the zero-point energy difference between adsorbed hydro-
gen and gaseous hydrogen, and TAS is the corresponding en-
tropy difference between these two states. According to previ-
ous studies,*2 here we used 0.24 eV to represent the correction
of zero point energy and entropy of hydrogen state.

Preparation of NiCu bimetallic catalysts

A series of NiCu NPs were consistently synthesized by the
same colloidal route (which is modified from a literature ap-
proach),*? and the composition ratio was controlled by var-
ying the feeding ratio of Ni to Cu precursors. Transmission
electron microscopy (TEM) imaging (Figure S1) reveals that
the as-synthesized NiCu NPs are spherical. X-ray diffraction
(XRD) patterns show typical fcc crystal phases with diffrac-
tion peaks between the standard Ni and Cu peaks (Figure
1), indicative of polycrystalline NiCu solid solutions, which
is consistent with the XRD analysis on NiCu alloys reported
previously.#445 To avoid NPs aggregation in later electroca-
talysis tests,*3 these free-standing NiCu NPs were loaded
onto a supporting material, i.e. Vulcan carbon, by long-term
sonication to yield NiCu/carbon (denoted as NiCu/C) cata-
lysts, where the weight percentage of metal is 20 wt%. The
surface of NPs synthesized by colloidal methods is usually
attached with surfactant molecules, which might interfere
with the electrocatalytic activity measurement.*¢ Thus, to
rule out such interference, the NiCu/C catalysts were heat-
treated in air for surfactant removal,*¢ followed by heat-
treatment in a reducing atmosphere, i.e. 5% Hz/Ar, to en-
sure the catalysts are metallic. After this two-step heat-
treatment, the XRD patterns confirm that the NPs are still
solid solutions (Figure S2); and the grain sizes (Figure S3h)
obtained from Scherrer equation analysis of XRD (111)
peaks indicate these NPs are polycrystalline. The con-
sistency between the nominal feeding ratio of precursors
and bulk composition ratio of NPs is confirmed by Induc-
tively Coupled Plasma (ICP, Figure S4). TEM shows that they
are spherical (Figure 1, S5-S9) without specific orientation.
To know the exposed facet and strain, the TEM-based sur-
face analysis was performed (examples in Figure S5-59).
The statistical results (Figure S10) show that the surfaces of
these NiCu/C particles consistently have a dominant prefer-
ence for (111), indicating that the facet exposure is not a

variable across NiCu bimetallic catalysts with different com-
positions; in addition, strain was not observed at these cat-
alysts. The exemplary energy-dispersive X-ray spectros-
copy (EDS) mapping at various NiCu/C (Figure S11) visual-
izes that increasing the bulk concentration of Ni leads to the
transition from Cu-rich to Ni-rich surface (further quanti-
fied by electrochemistry measurement in the next section).
By counting >250 particles,*’ the statistical average sizes of
NiCu NPs (at NiCu/C after heat-treatment) are shown in Fig-
ure S3. The size histograms indicate that, at NiCu/C cata-
lysts, NiCu NPs with various compositions have comparable
particle sizes, which rules out a size effect on the later HER
studies.*® Hereafter, the resulting heat-treated NiCu/C cata-
lysts are used for the following electrochemistry tests. As
control experiments, pure Ni/C and Cu/C catalysts were
also prepared by the same procedures.

Surface composition of NiCu bimetallic catalysts

Since the surface region (rather than the bulk NP) directly
governs the electrocatalytic performance, we quantify the
surface composition and surface area of these NiCu/C cata-
lysts. To measure the surface composition, cyclic voltamme-
try (CV) - a surface-sensitive technique - was performed by
referencing a well-published literature methodology.® As
revealed in both literature and our results, either Ni or Cu
does not show the characteristic CV peaks of H adsorp-
tion/desorption,® 38 4950 which is a standard method for
quantifying the electrochemical active surface area (ECSA)
of Pt catalysts. The ECSA of Ni was extracted based on the
Coulombic charge under the OH adsorption peak at 0.2 V vs.
RHE,? 3849 and ECSA of Cu was measured by the charge un-
der the peak (at 0.6 V. vs RHE) which represents the for-
mation of a Cuz0 monolayer (see the detailed methodology
discussion in SI).%-50 It can be qualitatively observed that as
the bulk Ni composition increases, the intensity of the CV
peak that signifies surface Ni increases, and that for Cu de-
creases (Figure 2 and S12), indicating that these NiCu/C cat-
alysts possess different surface composition. This observa-
tion is fundamentally the same as a CV study at PtAu NPs,
where a larger Pt coverage at surface gives a larger peak
that represents surface Pt and a smaller peak for Au. The
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Figure 1. Transmission electron microscopy (TEM) images of NiCu nanoparticles (NPs) loaded on carbon (NiCu/C, after heat treat-
ment) with different nominal compositions: (a) Ni1Cusz/C, (b) Ni1Cuz/C, (c) Ni1Cu1/C, (e) Niz2Cu1/C, (f) NizCu1/C. (d) X-ray diffraction
(XRD) patterns at free-standing NiCu NPs with different nominal compositions: Ni1Cus, Ni1Cuz, Ni1Cui, NizCus1, NizCui. The vertical
dash lines are standard Cu and Ni XRD patterns extracted from PDF No. 03-065-9026 and PDF No. 03-065-0380, respectively. (g)
The average diameter of NiCu NPs measured from > 250 NPs at TEM images.
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Figure 2. Cyclic voltammetries (CVs) of NiCu nanoparticles (NPs) supported on carbon (NiCu/C) with different nominal composi-
tions, (a) Ni1Cus/C, (b) Ni1Cuz/C, (c) Ni1Cu1/C, (d) NizCu1/C, (e) NizCu1/C. CVs were collected in Ar-saturated 0.1 M KOH at the scan
rate of 20 mV/s. (f) The surface Ni coverage versus bulk fraction of Ni. The surface Ni coverage was estimated by CV-derived elec-
trochemical active surface area (ECSA). The dash line represents the surface Ni coverage equals bulk fraction of Ni. The error bars

represent at least three independent measurements.

variation of the CV peaks for Ni and Cu at our various NiCu
catalysts indicates that these peaks are sensitive to the sur-
face composition, and thus the ECSA can be reliably deter-
mined by these peaks. To quantify the surface composition,
we use Ni coverage, which is defined as the surface fraction
of Ni. Plotting Ni coverage against NPs bulk composition
shows that, with a larger fraction of bulk Ni, the surface Ni
coverage increases; and the surface Ni coverage slightly dif-
fers from the bulk.

To supplement the ECSA-derived surface composition,
XPS is additionally employed to measure the Ni fraction,
which is estimated according to the integrated areas of the
Ni 2p region from 850 to 890 eV34 and the Cu 2p region from
925 to 960 eV (Figure S13 and S14).%> Figure S15 reveals
that the Ni fraction derived from XPS agrees well with that
obtained by ECSA, indicating that our ECSA method is in-
deed able to reflect the surface composition. Considering
that XPS does not necessarily probe the outmost surface
layer (even the angle-dependent XPS is difficult for pow-
ders),>! we choose ECSA-derived Ni fraction for further dis-
cussion. The surface areas of catalysts (i.e. the surface areas
of NiCu NPs at NiCu/C), which will be used for extracting
HER intrinsic activities in the next section, were estimated
by totalling ECSA of Ni and Cu (Figure S16). As a reference,
we also present the surface areas estimated by TEM with a
spherical approximation (see method in SI and results in
Figure S16).#7 The TEM-derived surface area is slightly
larger than ECSA, which has also been reported in previous

studies on Pt NPs.52 This discrepancy between these two
methods might be due to the fact that the contact area be-
tween NPs and the carbon support is included in TEM anal-
ysis but is inaccessible in CV measurement.>2 Thus we
choose ECSA for the following intrinsic activity analysis.

HER intrinsic activities of NiCu bimetallic catalysts in al-
kaline

The NiCu/C catalysts with various Ni fraction possess dif-
ferent HER intrinsic activities (surface-area-normalized ac-
tivities) in alkaline. The alkaline HER activity of NiCu/C cat-
alysts was measured by CV in Hz-saturated 0.1 M KOH elec-
trolyte and the working electrodes were prepared by the
traditional drop-casting method.* ¢ The working electrode
compartment and counter electrode compartment were
separated by an anion exchange membrane to avoid Pt con-
tamination from Pt counter electrode (Figure S17). Geomet-
ric current densities (current normalized to the geometric
area of glassy carbon disk) of NiCu/C catalysts with various
surface composition show different overpotentials to reach
the current density of 1 mA/cm?Zaisk, varying from ~590 mV
for Cu/Cto ~160 mV for Ni2Cu1/C (Figure S18). Because the
activity based on geometric current density does not reflect
the intrinsic chemistry of a given electrocatalyst, we next
discuss the specific activity, which reflects the intrinsic ac-
tivity. The critical role of specific activity in analysing intrin-
sic activity can be found in the published literature.! 56 47.53



C

-0.1 — T T T

1 @i = 1000 pA/emBp, - py2-Ui/C
© 02l J
10000 } 02 Ni,CU/Cen ™. @
~ o 7 Ni,CuC
N; % -0.3F I3ty @ E
£ @ : )
< 1000} 2 04} NIC |
= T .
Wost 1
100
06} 1
06 05 04 03 02 01 00 0 20 40 60 80 100

E - iR (V vs. RHE)

Surface Ni coverage (%)

Figure 3. (a) Hydrogen evolution reaction (HER) specific activities, is, of various NiCu/C catalysts obtained after background-correc-
tion (by averaging the positive- and negative-going scans of cyclic voltammetry, which was collected with a scan rate of 10 mV/s and
arotation speed of 1600 rpm in Hz-saturated 0.1 M KOH at 25 °C) and iR-correction. The current density is normalized to the surface
area of NiCu bimetallic catalysts. Note the specific activity of Pt/C is the nominal activity, which is obtained by normalizing the meas-
ured current density to the surface area Pt. (b) HER specific activity of various NiCu/C catalysts as a function of surface Ni coverage.
The specific activity is defined as the potential at 1000 pA/cm?2nps, which is the current density normalized to the surface area of
NiCu bimetallic catalysts. The grey dash line is drawn to guide the readers. The error bars represent at least three independent

measurements.

We normalized the current density to the ECSA of NPs (de-
rived in the earlier section) and plotted the ECSA-
normalized current density against the iR-corrected poten-
tial, generating the Tafel plots of specific activity. As shown
in Figure 3a, the HER Tafel plots of these NiCu/C catalysts
are located across a potential window of ~300 mV, indicat-
ing the intrinsic activity difference is ~3 orders of magni-
tude. Of notable interest is that the intrinsic HER activity of
Niz2Cu1/C approaches that of state-of-the-art Pt/C (Pt on car-
bon black, 20 wt%, Alfa Aesar), with an overpotential gap of
~100 mV. The HER activity was also tested in 1 M KOH,
which gives the same performance as that in 0.1 M KOH
(Figure S19). This observation rules out the presence of lo-
cal acid-like environment at nanostructured catalysts in
highly alkaline electrolyte.>*

To examine the effect of surface composition on HER per-
formance, the intrinsic activity, which is defined as the po-
tential at a given specific current density of 1000 pA/cm?nps,
is plotted as a function of the surface Ni coverage. As shown
in Figure 3b, their relationship forms a volcano-shaped
trend, where the summit of HER activity is located at a sur-
face Ni coverage of ~75% (NizCu1/C). Too small or too large
Ni content results in a lower HER activity than the interme-
diate Ni fraction. Such trend indicates that combining Ni
with Cu can greatly enhance the HER activity; but further
increasing the amount of Cu slows down the HER rate, even
leading to an activity lower than pure Ni (i.e. Ni/C). Inter-
estingly, this trend is consistent with a previous report,
where HER activity at NiAg bulk alloys with various surface
Ni content is maximized at Nio7sAgo.2s (a surface Ni coverage
of 75%).3* Caution that the validity of this established rela-
tionship between activity and surface composition (i.e. Ni
coverage) depends on the stability of surface composition
during HER measurement. If the surface composition keeps
changing during HER measurement, it not only invalidates
the relationship of activity vs. Ni coverage, but also the cor-
relation between activity and surface-composition-depend-
ent electronic structure (will be discussed later). To exclude

this possibility, the surface composition was examined by
CV after HER measurement, and results (Figure S20) show
that CV before and after HER measurement almost overlap,
indicating that the Ni:Cu ratio keeps unchanged during the
HER measurement. To sum up, this section proves the HER
activity at NiCu bimetallic catalysts is firmly correlated with
surface Ni coverage, and next we dig for the underlying rea-
son why activity forms such a volcano-shaped relationship
with surface Ni coverage.

The position of d band center at NiCu bimetallic cata-
lysts

The position of d band center relative to Fermi level,
which is a measure of the strength of the metal-adsorbate
interaction (i.e. hydrogen binding energy),'8-2 is postulated
as the key descriptor for the varied alkaline HER activities
at NiCu/C catalysts. The d band center theory for activity
prediction is explained as follows.1® The variation in the hy-
drogen-metal bond depends, to a large extent, on the
strength of the coupling between the hydrogen s states and
the metal d states. This coupling forms bonding and anti-
bonding states as illustrated in Figure S21. The bonding
states are filled, and the filling of the antibonding states,
which governs the strength of hydrogen binding, varies
from surface to surface. In a metallic environment, the fill-
ing depends on the position of the states relative to the
Fermi level. An upward shift of the d states relative to the
Fermi level results in an upward shift of the antibonding
states, leading to less filling and thus a stronger bond; and
vice versa. It is possible that the d band-governed H adsorp-
tion strength may not explain the alkaline HER, because the
lack of protons in alkaline electrolyte necessitates water
dissociation, where OH binding strength determines the
rate for converting water to available protons and thus the
overall HER rate.14-16.55 Nevertheless, hydrogen binding en-
ergy can act as the sole descriptor, as demonstrated by, for
example, the fact that hydrogen binding energy has success-
fully explained the HER at monometallic catalysts across
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Figure 4. (a) The projected d band density of states (DOS) for NiCu model surfaces with various fractions of Ni atoms calculated by
density functional theory (DFT). €4 - €t is the energy of d band spectra (&€4) relative to Fermi level (&f). The position of d band center
is indicated by the short black horizontal bar. The grey solid line indicates the Fermi level. The grey dash line indicates the d band
center of Pt. (b) The d band center of various NiCu surfaces calculated by DFT. Yellow points are d band centers of Cu, red are Ni; and
the grey dash line is d band center of Pt. The distance relative to d band center of Pt is indicated by the red arrow in panel (a) and
(b). (c) Normalized valence band spectra (VBS) of various NiCu/C catalysts measured by X-ray photoelectron spectroscopy (XPS).
The valence band spectra are corrected for background with a Shirley-type baseline. The d band center position (which is the weight
center of VBS, derived after subtraction of the Shirley-type background and integration) is marked by the horizontal black bar in

panel (c) and plotted against surface Ni coverage in panel (d).

various pH values;? 121317 and a recent review that summa-
rizes a set of evidences that prove OH binding plays a minor
role in alkaline HER (which will be discussed explicitly in
the next section).” This descriptor role of hydrogen binding
energy in pH-dependent HER gives a hint that alkaline HER
might be described by d band center, which, in the conven-
tional point of view, is a rational reflection of hydrogen
binding energy. In the following, the position of d band cen-
ter of NiCu/C catalyst is quantified via two methods: DFT
calculation; and experimental estimation by valence band
spectra of XPS measurement.

Our DFT calculation results show that the d band center
of NiCu bimetallic surface varies with Ni percentage (as a
result of the ligand effect),2? and we propose and rationalize
a simplified model where d band center at Cu atom domi-
nates HER at each NiCu surface. To represent each NiCu/C
catalyst, we built a NiCu alloy model, where the Ni:Cu ratio
is consistent with the surface composition revealed by CV
measurement in an earlier section (see the detailed Ni frac-
tion in Figure 4a or S22). Since DFT cannot give the cumu-
lated d band of Ni and Cu, the calculated d band density of
states (DOS) of both Ni and Cu atom at NiCu are shown in
Figure S23. It is observed that by combining Cu with Nj, the
position of d band at either Cu site or Ni site varies with the
Ni content, which is due to the ligand effect.?? The position

of d band center was then quantified and shown in Figure
4a and 4b, along with that of Pt as an important reference.
The reliability of our DFT calculation is confirmed by the
fact that our quantified d band centers of pure Cu, Ni and Pt
agree well with those in a landmark work.1? Since Pt is an
extremely active HER catalyst,5¢-57 its d band center posi-
tion, i.e. -1.929 eV with respect to the Fermi level, is usually
considered to be optimal for having a most favorable hydro-
gen binding energy. Thus, the comparison with the d band
center of Pt is a rational methodology for predicting the ac-
tivity of a particular metal catalyst. With Pt as the reference,
we can see the d band center of Ni atom at each NiCu surface
locates at a more high-lying position than Pt, implying that
the H adsorption at Ni site is too strong (Figure 4b and S23).
In contrast, with various Ni content, the d band center of Cu
atom at each NiCu surface shifts around (keeps close to)
that of Pt, indicating that Cu site of NiCu surface has a d band
center position close to the optimal value (i.e. that of Pt).
This observation signifies that, if simplifying the NiCu sur-
face by taking Ni and Cu separately, the Ni site at NiCu plays
a minor role in HER (due to its too high-lying d band), and
Cu is a more favorable catalytic site that dominates the HER
activity. Therefore, to describe the various HER activity at
NiCu surface, we propose a theoretical model, where the



HER at NiCu surface is simplified by taking Cu as the active
site.

The d band center positions of various NiCu/C catalysts
are experimentally estimated by valence band spectra
(VBS) of XPS measurement. Different from DFT-derived re-
sults, the VBS-measured d band center is the cumulated
states of Ni and Cu, which cannot separate the electronic
structure at Ni sites from that at Cu sites. After background-
correction with a Shirley-type baseline,58-5° the valence
band spectra are shown in Figure 4c. As expected, from
Cu/C to Ni/C (with an increasing Ni fraction), the d band
spectrum gradually shifts upwards. The d band center is
further quantified by estimating the weight center of VBS,58-
59 and the results are shown in Figure 4d. Combining Ni with
Cu gives an intermediate d band center position between
pure Ni and Cu; and the d band center can be finely tuned
by varying the Ni fraction. Despite the oxygen adsorption is
inevitable at Ni and Cu surface,3* 45 the O adsorption inter-
ference in d band measurement is considered to be minor,
because of these two evidences: our measured d band cen-
ters at Ni and Cu are consistent with the values measured
by VBS-XPS at bulk Ni and Cu metals,>® where the surface O
adsorption is minimized (O is even invisible at XPS spectra);
and it is a rational observation that increasing the Ni frac-
tion gradually shifts the d band center towards to that of
pure Ni. Since d band center is a parameter that cumula-
tively includes the influence from various surface structures
such as strain, facet, alloying, steps, discussing the role of d
band center excludes the need for considering the effect of
these surface structures on HER (more detailed discussion
in SI).20.60 In the next section, we attempt to study the rela-
tionship between HER activity and d band center position,
which includes the DFT-derived d band center of Cu at NiCu
surface and the XPS-measured cumulated d band center.

Correlation between HER activity and d band at NiCu bi-
metallic catalysts

The d band center is identified as the governing factor of
HER activity at various NiCu/C catalysts. As mentioned
above, the position of d band center relative to Pt can act as
an indicator of the HER activity. Either it is the case that the
d band sits higher or lower than Pt yields a sluggish HER
rate. The HER activity is optimized in the case that the d
band center location of a particular metal catalyst is close to
that of Pt. Therefore, to represent the HER activity, we ex-
tract the distance between the d band center of Cu (which is
rationalized as the active site in the earlier discussion) at
NiCu surface and that of Pt. This distance of each NiCu bime-
tallic surface relative to Pt is plotted against the surface Ni
coverage (as shown in Figure S24). The HER activity, which
is reflected by the as-extracted distance, forms a volcano-
shaped relationship with surface Ni coverage, and the sum-
mit is located at ~65%. This trend is consistent with the vol-
cano-type correlation between the experimentally meas-
ured HER activity and ECSA-determined surface Ni cover-
age. The climax of the experimental-derived volcano profile
is ~75%, which is almost the same as the activity predicted
from our proposed d band model. Such agreement validates
our simplified model, where a surface Cu atom is taken as
the active site, and thus the d band center at Cu appears to

be an appropriate governing factor of HER activity at our
NiCu bimetallic catalysts.
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Figure 5. HER specific activity of various NiCu/C catalysts as a
function of d band center. The d band center is estimated by
two method: the open circle represents the d band center cal-
culated by density function theory (DFT); and the solid circles
indicate the d band center measured by X-ray photoelectron
spectroscopy (XPS). The specific activity is defined as the po-
tential at 1000 pA/cm2nps, which is the current density normal-
ized to the surface area of NiCu bimetallic catalysts. The grey
lines are drawn to guide the readers. The error bars represent
at least three independent measurements.

To further confirm the dominant role of d band center, we
establish another two trends: one is the relationship be-
tween the HER activity at each NiCu/C catalyst and its d
band center at Cu (given by DFT); the other is the correla-
tion between HER activity and experimentally measured d
band center. As shown in Figure 5, the HER activity (the spe-
cific activity normalized to the surface area of NiCu bimetal-
lic catalysts) forms a striking volcano shape with either
DFT-derived or the XPS-measured d band center, which il-
lustrates very well the Sabatier principle,3? and proves that
d band center position is the dominant descriptor for alka-
line HER at NiCu bimetallic catalysts. The d band center the-
ory explains the volcano-shaped trend of HER activity vs. Ni
coverage (Figure 3b). Recall Figure 3b demonstrates that Ni
coverage can describe the activity trend: neither too high
nor too low Ni coverage cannot give a high HER activity; an
intermediate Ni coverage optimizes the activity. This is be-
cause the d band center and Ni coverage is strongly related:
the variation of d band center originates from the ligand ef-
fect induced by various Ni coverages; thus d band center is
the underlying reason why HER activity correlates with Ni
coverage via a volcano trend. It is noticed that the estab-
lished volcano trend (Figure 5) has some deviations: some
data points are not perfectly located on the predicted posi-
tion. For example, compared with Ni, Cu has a d band center
closer to Pt, implying that Cu should have a higher HER ac-
tivity than Ni; however, HER activity at Cu is much lower
than Ni, which is consistent with the previous measure-
ments.>° Here we attempt to rationalize such deviations by
the following discussion. First, the established volcano-
shaped relationship is usually asymmetrical. It is shown
that Cu is located at the left branch of the volcano, and Ni is
at the right (Figure 5). Considering this, a d band center
closer to Pt does not necessarily give a higher HER activity,



unless the volcano trend is a symmetrical volcano shape. In
fact, the activity-descriptor correlation is usually not a sym-
metrical volcano shape, for example, H adsorption strength
in HER,? 0-2p in oxygen evolution reaction (OER),** O ad-
sorption in oxygen reduction reaction (ORR),®2 d band in
ORR,?! ez in OER/ORR.- # Second, the deviations are under-
standable and in some cases, even inevitable. Similar
deviations are also present in the volcano trends
established in the landmark descriptor studies,-> 9 62
indicating that as long as the activity forms a clear volcano-
shaped relationship with the descriptor, the deviation does
not affect the successful identification of a descriptor. The
deviation is even inevitable, because the establised
descriptors in literature, including our d band center in this
work, are dominant descriptors, which usually fail to
include some minor influential factor. For example,
quantifying the d band center by calculating the weight
center of d band spectra may neglect the effect of d band
shape on reactivity.®3 Possiblly due to the unnoticed minor
factors, the linear relationship between H binding energy
and d band center is not a perfect straight line (deviations
exist, see ref 3%); and thus the trend of activity versus d band
center (an indicator of H binding energy) unavoidably
presents deviations.

The descriptor role of d band center in alkaline HER also
proves our earlier postulation that the alkaline HER at NiCu
bimetallic catalysts does not rely on the availability of pro-
tons, which has been widely reported in literature. In par-
ticular, a recent review!? has summarized a set of evidences
to prove the minor role of water dissociation in alkaline
HER, and here we reference several key proofs to rational-
ize our postulation. The experimental design that fixes H ad-
sorption and meanwhile varies OH binding energy allows us
to identify the role of OH binding. Following this logic, the
comparison between PtNi and acid-leached PtNi, which
have the same H adsorption strength but different OH bind-
ing energies, shows that they have the same alkaline
HER/HOR activity, and thus indicating OH binding does not
affect HER.%* It is usually believed that the reactant for HER
in acid is H* (or H30*); and that for alkaline HER is H20,
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which needs to be dissociated to produce protons. Evi-
dences indicate that, however, H20 can act as the proton do-
nor/acceptor in acid, as water dissociation step is always at
fast equilibrium across various pH values.1”-57.65 Thus the
reactants for HER in acid and base are the same. The catalyst
surface takes either protons or water molecules as the reac-
tants for HER in alkaline electrolyte; these two reactants
share the equal chances to be catalyzed. Durst et al.>” argue
that, under the assumption water dissociation is an indis-
pensable step, a combination of Pt (known to be active for
hydrogen recombination) with more oxophilic metals (e.g.
Ir) would enhance the interaction with H20/0H- to yield
higher alkaline HER activities.>> Thus, if OH binding plays a
major role, increasing the Ni coverage (Ni is more oxophilic
than Pt and the existence of surface Ni can significantly pro-
mote the OH adsorption)® of our NiCu bimetallic catalysts
would have led to a monotonic increase of alkaline HER ac-
tivity. However, a volcano-type trend is observed (Figure 5),
indicating OH adsorption is not a major role in our study.
We understand OH binding could be another descriptor of
the catalytic activity for alkaline HER (as reported by nu-
merous publications).14-16.55.66 The role of OH adsorption in
alkaline HER, however, is currently still under debate; and
the findings presented in this paper suggest that the d band-
governed hydrogen binding energy appears to be an appro-
priate descriptor for alkaline HER at bimetallic NiCu cata-
lysts. We hope more evidences will be presented in the fu-
ture to clear the debate about the exact role of OH adsorp-
tion in alkaline HER.

DFT-calculated hydrogen binding energy at NiCu bime-
tallic catalysts

Since d band theory relates to the adsorption energy of
adsorbates, this section studies hydrogen binding energy to
further rationalize (and supplement) the d band theory for
explaining HER activity at various NiCu/C catalysts. We un-
derstand that our proposed DFT-derived d band model (in
the earlier section) may be too simple, as it simplifies the
catalyst surface by taking Ni and Cu separately, and fails to
consider the hollow site adsorption, which usually takes
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Figure 6. (a) The hydrogen binding energy at Cu, Nis3Cus7, NizsCuzs, Ni and Pt model surfaces, which represent the catalyst Cu/C,
Ni1Cu1/C, Ni2Cu1/C and Ni/C, respectively. (b) The selected illustrations of the calculated surface sites for hydrogen (H) adsorption.
The yellow spheres are Cu, red spheres are Ni and blue spheres are H. (c) The hydrogen evolution reaction specific activity as a
function of the calculated hydrogen binding energy at Cu/C, Ni1Cui/C, NizCu1/C and Ni/C, which are based on the model of Cu,
Nis3Cusz, NizsCuzs and Ni, respectively. The specific activity is defined as the potential at 1000 pA/cm?2nps, which is the current density

normalized to the surface area of NiCu bimetallic catalysts.



place in “actual” situation. Here, with supplementary evi-
dence of hydrogen binding energy, we demonstrate the ra-
tionale of this simplified model, which could reasonably re-
flect the hollow site adsorption. The top two catalysts in our
NiCu series were selected to calculate the hydrogen binding
energy (Table S1). The hydrogen binding energies are
shown in Figure 6a, and the corresponding adsorption sites
are visualized in Figure 6b. As shown in Figure 6a, the hy-
drogen binding energies of the hollow site at Ni1Cu1/C and
NizCu1/C are -0.16 eV and -0.12 eV, respectively, which are
close to the optimum value (i.e. 0 eV) and the benchmark
value of Pt (i.e. -0.09 eV). This evidence demonstrates that
the combination of Ni and Cu indeed generates some highly
active NiCu structures and explains the high activities of
these two NiCu/C catalysts. By plotting HER activity against
the hydrogen binding energy at these exemplary catalysts
(Figure 6c¢), it elucidates the origin of the superior activity
of NizCu1/C to NiiCui/C: the hydrogen binding energy at
NizCu1/C is closer to the optimum value. This is consistent
with our earlier d band center observation (Figure 5),
where the d band center at Ni2Cu1/C is more optimized than
Ni1Cu1/C. The agreement between the activity trend versus
hydrogen binding energy (i.e. Figure 6c) and that as a func-
tion of d band center validates the descriptor role of d band
center (i.e. Figure 5), despite the simplicity of our proposed
DFT-derived d band theory.

Conclusions

In summary, we aim to investigate the role of d band in
alkaline HER with NiCu bimetallic surface as the model cat-
alyst. The surface compositional ratio of Ni to Cu is varied to
control the ligand effect, and thus to tune the position of d
band center, which is quantified by DFT calculation and XPS
measurement. The intrinsic HER activity of NiCu bimetallic
catalyst exhibits a volcano-shaped dependence on the d
band position, which indicates that the d band center can be
used as a descriptor for alkaline HER. The descriptor role of
d band center is further supported by the evidence that the
combination of Ni and Cu produces a variety of adsorption
sites, which possess near-optimal hydrogen binding energy.
Our finding reinforces the guiding role of d band theory in
searching for metal electrocatalysts, and may provide some
inspiring insights for understanding the alkaline HER mech-
anism.
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Methods

Synthesis of NiCu nanoparticles (NPs). The NiCu NPs with various compositions were synthesized by
reducing Ni(acac), and Cu(acac), in oleylamine. In a typical synthesis of Ni;Cu;, 0.5 mmol Ni(acac),,
0.5 mmol Cu(acac),, 10 ml oleylamine and 0.8 ml oleic acid were mixed at room temperature (25 °C).
The solution was then kept at 120 °C under an Ar blanket for 30 min to remove the moisture. Then
the solution was heated to 220 °C at a heating rate of 2 °C/min. The reaction was maintained at
220 °C for 1 hr and then naturally cooled down to room temperature. As-prepared Ni;Cu; NPs were
collected and washed by adding ~100 ml ethanol and following centrifugation. The composition was
varied by changing the precursor ratio between Ni(acac), and Cu(acac),; and the total amount of Ni
and Cu precursor was kept at 1 mmol. NiCu NPs can be dispersed well in nonpolar solvents such as
hexane and toluene.

Carbon loading. A suspension of Vulcan XC-72 (Premetek, USA) was prepared by sonicating ~320 mg
of Vulcan in 600 ml hexane in an ice bath for 5 hours. Afterward, a suspension of as-prepared NiCu
NPs in hexane was added into the Vulcan suspension and the mixture was further sonicated for 2
additional hours. The catalyst powders were collected by purging Ar (evaporating hexane) at room
temperature and dried in vacuum oven for 24 hr. The mass loading of NiCu NPs at NiCu/C catalysts
was controlled at 20 w%, which was confirmed by Inductively Coupled Plasma (ICP). The exceptional
case is Ni/C, where the ICP measurement gave a Ni loading of 5 w%.

Heat treatment for surfactant removal. NiCu/C catalysts were placed in a tube furnace, and purged
with dry air at a flow rate of 100 ml/min. The NiCu/C catalysts were heated up to 250 °C with a
heating rate of 5 °C/min under air and maintained at this temperature for 30 min. After naturally
cooling down to the room temperature, the air atmosphere was switched to a mixture of H./Ar (5%
H>) and the gas flow rate was kept at 100 ml/min. The temperature was further increased up to
200 °C with a heating rate of 5 °C/min and maintained for 1 hr. Subsequently, the tube furnace
naturally cooled down to room temperature.

Physical characterization. The TEM study was carried out on a JEOL 2010 transmission electron
microscope at 200 kV. The samples were prepared by dropping NPs suspension (in hexane) onto Cu
TEM grids with amorphous carbon film. The X-ray diffraction pattern was collected on a PANalytical
X’pert Pro with Cu Ka radiation (A =1.5418 A). The XRD samples were prepared by dropping highly
concentrated NPs suspension onto glass slides. The composition of NPs was determined by ICP. For
X-ray photoelectron spectroscopy (XPS) experiments a PHI5700 spectrometer, made by Physical
Electronics, was employed. To measure the d band, XPS technique was chosen by referencing an
article, which recommends XPS as a more favorable choice than UPS.! Monochromatized X-ray Al Ka
radiation of energy equal to 1486 eV was used. XPS valence band spectra were collected with 0.8 eV
resolution due to the low cross section of VB electrons to Al Ka photons.

Preparation of the working electrodes. Working electrodes were fabricated by drop-casting
catalysts onto rotating disk electrode (RDE) with a modified ink recipe as described previously.? The
as-prepared NiCu/C catalysts were dispersed in a mixture of solvents containing water, isopropanol
and Nafion® perfluorinated resin solution (5 wt% in water) (v/v/v = 4/1/0.04). After sonicating for 1
hr in an ice bath, 15 pL of this ink was then dropped onto the glassy carbon RDE electrode (5 mm
diameter) and dried at room temperature, yielding a metal mass loading of 2 Hgmeta (10.2
Ugmetal/cM%qisk). The preparation of commercial Pt/C (Alfa Aesar, 20 w%) electrode follows the same
recipe as NiCu/C catalysts.

Measurement of hydrogen evolution reaction (HER) activity. HER tests were conducted in a three-
electrode cell, where the working electrode compartment and counter electrode compartment were
separated by AMI-7001 anion exchange membrane to avoid Pt contamination from Pt counter
electrode. The membrane was immersed in 0.1 M KOH solution overnight before the test.
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Electrochemical data was recorded by a BioLogic SP-150 potentiostat at room temperature (25 °C). A
Pt foil served as counter electrode and a mercury-mercury oxide (Hg/HgO, filled with 0.1 M KOH
solution) was used as reference electrode. The HER performance was assessed by the cyclic
voltammetry (CV) at 10 mV/s with a rotation speed of 1600 rpm in H,-saturated 0.1 M KOH
(prepared by Sigma-Aldrich potassium hydroxide, assay 99.99%).

The applied potentials were converted to the RHE scale via reference electrode calibration in Hs-
saturated 0.1 M KOH. The potentials were further iR-corrected by the equation: E = Eppiied - iR, where
R (the uncompensated resistance) was measured by electrochemical impedance spectroscopy (EIS).
Our cell setup (from PINE Instruments) gives a R value of ~45 Q. One of the alternative methods is to
dynamically compensate for the iR in modern potentiostats.> However, this application is not
advisable because the circuit consisting of the potentiostat and the electrochemical cell could drift
into the resonance condition by subtle changes of the electrolyte or the catalyst, thereby
compromising the measurements.> Other methods such as current interrupt, and high frequency
resistance can also measure the R for iR-correction.* However, a systematic study proves that either
the R measured by current interrupt technique or high frequency resistance gives a larger value than
the R by EIS,* which indicates that EIS has a minimal possibility to overcorrect iR. The iR may be
overcorrected in the case that R is measured at a high overpotential, where gas bubbling is usually
observed at the electrode.® The faster formation of the nonconducting gas phase increases the
uncompensated resistance as well as the corresponding error of estimated R, resulting in significant
uncertainties on iR-correction.® To avoid this possibility, our R was measured by EIS at open circuit
potential, where no reaction takes place and no bubble forms. In addition, considering numerous
publications perform iR-correction by EIS method, which is nearly a standard method, using EIS-
derived R facilitates the readers to benchmark the catalyst against previous landmark studies.

Since alkaline solution causes the leaching of glass constituents into electrolyte, the electrochemical
data collection was completed within 30 min since the initial exposure of electrolyte to the glass cell.
Considering that the Cu- and Ni- containing NPs can be easily oxidized by the exposure to air, before
the CV measurement, the working electrode was held at -0.1 V vs. RHE for 30 s to ensure the
catalysts are metallic in nature, and then we immediately started HER measurement. The HER
stability results are shown in Figure S25. The possible mechanism for performance loss is hydride
formation, which is due to the hydrogen absorption caused by the strong bonding strength between
Ni and H.® Such activity degradation has been commonly observed at Ni-based metal catalysts.® The
stability issue is not further discussed, because this study aims at the activity descriptor, rather than
stability investigation, which is interesting but beyond the scope of this study.

Measurement of surface composition and surface area of NiCu/C catalysts. The electrochemical
active surface area (ECSA) of Ni and Cu at NiCu/C catalysts were measured by referencing the well-
published methods in literatures.” The ECSA measurements were carried out in a one-compartment
three-electrode cell, where a Pt foil served as counter electrode and a Hg/HgO electrode was used as
reference electrode. All the CVs were scanned at a sweep rate of 20 mV/s in Ar-saturated 0.1 M KOH.
Since the Cu- and Ni- containing NPs can be easily oxidized by the exposure to air, before the CV
measurement, the working electrode was held at -0.1 V vs. RHE for 30 s to ensure the catalysts are
metallic in nature, and then we immediately started conducting ECSA measurement.

The ECSA of Ni/C was measured by following a literature approach.”® The CV was scanned from -
0.15 V to 0.56 V vs. RHE. The ECSA of Ni was quantified by the reduction peak at ~0.05 V vs. RHE,
which corresponds to the reduction of Ni(OH), with a charge density of 514 uC/cm?y;.

The ECSA of Cu/C was measured by following the literature approach”1° with slight modifications.
The CV was scanned from -0.15 V to 0.8 V vs. RHE. The ECSA of Cu was quantified by the anodic peak
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at ~0.6 V vs. RHE, which corresponds to the formation of one monolayer of Cu,O with a charge
density of 360 puC/cm?c. In this work, we restricted the positive potential to 0.8 V vs. RHE (rather
than 1.65 V vs. RHE, which has been used in previous studies) to avoid the danger that a too
oxidizing potential might cause catalyst degradation. Our modification is rationalized by the fact that
in the CV with a positive limit of 0.8 V vs. RHE, the peak for Cu ECSA quantification shows negligible
difference from that measured by CV with a positive limit of 1.65 V vs. RHE (Figure S13a), indicating
this modification does not affect the ECSA measurement. Another concern is the catalyst
degradation caused by CV cycling. As evidenced by Figure S13b, the CV cycling decreases the
intensity of the peak for Cu ECSA quantification (as well as the peak of Cu,0 reduction, ~0.35 V vs.
RHE), indicating that the progressive occurrence of some irreversible structural changes. Therefore,
for extracting the Cu ECSA, we use the 2" CV cycle, which is still able to reflect the catalysts’ original
surface information.

The ECSA of NiCu/C catalysts was measured by the same approach as Cu/C. The CV was scanned
from -0.15 V to 0.8 V vs. RHE, and to avoid catalyst degradation, the 2" CV cycle was taken to extract
surface area. The ECSA of Cu was quantified by the anodic peak at ~0.6 V vs. RHE, which corresponds
to the formation of one monolayer of Cu,O with a charge density of 360 uC/cm?.. The anodic peak
(~0.35 V vs. RHE) at NiCu alloy is identified as the OH adsorption at Ni, as the peak position overlaps
with that at pure Ni, which is consistent with the literature report; and at pure Cu, there is no peak
around this potential range, which rules out the possibility that this peak originates from Cu. Since
the OH desorption (reduction of Ni(OH),) peak at NiCu alloy is not discernible (masked by HER), the
OH adsorption peak (~0.35 V vs. RHE) is alternatively used for Ni ECSA estimation, with the
assumption that the charge density of 514 uC/cm?2y, which equals that for OH desorption. Our
modification is rationalized by the evidence that at pure Ni, the Coulombic charge under OH
adsorption peak shows negligible difference from that of OH desorption. The surface area of NPs
was estimated by totaling the Ni ECSA and Cu ECSA. The surface Ni coverage was estimated by
normalizing Ni ECSA to the surface area of NPs.

To further prove that our approach for estimating the ECSA of NiCu/C, TEM method was used to
calculate surface area of NPs. The surface area of NiCu NPs at NiCu/C was calculated according to
the equation (assuming the particles are spherical and without internal porosity):*

6 %103
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Surface area =

where d is the average diameter (nm) of NiCu NPs from the size distribution histogram in Figure S3;
p is the theoretic density (g/cm?). The surface area of Ni measured with the aid of TEM is consistent
with that estimated by the anodic peak of OH adsorption at CV, indicating that our approach for
estimating Ni ECSA at NiCu/C is reliable.

ECSA measurement of Pt/C. The ECSA measurements were carried out in a one-compartment three-
electrode cell (made of glassware), where a Pt foil served as counter electrode and a Hg/HgO
electrode was used as reference electrode. The CV was firstly scanned from ~0.03 V to 1.1 V vs. RHE
at a sweep rate of 50 mV/s in Ar-saturated 0.1 M KOH, which is for the purpose of cleaning the Pt
surface. Afterwards, to determine the double-layer capacitive current, the positive potential window
was restricted to 0.6 V vs. RHE to eliminate the interference from the reduction of Pt oxide. The CV
measured with a positive vertex of 0.6 V vs. RHE is for quantifying ECSA.” The hydrogen
adsorption/desorption region between 0.05 V and ~0.4 V vs. RHE (the onset of the double layer
region) was used to calculate the Pt surface area, and the charge density for one monolayer of
hydrogen coverage is 210 uC/cm?:.’

Density Functional Theory (DFT) calculation. All the density functional theory (DFT) calculations
were performed by using Vienna Ab-initio Simulation Package (VASP)!*'3 under the Projected
Augmented Wave (PAW)** method. The revised Perdew-Burke-Ernzerhof (RPBE) functional was used
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to describe the exchange and correlation effects, since it has been proved to provide useful trend in
computing adsorption energies.’>’ In all the calculations, the cutoff energy was set to be 450 eV.
The (111) surface was used to represent the catalytic interface of the metals and metal alloys. The
Monkhorst-Pack grids'® were set to be 4x4x1 and 9x9x1 for computing the surface optimizations
and density of states (DOS) calculations, respectively. At least 18 A vacuum layer was applied in z-
direction of the slab models, preventing the slabs from vertical interactions.

The descriptor proposed by Norskov et al. was used to describe the HER activity on a given catalyst
surface, where the free energy of hydrogen adsorption (AGu+) was considered as the key parameter
determining the HER activity.'® For HER in aqueous solutions, it is a two-step process and involves
only one reaction intermediate, the chemisorbed H atom. The free energy of the adsorbed hydrogen
is defined as:

AGH* = AEH + AEZPE - TASH

where AEy is the hydrogen binding energy, AEzr is the zero-point energy difference between
adsorbed hydrogen and gaseous hydrogen, and TAS is the corresponding entropy difference
between these two states. According to previous studies,’® here we used a 0.24 eV value to
represent the correction of zero point energy and entropy of hydrogen state.

The NiCu alloy models were constructed in a face-centered-cubic (FCC) lattice frame with a 2x2x2
super cell, where Ni and Cu were arranged as randomly as possible to simulate a fully disordered
mixture. During the optimizations, all the atoms were allowed to fully relax until the convergence
criteria were reached. After achieving the optimized structure, the (111) surface was cleaved to
represent the catalytic surface of NiCu alloys, as it is the most thermodynamically stable one in a FCC
structure.®

Surface facet and strain analysis based on TEM characterization. The methodologies for analyzing
the surface facet and strain are described as follows. High-resolution TEM images for individual
particles are taken. For each particle, a region that is located at the surface is selected to perform
fast Fourier transform (FFT). In the selected region, we search for the plane that fulfills two
requirements: based on the FFT pattern, the direction of the plane is parallel to the edge (boundary)
of the particle; based on the TEM image, the location of the plane overlaps with the edge (boundary)
of the particle. The qualified plane is identified as the facet that is exposed; and then measured to
get the d spacing, which is used for indexing the plane. To reveal the strain of each particle, a region
that is located at the core is selected to perform FFT. Based on the acquired FFT pattern, the d
spacing is measured. The comparison between the d spacing at the surface and core can reflect the
strain of this particle.

The relationship between d band center and various surface structures. d band center is a
parameter that cumulatively includes the influence from various surface structures such as strain
and facet;?! in other words, discussing the effect of d band center on HER has taken into
consideration the facet and strain. Thus, to prove the descriptor role of d band center, it may not be
necessary to reveal these surface structures. Here we detail the discussion to rationalize that the
effect of strain, facet, particle size can be cumulatively described by d band center. The changes on
these surface structures are cumulatively reflected on d band center. These surface structures shift
the position of d band center toward or away from the Fermi level via altering the width of the d
band.

We start from discussing that the effect of lattice strain can be explained by d band center. If a
“small” metal atom is moved into the lattice of a “larger” one, the neighbors are further away and
the d band width at the atom becomes smaller than that at the surface of the elemental metal. This
leads to an up-shift of d band center in order to maintain the same d band filling locally. An example
is the compression in the Pt shell at PtCu core-shell nanoparticles gives a higher ORR activity than
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pure Pt, because the lattice compression in the shell shifts the d band center of Pt downward, which
thereby weakens the adsorption energy of reactive intermediates compared to unstrained Pt.?
Similarly, the superior CO oxidation performance of PtRu core-shell nanoparticles to pure Pt is
attributed to a downshift in the d band center at the compressed Pt shell.® The fact that the strain
effect is attributed to d band center can be also supported by the surface reactivity at Ru(0001),
where the activity increases with lattice expansion, following a concurrent up-shift of d band
center.? This correlation between strain and the movement of d band center is further supported by
a landmark work,? which systematically studies the d band center at various combinations of 11
metals, including Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag, Ir, Pt and Au. When one of these metals is alloyed
into the surface of the other one or is deposited as a pseudomorphic overlayer at the other one, the
d band center movement always correlates with strain; and the correlation follows the mechanism
that the local d-band width are narrowed/widened and the center of the d band is caused to shift d
band center up/down in order to preserve the degree of d-band filling.”> More evidences about
strain-induced shift of d band center at binary combinations of metal atoms can be found in ref 2,
Since the ligand effect is typically accompanied by strain, it has been difficult to separate the strain
and ligand effects. One usually observes the cumulative effect of these two phenomena, which can
be unified by one single parameter, i.e. d band center. This principle has been proved by a study at a
series of bimetallic surface, i.e. the Ni, Pd and Pt monolayers supported on various transition
metals.?” The changes in hydrogen adsorption energy at these bimetallic surfaces due to the
combined strain and ligand effects is traced to changes of d band center.?”

The changes on facet is reflected by d band center. The d band center can be varied for a specific
transition metal by varying the structure. Various facets consist of metals with varied coordination
number, which leads to the substantial variations in the d band centers.?® The atoms in the most
close-packed (111) surface of Pt have a coordination number of 9. In the more open (100) surface it
is 8 and at a step or at the (110) surface it is 7. At a kink the coordination number is as low as 6.2%%°
As shown in the earlier, this leads to variations in the d-band center of almost 1 eV, and the
chemisorption energy of CO varies by a similar fashion.?®?° The fact that step surfaces bind CO
stronger than the flat surfaces is in excellent agreement with experimental evidence, and it is
explained by d band theory.?® The various Pt facets possess different activities of oxygen reduction
reaction, which are also correlated with the d band center.3® The facet-induced d band center
variation is also reported at other metals, including Ni and Cu. Due to the higher position of d band
center at stepped Ni(211) surface than flat (111), the adsorption at Ni(211) is stronger than (111).%
Among Cu (111), (100) and (211), the difference of the d band center is about 0.2 eV, and the
highest for the (211) and lowest for (111).3! This is consistent with the observed order of the binding
energies, which shows variations in the adsorption strength of a similar magnitude, indicating that
the effect of facet is governed by the effect of d band center.3!

The surface structure variations led by the change of particle size are associated with d band center.
If the particle size decreases, it generates surface structures such as stepped surfaces, under-
coordinated atoms (atoms that have a smaller coordination number), defects; and the portion of
planar, and terrace surfaces becomes less. As the coordination number varies the d band center
(mentioned in the earlier paragraph), the decreasing particle size moves the d band center upward.?®
A classic example is the size effect of Pt metal on oxygen reduction reaction: the smaller the particle
size, the lower the specific activity of oxygen reduction reaction is.3>3 This is consistent with the d
band theory: since the O adsorption at bulk Pt is slightly stronger than the optimum value, a smaller
particle size moves the d band center toward Fermi level and enhances the O adsorption, and thus
decreasing the activity.3? Similarly, since the adsorption strength at bulk Au is too weak, decreasing
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the particle size of Au moves the d band center upward and enhances the adsorption ability; as a
result, the surface reactivity of Au increases.

To sum up, the above discussion validates that the d band center is a parameter that cumulatively
includes the influence from various surface structures such as strain, facet, under-coordinated atoms.
To further rationalize this discussion (and as a summary of this discussion), we cite the conclusion
from a landmark study that simultaneously correlates a significant number of these surface
structural effects with d band center.?! It has been proved that the d band center can be used to
guantitatively predict trends on a variety of surfaces with different geometries, strain levels,
promoters, poisons, and alloy compositions. The d band center has a general descriptive power.
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Figure S1. TEM images of free-standing NiCu NPs: (a) Cu, (b) NiiCus, (c) Ni1Cusy, (d) Ni;Cus, (e) Ni>Cus,
(f) NisCus, (g) Ni. TEM images of (h) Cu/C and (i) Ni/C (loaded on carbon, after heat treatment).
Considering that the free-standing Ni and Cu NPs (before carbon loading) were agglomerated and
spiky, the TEM observation indicates that the long-term sonication during carbon loading had well
separated the NPs; and the heat-treatment shaped NPs into spherical morphology.
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Figure S2. XRD patterns of NiCu/C catalysts after heat treatment.
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Figure S3. (a - g) The histograms of particle diameter measured from > 250 NPs at TEM images. (h)
The average diameter (open circles) as a function of bulk fraction Ni. The grain size (filled circles)
estimated by XRD with Scherrer equation. The error bars are derived from the statistical analysis.
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Figure S4. The particle composition (bulk fraction Ni) measured by Inductively Coupled Plasma (ICP)
as a function the nominal Ni fraction (precursor feeding ratio). The plot shows that the particle
composition is consistent with the nominal Ni fraction.
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Figure S5. The demonstration of surface analysis at Ni;Cus/C catalysts. The red dash line box is the
selected region for FFT analysis. The red solid line labels the exposed facet.

Figure S6. The demonstration of surface analysis at Ni;Cu,/C catalysts. The red dash line box is the
selected region for FFT analysis. The red solid line labels the exposed facet.
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Figure S7. The demonstration of surface analysis at Ni;Cu;/C catalysts. The red dash line box is the
selected region for FFT analysis. The red solid line labels the exposed facet.

Figure S8. The demonstration of surface analysis at Ni,Cu;/C catalysts. The red dash line box is the
selected region for FFT analysis. The red solid line labels the exposed facet.
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Figure S9. The demonstration of surface analysis at NisCu;/C catalysts. The red dash line box is the
selected region for FFT analysis. The red solid line labels the exposed facet.
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Figure S10. The summary of (a) exposed facets and (b) d spacing of (111) plane at NiCu bimetallic
with various compositions. Data is acquired by analyzing TEM images.
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Figure S11. TEM-EDS mapping at NiCu/C (after heat treatment) with various compositions. The scale
bars are 10 nm. Red color refers to Ni and green is Cu.
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Figure S12. (a) CV of Cu disk with various positive/negative limit potentials. (b) CV of Cu/C at
different cycle number. (c) The demonstration of the peak integration at Cu/C for the quantification
of Cu ECSA. (d) The demonstrate of the peak integration at Ni/C for the quantification of Ni ECSA. It
indicates that the surface area estimated by the anodic peak for OH adsorption and that by the
cathodic peak of OH desorption are consistent. CVs were collected in Ar-saturated 0.1 M KOH at the
scan rate of 20 mV/s. (e) The processes under each peak are detailed with Ni;Cus/C as an example. A
denotes the oxidation of Ni to Ni(OH),; B is the formation of the first Cu;0 monolayer; C is the
formation of the second Cu,O monolayer; D is the reduction of the first Cu;0 monolayer; E is the
reduction of the second Cu,0 monolayer. On the basis of the results from Ni surfaces in literature’™®
and our NiCu bimetallic surfaces, it is inferred that the reduction peak of Ni(OH), is possibly mixed
with the reduction of Cu,0 monolayer, and concealed under peak E.

Cu2p C1s
O1s
5
8
=
2
£ [l Ni.cu,/c
) (NLCU/C
Ni 2p NLCU,JC
Ni.Cu,/C
1 1 1 1 1 1 1 NI"C
1000 900 800 700 600 500 400 300 200 100 O

Binding energy (eV)

Figure S13. XPS survey spectra of NiCu/C catalysts. The trends in Ni 2p and Cu 2p peaks show the
compositional variation of these catalysts.
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Figure S14. (a) Ni 2p and (b) Cu 2p XPS spectra at various NiCu/C catalysts. The Shirley-type baseline
for peak integration is indicated by solid black line.
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Figure S15. The Ni fraction measured by CV and XPS at various NiCu/C catalysts.
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Figure S16. The surface areas of NiCu NPs estimated by TEM and ECSA method. The error bars
represent at least three independent measurements.
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Figure S17. (a) The Pt signal is not detected by XPS after the HER measurement, which demonstrates
that by separating working and counter electrode compartment, our HER measurement does not
involve Pt contamination caused by the use of Pt counter electrode. The Pt 4fs; and 4f;, peaks
should locate at 74.4 and 71.3 eV, respectively.® (b) The CV at Ni,Cu1/C measured by our setup (Pt
counter electrode, and anion exchange membrane) is the same as that measured with glassy carbon
(which does not contain Pt) as the counter electrode. This rules out the interference from Pt
contamination in our HER measurement. In addition, after the measurement with our setup, the
electrolyte in the working electrode compartment is analyzed by ICP, which does not detect Pt.
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Figure S18. The exemplary CVs of NiCu/C catalysts with various compositions. CVs were collected
with a scan rate of 10 mV/s and a rotation speed of 1600 rpm in H,-saturated 0.1 M KOH at 25 °C.
The potential axis was not iR corrected, and the current density was normalized to the geometric
area of the glassy carbon electrode. Considering that the Cu- and Ni- containing NPs can be easily
oxidized by the exposure to air, before the CV measurement, the working electrode was held at -0.1
V vs. RHE for 30 s to ensure the catalysts are metallic in nature, and then we immediately started
HER measurement.
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Figure S19. The iR-corrected CVs of Ni>Cu;/C catalysts collected with a scan rate of 10 mV/s and a
rotation speed of 1600 rpm in H,-saturated 0.1 M KOH and 1.0 M KOH at 25 °C. As revealed in the
previous study, the local acid-like environment has been only observed at Pt nanoparticles with
diameters of < 5 nm; bulk Pt catalyst does not show such behavior.?® Thus, the absence of such
observation in our study might be due to the fact that our particle size is not sufficiently small: our
particle diameter is ~20 nm and that in the reference is <5 nm. As evidenced by a size effect study,>
the nanoparticles with diameters > 10 nm show electrochemical performance similar to bulk
materials. It is therefore inferred that our particles, (which are ~ 20 nm), might exhibit the properties
that are similar to bulk materials (e.g. bulk Pt), which do not show the local acid-like behavior.
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Figure S20. The CVs of various NiCu/C catalysts after 10 cycles of HER measurement. The results (see
the figure below) show that the CV before and after HER measurement (10 cycles) almost overlap,
indicating that the Ni:Cu ratio keeps unchanged during the HER measurement. This validates our
established correlation between HER activity and surface-composition-dependent electronic
structure. The CVs were collected in Ar-saturated 0.1 M KOH at the scan rate of 20 mV/s.

S17



Atomic energy state ~ Couplingto s Coupling to d

i E'e_r'mi level
‘\d

AN

s

Adsorbate projected DOS Metal projected DOS

Figure S21. Schematic illustration of the interaction between an adsorbate valence level and the
delocalized s-states and localized d-states of a transition metal surface.
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Figure S22. Calculated d-projected densities of states (DOS) of Ni and Cu site at NiCu alloy surfaces
with various compositional fraction of Ni atoms. The d band DOS of Pt surface is shown as a
reference. Dashed lines indicate the fermi level.
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Figure S23. (a) The calculated position d band centers relative to Fermi level at NiCu alloy with
various Ni fractions. The d band center of Ni (eq.ni) at NiCu alloy (red colour dots) and the d band
center of Cu (g4-cu) at NiCu alloy (yellow colour dots). The dash line is the d band center position of Pt
(g4-pt). (b) is the same data as panel (a), but panel (b) is shown in the forms of columns. The column
height represents the distance between the d band center of Ni/Cu and that of Pt (indicated by the
red arrow in panel (a)). (c)JThe d band center at the active site of each NiCu alloy.
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Figure S24. Top panel is the measured HER activity (defined as the potential at 1000 puA/cm?yes)
versus surface Ni coverage (estimated by ECSA). The grey dash line is drawn to guide the readers.
The error bars represent at least three independent measurements. Bottom panel is the d band
center (gq) relative to Pt (which reflects HER activity) versus the Ni fraction used in DFT calculation.
The d band center relative to Pt at NiCu alloy (except for Ni) is taken as the distance between the d
band center of Cu and that of Pt. The volcano-shaped grey dash line is drawn to guide the readers.
The d band center (g4) relative to Pt is calculated by €4- €4.pt. The horizontal dotted line represents
the distance relative to Pt is zero. The consistency between these two trends in top and bottom

panel suggests that d band center is the governing factor of HER activity of various NiCu/C catalysts
in alkaline.
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Figure S25. The exemplary HER stability test at Ni,Cu:/C catalyst. CVs (from 1t to 20 cycle) were
collected with a scan rate of 10 mV/s and a rotation speed of 1600 rpm in H,-saturated 0.1 M KOH at
25 °C. The potential axis was not iR corrected, and the current density was normalized to the
geometric area of the glassy carbon electrode.
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Figure $26. HER specific activity (defined as the potential at 1000 pA/cm?yps) of various NiCu/C
catalysts as a function of d band center. The d band center is estimated by XPS measurement. Both
the iR-corrected activity and the activity without iR-correction are shown to demonstrate that iR-
correction does not affect our established trend of activity vs. d band center.
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Table S1. The summary of the DFT model for each NiCu/C catalyst. Hydrogen binding energy (AGy) at
the hollow site of the selected NiCu/C catalysts.

Catalyst DFT model AGy (eV)
Cu/C Cu 0.22
Ni1Cus/C Ni1sCusgs
Ni1Cu,/C Niz,Cuys
Ni1Cu,/C Nig3Cuys -0.16
Ni,Cu,/C NizsCuys -0.12
NisCu1/C NigoCuys
Ni/C Ni -0.27
Pt Pt -0.09
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