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The electrochemical oxygen evolution reaction (OER) is the half-cell reaction for many clean-energy pro-
duction technologies, including water electrolyzers and metal—-air batteries. However, its sluggish kinetics
hinders the performance of those technologies, impeding them from broader implementation. Recently,
we reported the use of zirconium phosphate (ZrP) as a support for transition metal catalysts for the
oxygen evolution reaction (OER). These catalysts achieve promising overpotentials with high mass activi-
ties. Herein, we synthesize ZrP structures with controlled morphology: hexagonal platelets, rods, cubes,
and spheres, and subsequently modify them with Co(il) and Ni(i) cations to assess their electrochemcial
OER behavior. Through inductively coupled plasma mass-spectrometry measurements, the maximum ion
exchange capacity is found to vary based on the morphology of the ZrP structure and cation selection.
Trends in geometric current density and mass activity as a function of cation selection are discussed. We
find that the loading and coverage of cobalt and nickel species on the ZrP supports are key factors that

control OER performance.

Introduction

Ever since its crystalline form was reported in 1964, zirconium
phosphate nanoparticles have been used for a wide variety of
applications. The most extensively studied phase is known as
a-ZrP (Zr(HPO,),-H,0); a layered compound with an interlayer
distance of 7.6 A. The classical synthesis of the crystalline
form results in particles with a hexagonal-shaped platelet mor-
phology. The structure of a-ZrP consists of Zr(wv) ions aligning
in an imaginary plane bridged by tetrahedral monohydrogen
phosphate groups above and below the Zr atom plane. Each Zr
(v) is octahedrally coordinated by six oxygen atoms from six
different phosphate groups and three oxygen atoms from each
phosphate group are coordinated to different Zr(iv) ions.> The
fourth oxygen is bonded to an acidic hydrogen atom that is
exchangeable by cationic species. This ion exchange property
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makes ZrP a suitable support for the incorporation of different
species into its layers or on its surface. The resulting com-
posite materials have a wide array of physical properties
and can be used for numerous applications.®> For example,
ion-exchanged zirconium phosphate materials have been
employed as amperometric biosensors,*® vapochromic
materials,”® drug delivery,'"®** and catalysts.">"® Over the last
decade, advances in the synthesis of ZrP have resulted in ZrP
materials with modified properties (e.g., acidity, surface area,
and porosity, among others) and morphologies when com-
pared to pristine a-ZrP, which have been exploited for different
applications."??*

We are interested in an emerging area of application for zir-
conium phosphate: as a support for electrocatalysts for the
oxygen evolution reaction (OER).>>*® The OER is the oxidative
half reaction of water electrolysis, consisting of the four-elec-
tron oxidation of water to produce oxygen and protons. It is an
important half-cell reaction in many energy related schemes
including, but not limited to, photoelectrochemical water split-
ting, metal-air batteries, and the electrochemical reduction of
carbon dioxide.?” However, the OER suffers from considerable
overpotential losses due to its sluggish kinetics, hindering the
large-scale implementation of sustainable clean energy
production.*®

Supporting active catalytic species onto supports has been a
common strategy to improve activities of various electro-



catalytic systems.>*> Furthermore, nanostructuring of cata-

lysts or support structures has been used to tune catalytic
activity.>**® Our previous studies indicate that adsorbing Co()
and Ni() cations onto the surface of ZrP nanoparticles and its
exfoliated nanosheets result in improved performance over
their bulk-intercalated counterparts.>>>® Herein, we leverage
this result to study the surface based catalysis of ZrP materials
of various morphologies as supports for Co(u) and Ni(n)
species for the OER. More specifically, we synthesize rod-like,
cube-like and spherical zirconium phosphate morphologies
and ion-exchange their surfaces with Co(u) and Ni(u) cations.
These materials were characterized by X-ray powder diffraction
(XRPD), Fourier transform infrared spectroscopy (FTIR),
transmission electron microscopy/scanning transmission elec-
tron microscopy (TEM/STEM), voltammetry, and electrical
conductivity measurements. All systems were compared to
their sibling hexagonal platelet morphology achieved by
a-zirconium phosphate. We find that all synthesized structures
achieve a different maximum ion exchange capacity resulting
in unique coverages and loadings of Co and Ni species on ZrP
supports. These factors are found to directly impact the activity
trends presented below.

Experimental
Materials

All chemicals were obtained from commercial sources as
analytical or reagent grade and used as received. Cobalt nitrate
hexahydrate (Co(NO3),-6H,0, 98%), nickel nitrate hexahydrate
(Ni(NO,),-6H,0, 99.999%), ethanol (CH,CH,OH, 99.5%),
2-propanol ((CH;3),CHOH, 99.5%) zirconyl chloride octahydrate
(zrOCl,-8H,0, 98%), ammonium fluoride (NH,F, 99.99%),
ammonium phosphate ((NH,),HPO,, 99.99%), ammonium
carbonate ((NH,4),CO3, 99.999%), Nafion 117 (5% solution),
and tetradecyltrimethylammonium bromide (C;;H;3gBrN,
TTABr) were obtained from Sigma-Aldrich (St Louis, MO).
Phosphoric acid (H3PO,, 85%) was obtained from Fischer
Scientific (Hampton, NH). Zirconium propionate was supplied
by Luxfer MEL Technologies (Flemington, NJ). Vulcan XC-72
(carbon black) was purchased from the Fuel Cell Store (College
Station, TX). Glassy carbon rods (SIGRADUR G, HTW
Hochtemperatur-Werkstoffe GmbH, 5 mm diameter) were pro-
cessed by the Stanford University crystal shop to the specifica-
tions of a 4 mm height and an area of 0.196 cm?, and the top
side was polished to a surface root-mean-square (rms) rough-
ness of <50 nm.

Synthesis

o-ZrP (hexagonal platelets). The synthesis of a-ZrP was
adapted from the literature.>® 200 mL of a 0.05 M solution of
ZrOCl,-8H,0 was added dropwise to 200 mL of 6 M H;PO,
that was preheated to 94 °C. This mixture was refluxed at 94 °C
for 48 h. The product was then filtered and washed with DI
water several times. Finally, it was dried in an oven at 80 °C
and grounded into a fine powder with a mortar and pestle.

Rod-like ZrP. This synthesis was adapted from the reported
minimalistic liquid-assisted route by Cheng et al.>* 1.5137 g of
ZrOCl,-8H,0 were mixed with 175.3 mg of NH,F (1:1 Zr:F
ratio) in a beaker. Then, 0.941 mL of H;PO, was added to the
mixture (Zr: H;PO, ratio of 1:3) and stirred with a glass rod.
This mixture was placed in an oven at 100 °C for 96 h. Finally,
the product was washed with DI water several times and dried
in an oven at 60 °C.

Cube-like ZrP (t-ZrP). The t' phase of ZrP was reported in
2015 to have a cube-like morphology.* 0.726 g of zirconium
propionate were dissolved in 10 mL of ethanol. Then, 1.35 mL
of H;PO, was added to the zirconium propionate solution
under stirring. After 15 min, the gel product was washed with
ethanol 3 times. The obtained gel was placed in an oven at
120 °C for 18 h. Finally, the product was washed once more
with ethanol and dried in an oven at 78 °C overnight.

Spherical ZrP. The synthesis of spherical zirconium phos-
phate was adapted from the literature.** More specifically,
1.7908 g of ZrOCl,-8H,0 were dissolved in 100 mL of H,O.
Then, 3.7750 g of (NH,),CO; was added under stirring and left
for 25 min until the solution became clear. 1.4681 g of
(NH,),CO3 was then added to the reaction mixture, followed by
0.6080 g of TTABr. After ca. 15 minutes, the reaction was
placed in an oven at 80 °C, followed by aging in an autoclave at
90 °C for 48 h, and finally at 120 °C for 24 h. After cooling the
reaction product, it was washed with DI water several times.
Finally, the solid was placed in a furnace and calcined at
540 °C for 6 h.

Metal-modified ZrP. All metal modifications were performed
in the same manner for all morphologies. A 2.5 mL solution of
the metal salt precursor (Co(NO;),-6H,O or Ni(NOj3),-6H,0)
was added to a 2.5 mL suspension of the ZrP structures and
left stirring for 24 h. The metal to ZrP ratio (M : ZrP) was 10: 1.
The products were washed several times with DI water and
dried in an oven at 60 °C overnight.

Electrochemical measurements

Electrochemical measurements were performed on a VMP3
potentiostat/galvanostat  (BioLogic Instruments).
4-Point probe measurements were conducted on compressed
catalyst powders (15 mg in a 6 mm diameter die at 2000 lbs of
applied load) using an in-line four-point probe with 1 mm tip
spacing (Lucas Labs, Pro4-4000) connected to the VMP3 poten-
tiostat. Oxygen evolution catalytic studies were carried out on a
three-electrode electrochemical cell using a rotating disk elec-
trode (RDE) assembly (Pine Research Instrumentation). OER
measurements were performed between 0.2 and 1.0 V versus
the silver/silver chloride couple (Ag/AgCl) at 20 mV s in O,-
saturated 0.1 M KOH electrolyte with an Ag/AgCl reference elec-
trode (Fisherbrand accumet Glass Body Ag/AgCl Reference
Electrode - Mercury-Free, Thermo Fischer). The counter elec-
trode was a platinum wire and the working electrode was a
clean, mirror finish-polished, 5 mm diameter glassy carbon
disk (GCD) modified with the metal-modified ZrP catalysts.
Modification of the GCD with the ZrP catalysts was performed
by spin drying a 10 pL drop of an isopropanol, carbon black,
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Nafion 117, and ZrP catalyst ink (vide infra) at 600 rpm. After
drying, the working electrode was composed of a thin coating
of the material supported onto the GCD. The total catalyst
loading of the working electrode was 100 pg cm™> of material,
including the ZrP support. During electrochemical measure-
ments, the working electrode was rotated at 1600 rpm. The
rotation speed was fast enough to help in product removal
from the surface and limit the bubble formation from oxygen
evolution. The solution resistance of the cell was measured at
100 kHz with 20 mV amplitude about the open-circuit poten-
tial (OCP), and iR-drop compensation occurred after electro-
chemical testing. The typical solution resistance varied from
40 to 50 Q. All potentials were converted and reported herein
versus the reversible hydrogen electrode (RHE).

The catalytic activity was also determined through a Tafel
analysis. Tafel plots were constructed for each system from vol-
tammetry data. The Tafel slopes were determined from the
linear region of the plot.

Ink preparation. Each catalyst ink was prepared by disper-
sing 5 mg of the catalyst and 2.5 mg of carbon black in
2.55 mL of isopropanol and 10.02 pL of Nafion 117.*® The ink
was sonicated until it was well dispersed (ca. 30 min).

Chemical and physical characterization

XRPD data were obtained using a Rigaku (Tokyo, Japan)
SuperNova single crystal X-ray diffractometer in micro-diffrac-
tion mode with Cu Ka radiation (4 = 1.5417 A) equipped with a
HyPix3000 X-ray detector in transmission mode operated at 50
kv and 1 mA. Measurements were collected at 300 K from 5° to
40° (in the 20 axis) using the fast phi move experiment for
powders. The d spacing was calculated using Bragg’s law (nd =
2dpy sin 6), where 1 is the wavelength of the X-ray source, djy; is
the interlayer distance between planes in the unit cell, and 6 is
the diffraction angle. Scanning electron microscopy-Energy
dispersive spectroscopy (SEM-EDS) was performed on a JEOL
(Massachusetts, USA) JSM-6480LV scanning electron micro-
scope. The samples were coated with gold prior to analysis.
The morphology of the ZrP structures was also studied by
TEM/STEM using a FEI Tecnai (Thermo Fisher Scientific, Inc.)
G2F20 TEM/STEM microscope operated at 200 kV. Quantitative
determination of the cobalt and nickel loading on the modi-
fied ZrP catalysts was done by inductively coupled plasma
mass spectrometry (ICP-MS) measurements. Samples were
analyzed in a Thermo Fischer Scientific (Waltham, MA)
XSeries 2 ICP-MS, and all standard solutions (Co and Ni) were
TraceCERT certified and obtained from Sigma-Aldrich. All
samples were digested in an aqua regia matrix overnight and
were diluted and filtered to a 5 vol% acid concentration for
analysis. Vibrational spectroscopy data was obtained from
4000 to 400 cm ' wusing a Bruker (Bruker Optics,
Massachusetts, USA) Tensor 27 FT-IR spectrometer with Helios
ATR attachment containing a diamond crystal. High resolution
X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe)
with an Al Ka source was performed. All spectra were cali-
brated to the adventitious carbon 1s peak at 284.8 eV and
fitted using a Shirley background.

Results and discussion
XRPD

Fig. 1 shows the XRPD patterns of the four synthesized ZrP
structures. The diffraction pattern of a-ZrP shows the charac-
teristic peaks that correspond to its crystalline structure. Using
Bragg’s law, the lowest angle diffraction peak corresponding to
reflections from the (002) planes indicate an interlayer dis-
tance of 7.6 A, as expected.’® The peaks at ca. 34°, which
corresponds to the (020) and (312) reflections, indicate that an
a-like arrangement of layers is obtained, since they correspond
to the Zr-Zr separation within a a-ZrP layer.*' The synthesis of
the ZrP rods was adapted from the literature;*® the diffraction
pattern is comparable to that of a-ZrP, with a slightly reduced
interlayer distance of 7.4 A. Specifically, pristine ZrP rods are
crystalline and contain an o-like layer arrangement as
suggested by the positions of the (002), (020), and (312)
planes.>® The slightly reduced interlayer spacing is due to an
extended heating period of 100 °C where the evaporation of
interlayer water produces a partially dehydrated phase of
a-ZrP. The loss of water can be observed by FT-IR (vide infra).
Since the synthesis involves NH," cations, their intercalation is
possible within this structure. However, the XRPD pattern
shows the absence of a shift to lower angles of the lowest angle
diffraction peak, indicating that no intercalation of NH,"
cations occurred. The synthesis of ZrP spheres following the
Tarafdar et al. procedure produced a material with the
expected X-ray diffraction pattern® for angles larger than 5°
shown in Fig. 1, as expected for a material that has been pre-
viously determined to be mesoporous by TEM.>*

In 2015, the phase resulting from the synthesis method
that produces cube-like ZrP was found to be similar to a pre-
viously reported phase of ZrP called t-ZrP with a few discrepan-
cies.** For this reason, this new phase was labelled as t'-ZrP.>*
This phase was described to have Zr octahedrally coordinated
by six HPO, tetrahedra forming eight-membered rings. These
eight-membered rings contain two P-OH groups pointing to
the same side of the Zr plane. The description of the 3D struc-
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Fig. 1 XRPD patterns of a-ZrP, rod-like ZrP, cube-like ZrP (v'-ZrP), and
spherical ZrP.



ture of t-ZrP consist of the packing of these planes perpendi-
cularly to each other. Our obtained XRPD pattern of t'-ZrP
corresponds to the published XRPD pattern, with the presence
of the characteristic 17.9° peak and the absence of the low
intensity peaks at 19.6°, 30.6°, and 33.8°. All other peaks are in
accordance with the published XRPD pattern,> confirming
the successful synthesis of the t'-ZrP phase. Fig. S1-S31 show
the comparison of our experimental XRPD for the hexagonal,
rod-like, and cube-like morphologies with their corresponding
ICSD entries.

Fig. S4-S7t1 show the XRPD patterns of the ZrP samples
with different morphologies (hexagonal platelets (a-ZrP), rods,
cubes (t™-ZrP), and spherical ZrP) after metal modification
with Ni(u) and Co(u) cations. These patterns are identical to
that of the ZrP samples before metal modification indicating
that no significant changes in the structure of the support
occurred; therefore, no intercalation of Ni(u) and Co(u) cations
occurred during synthesis. In addition, no peaks corres-
ponding to metal oxides are observed as the samples were not
processed further, indicating either the small crystallite size of
any produced metal oxide species or their amorphous
nature.”® To further characterize the different ZrP structures,
we conducted IR spectroscopy measurements.

FTIR

Fig. 2 shows the FTIR spectra of hexagonal shaped o-ZrP, rod-
like ZrP, cube-like ZrP, and spherical ZrP. The characteristic IR
spectrum of a-ZrP has four characteristic lattice water bands.**
In our spectrum, these bands are observed at 3594, 3508, 3143
and 1618 cm™". In addition, the symmetric and antisymmetric
orthophosphate group vibrations in a-ZrP are observed in the
region of ca. 1125-929 cm™".*> The FTIR spectrum of the rod-
like ZrP is similar to that of o-ZrP, but with a few notable
changes. First, the four lattice water bands show a reduced
relative intensity due to the higher temperature required for
synthesis. In addition, two new bands are present at 3212 and
1425 cm™" which indicate the presence of NH," ions.**** The
low intensity and broad band at 3212 cm™" can be attributed
to the N-H asymmetric stretching and the one at 1425 cm™" to
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Fig. 2 FTIR spectra of a-ZrP, rod-like ZrP, spherical ZrP, and cube-like
ZrP (t'-ZrP).

the H-N-H bending vibrational mode. This result suggests
that even though NH," did not intercalate into the ZrP layers
(vide supra) there is a residual amount of NH," remaining on
the surface of the rods which stems from electrostatic inter-
actions with the negatively charged surface. However, the pres-
ence of NH," is minimal or in trace amounts as nitrogen is not
detected in the EDS spectrum of the rod-like ZrP sample
(Fig. S87). The FTIR spectrum of the spherical ZrP only con-
tains the orthophosphate group vibrations in the range of
1166-806 cm . No water peaks are expected from this cal-
cined sample. Finally, the spectrum of cube-like ZrP (tv’-ZrP)
shows the phosphate vibration modes in the range of
1217-856 cm ™' and a low intensity and broad band at
3407 cm™'. The latter may be attributed to O-H vibrational
modes in the structure of t’-ZrP. The FTIR results show the
expected peaks for the ZrP structures and showcase that no
intercalation of nickel or cobalt cations occurred within the
ZrP supports. To further characterize and assess the mor-
phology of the as-prepared metal-modified structures, TEM/
STEM was performed on pristine and metal-modified ZrP
Supports.

TEM/STEM

Fig. 3 shows the TEM/STEM micrographs of o-ZrP, rod-like
ZrP, spherical ZrP, and cube-like ZrP (tv’-ZrP). The o-ZrP nano-
particles synthetized by the hydrothermal method show their
characteristic hexagonal shape (Fig. 3a-c).>* The micrographs
of rod-like ZrP show that its particle length ranges from
0.4-0.8 pm with diameter of less than 100 nm (Fig. 3d-f).
However, as previously reported in the literature,* platelets
are also observed in the micrographs. This result indicates that
the synthesis method to produce rod-like ZrP results in ZrP.
Particles with a mixture of morphologies. The ZrP spheres are
large and uniform with diameters around 1.5 pm (Fig. 3g-i).
Nevertheless, larger spheres with diameters of 2.0-2.5 pm were
also observed. The TEM/STEM micrographs for the cube-like
ZrP show that the crystalline material size ranges from 100 to
200 nm with their characteristic cube-like shape (Fig. 3j-1).**
After modification with the metal cations, the morphology of
the ZrP structures did not change (Fig. SO shows the TEM/
STEM micrographs for the cobalt-modified cube-like ZrP). The
SEM images for the four morphologies are shown in Fig. S107
and their EDS spectra are shown in Fig. S11-S13.f The SEM
micrographs show the expected morphologies while the EDS
spectra show the expected elements on each sample. The pres-
ence of gold (Au) and carbon (C) in the EDS spectra is due to
the Au coating used to increase sample conductivity and the
carbon paper used to support the ZrP particles.

ICP-MS

ICP-MS measurements (Table 1) were conducted to study the
ion-exchange capacity (loading) of the Co and Ni modified ZrP
supports. Since all supports were modified with an excess
molar ratio of metal precursor (10:1 M: ZrP), similar loadings
were expected for all systems. Interestingly, ICP-MS studies
show that each support differs in the maximum amount of



Fig. 3 (a—c) TEM/STEM micrographs of a-ZrP. Scale bars: 0.5 pm,
100 nm, and 200 nm, respectively. (d—f) TEM/STEM micrographs of rod-
like ZrP. Scale bars: 0.5 pm, 20 nm, and 200 nm, respectively. (g—i) TEM/
STEM micrographs of spherical ZrP. Scale bars: 0.5 pm, 2 pm, and 2 pm,
respectively. (j—1) TEM/STEM micrographs of cube-like ZrP. Scale bars:
200 nm, 500 nm, and 200 nm, respectively.

Table 1 Selected electrochemical values and metal loading for the
different metal-modified ZrP catalysts

Metal Tafel slope Mass activity @
Catalyst loading (%) 753 (V) (mvdec™') #5=500mV(Ag™)
CO/ZrPy hexagonal 186 0.451 79 6814
CO/ZIP,0q 1.79 0.451 79 5806
CO/ZrPeype 0.75 0.496 82 4531
CO/ZrPyphere 0.62 0.494 86 5478
Ni/ZrPy hexagonal  1.25 0.592 132 684
Ni/ZrP;oq 0.91 0.600 127 552
Ni/ZrPeype 0.45 0.640 134 1705
Ni/ZtPgphere 0.42 0.460 67 11745

metal species which can be ion-exchanged on the surface sig-
nifying that the number of possible Co or Ni active sites on
each support varies from support to support and with the
cation used during the ion-exchange process. Generally, cobalt
cations exchange in a higher number when compared to
nickel cations possibly due to the increased electronegativity
of nickel in comparison to cobalt cations. Furthermore, both
metal systems experience the same trend in maximum ion

exchange capacity for the various morphologies synthesized.
The trends ion exchange capacity are
ZrPy hexagonal > ZIProas > ZIPeybes > ZIPgpheres- A possible expla-
nation for this phenomenon is the differences in particle size
and crystallinity of the four ZrP structures. Previous work has
found that particle size and crystallinity can affect the ion
exchange behavior of zirconium phosphates.*> However, the
maximum ion exchange capacity trends achieved for the
various ZrP structures are only for the specific synthesis con-
ditions reported herein and factors, including, but not limited
to, time, temperature, anion selection, particle size, crystalli-
nity, solvent environment, and pH have been found to affect
the ion-exchange capacity of zirconium phosphate
systems. >

in  maximum

Electrochemical measurements

All Ni(un) and Co(u)-modified ZrP catalysts were characterized
for their OER electrochemical activity in an alkaline (0.1 M
KOH) electrolyte. Linear sweep voltammetry was used to assess
the OER activity. After metal modification, all ZrP support
systems become electrochemically active for the OER (Fig. S14-
S16t). Since no change in the XRPD patterns are observed
after metal modification, the active species are deemed to be
adsorbed at the surfaces and/or edges of the as-prepared struc-
tures, as previously observed.>” Various reports have suggested
that the primary figure of merit for OER is the overpotential at
a current density of 10 mA cm™ on an electrode geometric
area basis.””*®"° However, some of the catalysts in this study
did not achieve this value at the potential range studied.
Therefore, catalyst in this work are all compared at the overpo-
tentials required to achieve a current density of 3 mA cm >
(13)-

Fig. 4a shows the linear sweep voltammograms of all Co/
ZrP catalysts and the tabulated 7; values can be found in
Table 1. The overpotential trends on an electrode geometric
area basis for the different morphologies of the Co-modified
catalysts are: CO/ZrPq hexagonal (451 mV) & CO/ZrPyoq (451 mV) <
CO/ZrPgppere (494 mV) < CO/ZrPeype (496 mV). Co/ZrP,oq and Co/
ZTPq hexagonal have a similar metal content (Table 1); which par-
tially explains their similar geometric activities. Fig. 4b shows
the linear sweep voltammograms of all Ni/ZrP catalysts. For
these Ni systems, the overpotential trends on a geometric basis
for the various morphologies are Ni/ZrPgppere (462 mV) < Ni/
ZrPy hexagonal (592 MV) < Ni/ZrPq (600 mV) < Ni/ZrPeype
(640 mV). Our previous findings show that the difference in
activity of two different metal-modified ZrP systems was due to
a large difference in the metal content.>®*° The higher geo-
metric current density observed was attributed to the much
higher metal content in metal-modified exfoliated ZrP catalysts
compared to metal-modified a-ZrP catalysts due to an increase
in ion-exchange sites for exfoliated systems. For the Co/ZrP
systems in this work, the geometric current density increases
as the number of cobalt species increases. Conversely, as the
number of nickel species increases, the geometric current
density decreases; therefore, signifying that other factors are in
play for the observed differences in the OER performance. To
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Fig. 4 Linear sweep voltammograms of (a) Co/ZrP catalysts and (b) Ni/
ZrP catalysts.

further investigate the activity of the Co/ZrP and Ni/ZrP cata-
lysts, Tafel slopes were determined as an additional figure of
merit for the comparison of the prepared catalysts.

Fig. 5a and b show the Tafel plots for all Co/ZrP and Ni/ZrP
catalysts and the Tafel slope values can be found in Table 1. In
general, the Tafel slopes of the Co/ZrP catalysts are similar
ranging from 79-86 mV dec™'. For Ni/ZrP catalysts, the Tafel
slopes are higher in comparison to Co/ZrP catalysts ranging
from 127-134 mV dec™" with the exception of Ni/ZrPgphere With
a Tafel slope of 67 mV dec™'. The differences in Tafel slopes
may suggest differences in reaction mechanisms; however,
further work would be necessary to ascertain mechanisms con-
clusively. In any event, trends in Tafel slopes and geometric
area normalized activity alone are not sufficient to account for
the intrinsic activity of electrocatalysts,”" to this end we aimed
to investigate mass-normalized catalytic activity.

To probe the intrinsic performance of these catalysts
systems, the mass normalized activities for Co/ZrP and Ni/ZrP
catalysts were determined from ICP-MS measurements and are
shown in Fig. 6. Assuming all metal species are active for all
Co/ZrP and Ni/ZrP structures, a mass activity comparison (eval-
uated at # = 500 mV) in relation to geometric current activity
trends is presented for the various ZrP structures and are tabu-
lated in Table 1. For Co/ZrP structures, the trends in mass nor-
malized currents are Co/ZrPy hexagonal > CO/ZIProq > CO/ZrPgsphere
> C0o/ZrP.ype and follow the same trends reported for geometric
activity. For Ni/ZrP structures, the trends in mass normalized
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currents, which are similar to geometric activity, are Ni/
ZrPsphere > Ni/ZIPeype > Ni/ZIrPy hexagonal > Ni/ZrProq and, in
comparison to Co/ZrP structures, the order in activity trends is
reversed. A possible factor that could describe the reversal in
activity trends between the two systems is conductivity.
Previous work with cobalt and nickel species has shown that
cobalt based systems have an effective conductivity 1-2 orders
of magnitude higher at OER conditions over nickel based
systems.>* Furthermore, due to possible differences in conduc-
tivity, an analysis of physical characteristics such as the
surface-area-to-volume ratio and the coverage of the metal
species of the various metal-modified ZrP supports can assist
in elucidating the reported activity trends.

First, cobalt-species on a geometric and mass basis appear
to be more active on the structures made possible by
Z1Py hexagonal and ZrPr,qs. One possible factor leading to this
result is the improved surface-area-to-volume ratio (SA:V - see
ESIT for calculation details) possible by the nanosized platelet
morphology of ZrP, hexagonal (SA:V = 0.07) and ZrP;oqs (SA:V =
0.16) over ZrPcupes (SA:V = 0.034) and ZrPgpperes (SA:V =
0.0039); therefore, cobalt-species obtain a high coverage on
a-ZrP and rod-like ZrP over the latter structures enabling
improved electrocatalysis. Furthermore, four-point conduc-
tivity measurements (Fig. S14}) show that as the loading of
cobalt species increases across the various structures, the con-
ductivity of the composite materials is improved. These
measurements suggest that the higher coverage of cobalt-
species is not hindered by conductivity losses but improved
instead; thus, a possible factor for the improved mass activity
of cobalt species at higher loadings. However, we note that
four-point probe conductivity measurements do not probe the
in situ conductivity during OER but instead assess the in-plane
conductivity of the catalysts powders in a compressed state.
Therefore, these measurements are to be observed as an
assumed proxy for the real conductivity of the metal-modified
ZrP structures during catalysis. A similar analysis is presented
for the Ni/ZrP structures. Four-point probe conductivity
measurements show (Fig. S171) that as the loading of Ni
increases across these various structures, the conductivity of
the composite materials is impaired. At higher nickel loadings,
the abundance of resistive nickel species increases and due to
the higher SA: V of ZrPy pexagonal and ZrProqs, it is possible that
the higher coverage of Ni species leads to inactive areas on the
surface of the ZrP structures. This higher coverage of resistive
species can perturb the transport of electrons for the compo-
site systems during electrocatalysis. Conversely, the surface
area of ZrPypperes is 1-2 orders of magnitude higher due to the
micron size dimensions of the spheres; thus, the coverage of
resistive nickel species is low and issues with conductivity are
possibly minimized. Due to these possible factors, the
improved mass activity of Ni/ZrP.yp. and Ni/ZrPgppere by 1-2
orders of magnitude over higher loading Ni/ZrP structures is
possible. For comparison, Table S11 shows the mass activities
and Tafel slopes reported herein with some state-of-the-art
OER catalysts. Generally, the mass activities of the OER cata-
lysts reported herein are lower than those state-of-the-art cata-

lysts. However, our Ni/ZrPgppere catalyst shows a mass activity
similar to that of IrO,, highlighting the importance of loading
and coverage of metal in the ZrP support. In contrast, the
state-of-the-art NiFeOxHy catalyst shows a mass activity more
than double that of our Ni/ZrPgpp,ere catalyst. This comparison
suggests that designing new ZrP catalysts that contain mixed
metals might improve the activity of these ZrP systems.

We conducted XPS measurements on our samples with the
goal of further characterizing the composite materials herein.
For both metal systems across various morphologies, XPS
spectra showed no appreciable differences suggesting no
apparent electronic metal-support interactions. For example
Fig. S18Af shows the XPS spectra of the Co-modified ZrP
samples in the Co 2p region; similar low intensity peaks are
observed across all morphologies at binding energies approxi-
mately equal to the ones in our previous metal-modified ZrP
report representative of Co in a mixed Co*'/Co®" state.*
Fig. S18Btf shows the XPS spectra of the Ni-modified ZrP
samples in the Ni 2p region. Here we observe no appreciable
signals, which we attribute to the even lower loading as Ni
cations exchange in lower numbers than Co cations.

The data and analysis presented in this work showcases
that the optimal loading and coverage of nickel and cobalt
species on the various ZrP supports is crucial for improved
OER activities. More specifically, the performance in terms of
geometric and mass activities is found to increase with
loading for cobalt systems and decrease with increased
loading for nickel systems. Although the effective conductivity
during OER was not measured, four-point probe conductivity
measurements are used as a proxy and show that cobalt
systems become more conductive with increased loading and
nickel systems become more resistive with increased loading.
These results suggest that the number of active sites involved
in catalysis is changing on the various ZrP supports; therefore,
the assumption that all sites are active for mass activity trends
lead to conservative estimates for the real intrinsic activity of
these systems.

Further experiments such as scanning electrochemical
microscopy to determine the number of active sites per unit
area, electrochemical measurements of the various metal-
modified ZrP structures at similar loadings, and in-operando
experiments such as X-ray absorption spectroscopy (XAS) will
assist in quantifying and characterizing the Co and Ni species
that are active during catalysis on the various ZrP structures.

Conclusions

Our results elucidate the possible nature of the geometric and
mass normalized activities of Co- and Ni-modified ZrP OER
electrocatalysts in unique morphologies. We find that the
loading and the coverage of cobalt and nickel species is impor-
tant for optimal electrocatalysis. By modifying the morphology
of the ZrP support, the maximum ion exchange capacities and
coverage of nickel and cobalt cations is altered which directly
influences the observed geometric and mass activity trends.



Thus, we can tune the OER activity by selection of the ZrP
support and the metal used for its modification. Furthermore,
a spherical ZrP morphology with low-loading nickel species
showcases a mass activity that is 1-2 orders of magnitude
higher over nickel species at higher loadings on hexagonal,
rod, and cube-like ZrP structures. This work paves the way for
future investigations for improving the activities of metal-
modified ZrP by targeting improved conductivities of the as-
synthesized composite materials. Follow up studies will be
focused on improving OER activities by the co-ion exchange of
multiple cations during the synthesis process to obtain bi-
metallic ZrP systems.
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