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A B S T R A C T   

Here we investigate platinum-cobalt alloys to determine catalyst properties that control electrocatalytic hy
drogenation (ECH) of phenol and the competing hydrogen evolution reaction (HER). We perform ECH of phenol 
on PtxCoy nanoparticles and demonstrate that under certain potentials PtxCoy alloys are more active than Pt. 
However, the ECH activity does not correlate directly with the hydrogen adsorption energy (ΔGH), unlike what 
we find for HER. Combined electrochemical measurements, density functional theory (DFT) calculations, and 
kinetic modeling reveal that ΔGH is an insufficient descriptor for phenol ECH because the activation enthalpies 
for hydrogenation elementary steps scale more closely with their reaction enthalpies, which are more endo
thermic on PtxCoy compared to Pt. Through DFT modeling we show the relationship between hydrogenation 
activation enthalpies and Co content depends strongly on whether the catalyst surface is a Pt skin or contains 
both Pt and Co atoms. By incorporating the computed activation enthalpies into a kinetic model, we describe the 
qualitative trends in experimental ECH kinetics of phenol on PtxCoy alloys as a function of applied potential and 
Co composition.   

1. Introduction 

The search for sustainable energy and chemicals has led to a growing 
interest in hydrogen-related processes, such as the hydrogen evolution 
reaction (HER) and electrocatalytic hydrogenation (ECH) of bio-oil. 
Electrocatalytic hydrogenation offers a sustainable pathway to stabi
lize lignin-derived bio-oil on the route to producing specialty chemicals 
and transportation fuels [1–7]. Understanding the mechanism and 
catalyst structure–activity relations for ECH of components of bio-oil 
may aid the transition to sustainable chemical and fuel production. In 
this study, we investigate phenol in aqueous acetate buffer as a repre
sentative lignin-derived phenolic compound in bio-oil [8], and we study 
ECH on Pt alloyed with Co (PtxCoy) to understand the mechanism and 
alloy nanoparticle catalyst design rules. 

Electrocatalytic hydrogenation of phenol on Pt follows a Langmuir- 
Hinshelwood mechanism, such that the reaction rate is governed, in 
part, by the adsorption energies of hydrogen and phenol [9,10]. Surface- 
adsorbed hydrogen can either hydrogenate the phenol or combine via 
HER to form H2 as a side reaction. There are multiple examples of 
controlling the adsorption energies of reactants through alloying for 
thermocatalytic hydrogenation (TCH) [11–18]. Gas-phase TCH of 

cyclohexene on Pt alloyed with Fe, Co, Ni, or Cu reached a maximum 
activity at moderate cyclohexene and hydrogen adsorption energies 
[19]. The catalytic activity of NixFey alloys for hydrogenation of C=C, 
C=O, and C–N bonds positively correlate with weakening hydrogen 
adsorption, and Ni2Fe sites had the weakest hydrogen adsorption energy 
and highest hydrogenation activity [20]. Hydrogen adsorption energy 
(ΔGH) is also an effective descriptor for the HER activity of metals and 
alloys [21–27]. There are much fewer studies using alloys for ECH of 
organics [28–30], and the use of organic adsorption energy and ΔGH as 
ECH descriptors is underexplored. Generally, there is limited under
standing of how alloying affects adsorption energies and reaction bar
riers of organics in the aqueous phase and whether ΔGH is a useful 
descriptor for ECH activity. 

Whether a simple descriptor for ECH exists may depend on the 
structure of the alloy surface under reaction conditions. The activity of 
alloys is highly dependent on the composition of the surface and sub
surface as well as nanostructure through strain [31–33], ligand [34,35], 
and ensemble effects [36,37]. The possibility of enrichment of certain 
elements in the catalyst surface is particularly important under reaction 
conditions where catalyst restructuring is possible and difficult to detect 
[38]. For example, Oezaslan et al. report that PtxCoy forms a Pt skin in 
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0.1 M HClO4 [39], whereas others report that the surface in 0.1 M HClO4 
or 1 M HNO3 consists of a mixture of Pt and Co atoms rather than a pure 
Pt skin [40–42]. The activity of a surface consisting only of Pt atoms may 
differ considerably from a catalyst surface consisting of both Pt and Co 
atoms in close proximity, even if the subsurface composition is similar. 

In this work, we synthesize and characterize PtxCoy alloys of 
different Co compositions to understand how the catalyst structure and 
hydrogen adsorption energy are related to ECH activity and current 
efficiency. We select these PtxCoy alloys because Pt is an active metal for 
ECH and subsurface alloying of Co is reported to weaken the hydrogen 
adsorption energy as a result of compressive strain and ligand effects 
[31,33,34]. We postulate that weakening the hydrogen adsorption en
ergy will enhance HER activity, but ECH activity will depend more 
strongly on the nanostructure and presence of surface Co in the PtxCoy. 
Our X-ray absorption spectroscopy (XAS) and scanning transmission 
electron microscopy (STEM) characterization of the PtxCoy alloy nano
particles show that although the surface is enriched in Pt rather than Co 
relative to the bulk, the surfaces are still a mixture of Pt and Co atoms (as 
opposed to a pure Pt skin over a PtxCoy core). On our PtxCoy alloys, the 
ECH activity does not simply trend with the hydrogen adsorption en
ergy. Our density functional theory (DFT) calculations indicate that the 
ECH activities of these alloys cannot be described by the ΔGH alone 
because hydrogenation barriers tend to follow a Brønsted-Evans-Polanyi 
relationship with respect to the reaction energies of phenol hydroge
nation, and surfaces with weaker hydrogen adsorption energies do not 
necessarily have lower hydrogenation barriers. We demonstrate how 
kinetic modeling is able to qualitatively describe the experimental ac
tivity of these alloys by incorporating not only the ΔGH but also 
computed transition state energies on the mixed Pt and Co surfaces. 

2. Experimental & computational methods 

2.1. Chemicals and materials 

All chemicals purchased were used as received. Chloroplatinic acid 
hexahydrate, H2PtCl6⋅6H2O (38–40 % Pt, Sigma Aldrich) and cobalt 
hydroxide, Co(OH)2 (95 %, Sigma Aldrich) were used as metal pre
cursors for catalyst synthesis. 37 % HCl (Sigma Aldrich) was used to 
neutralize alkaline Co(OH)2. Sodium borohydride, NaBH4 (≥96 %, 
Sigma Aldrich) was used as the chemical reductant. Carbon felt (6.35 
mm thick, 99.0 %, Alfa Aesar) was used as the conductive porous sup
port for ECH measurements. A graphite rod (3.05 mm diameter, 99.9995 
%, Alfa Aesar) connected to carbon felt was used as the working elec
trode. Sodium acetate buffer solution (Sigma Aldrich, 3 M, pH 5.2) was 
used as supporting electrolyte for ECH and HER. Metal catalysts on 
Vulcan carbon, that is, 30 wt% Pt/C, 40 wt% Pt3Co/C, and 40 wt% 
PtCo/C were purchased from the Fuel Cell store. A 5 % Nafion 117 so
lution (Sigma Aldrich) was used as the binder for preparing catalyst inks 
for HER measurements. Boron nitride (99.5 %, Alfa Aesar) was used to 
pelletize the metal catalysts for ex-situ X-ray absorption spectroscopy 
measurements. 

2.2. Catalyst preparation 

Two sets of PtxCoy alloys were prepared. PtxCoy/C refers to pur
chased nanoparticles of PtxCoy supported on Vulcan carbon. PtxCoy/C 
were used to measure HER activity on a rotating disk electrode (RDE). 
PtxCoy/felt denotes PtxCoy nanoparticles synthesized on a conductive 
porous carbon felt. PtxCoy/felt were used for ECH activity measurements 
because higher surface area catalysts were needed for product quanti
fication and because of difficulties in loading the PtxCoy/C onto a porous 
support without mechanical loss of catalyst at the negative potentials 
explored in this work. Both sets of samples were electrochemically 
cycled prior to testing for activity to avoid any leaching during activity 
measurements. This pretreatment process is described below. 

Preparation of platinum-cobalt alloy nanoparticles on Vulcan carbon for 

rotating disk electrode. To perform HER measurements using a RDE, 
catalysts inks were prepared by adding 3 mg of the supported catalyst (i. 
e., 30 wt% Pt/C, 40 wt% Pt3Co/C, or 40 wt% PtCo/C) into a mixture of 
2.5 mL Millipore water and 2.5 mL isopropyl alcohol and 17.5 µL of 5 wt 
% Nafion solution as the binding agent. The mixture was sonicated for 2 
hr to disperse the catalyst in the solution. A glassy carbon disk substrate 
for the inks was thoroughly polished using a 0.05 µm alumina suspen
sion and rinsed three times with Millipore water and then sonicated in 
water for 30 min. 8 µL of the freshly sonicated catalyst ink was deposited 
on the clean glassy carbon disk substrate assembled in a Teflon rotating 
disk holder in two separate depositions (16 µL total) performed 30 min 
apart to achieve a catalyst loading of 9.6 µg. The deposited catalysts 
were air dried in a closed compartment for at least 1 hr to form a catalyst 
film before experiments. 

Synthesis of platinum-cobalt alloy nanoparticles on porous carbon felt 
support. Pieces of carbon felt (1.5 cm × 1.5 cm × 6.35 mm thick) were 
first thermally pretreated in air at 400 ◦C for 16 hr to increase their 
surface area. PtxCoy was directly synthesized on carbon felts by chemical 
reduction using a sodium borohydride method [43]. The target com
positions of Pt and Co were adjusted to synthesize Pt/felt, Pt3Co/felt, 
PtCo/felt, and PtCo3/felt. An amount of Co(OH)2 to achieve the desired 
Co metal loading and metal atomic ratio was dissolved in 20 mL mixture 
of 1:1 vol ratio of methanol to Millipore water. After, 37 % HCl was 
added dropwise with a precision pipette to bring the solution to pH 2. 
Similarly, the desired amount of H2PtCl6⋅6H2O was used to prepare a 
separate 20 mL aqueous solution of chloroplatinic acid. The two solu
tions were mixed, and the wetted carbon felt was sonicated in the so
lution for 2 hr. NaBH4 was added to 5 mL of water in a separate vial to 
achieve NaBH4:metal molar ratio of 12:1. Sodium borohydride solution 
was added dropwise to the precursor solution containing the felt in a 
water bath and sonicated for 3 hr. The felt was afterwards removed from 
the solution, rinsed three times with Millipore water, and left to dry in a 
vacuum oven set at 80 ◦C for 15 hr. Before use for ECH measurements, 
the felt was thoroughly rinsed with Millipore water. 

2.3. Catalyst characterization and surface area measurements 

Pretreatment of platinum-cobalt alloys before use. To minimize disso
lution of Co during activity testing, the PtxCoy catalysts were first sub
jected to cyclic voltammetry by applying 1500 potential sweeps between 
0.05 and 1.5 V vs. RHE at 500 mV s−1 in acetate buffer. The same pro
cedure was used for the PtxCoy/C and PtxCoy/felt samples and is based 
on a protocol that is known to both remove any residual unalloyed Co in 
the catalyst and leach Co from the PtxCoy/C surface. This process is re
ported to result in either a Pt shell with a PtxCoy core or to form an 
enriched Pt surface although with surface Co present (i.e., a mixed alloy 
surface) [40–42]. Our results here indicate that we form a mixed alloy 
surface that contains both Pt and Co as described in the Results and 
Discussion. The pretreated catalysts following cyclic voltammetry were 
used for all HER and ECH activity measurements and all characteriza
tion except where specified otherwise. 

Bulk elemental analysis. The Pt and Co loadings of the as prepared 
PtxCoy and pretreated PtxCoy catalysts (i.e., following cyclic voltam
metry) were measured using a PerkinElmer NexION 2000 ICP-MS. 1 mg 
of the catalyst was digested in 2 mL aqua regia solution (3:1 M HCl: 
HNO3). This solution was further diluted with Millipore water by a 
factor of 10,000 to about 10–20 ppb. 20 ppb bismuth and 20 ppb 
scandium were co-fed as internal standard in the instrument to 
normalize Pt and Co intensities, respectively. The concentrations of Pt 
and Co were extracted by comparing to calibration standards of Pt and 
Co. The composition of the pretreated catalysts based on inductively 
coupled plasma-mass spectrometry (ICP-MS) is used for the catalyst 
naming convention. 

X-ray absorption spectroscopy. The pretreated PtxCoy/C and PtxCoy/ 
felt catalysts were crushed to powder and mixed with calculated 
amounts of boron nitride as a pelletizer to obtain desired edge steps and 
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X-ray transmission through the samples. The catalysts and boron nitride 
were made into pellets (13 mm diameter and 1–2 mm thick) and probed 
at the Pt L3-edge (11564 eV) and Co K-edge (7709 eV). These samples 
were also analyzed in our custom made in-situ XAS cell [44] under 
negative cathodic potential with and without phenol in the supporting 
electrolyte to understand the catalyst structure during ECH. Samples 
were analyzed in transmission mode or fluorescence mode depending on 
the quality of the data. In-situ XAS measurements were performed only 
in fluorescence mode because of hydrogen bubble formation that 
interfered with transmission signal. A minimum of three scans were 
taken for each sample at either edge. Pre-processing and linear combi
nation fitting of the X-ray absorption near edge (XANES) region was 
performed using Athena while extended X-ray absorption fine structure 
(EXAFS) fitting was performed using Artemis [45]. Pt and Co foils were 
used as standards for either edge and used as reference in data alignment 
and fitting. 

X-ray diffraction (XRD). X-ray diffraction was performed on the 
PtxCoy/C and PtxCoy/felt catalysts using a Rigaku Miniflex X-ray 
diffractometer with Cu Kα radiation and a Ni filter that has an X-ray 
wavelength of 1.5406 Å. For the PtxCoy/felt samples, 10 mg of the 
catalyst on felt was crushed to powder and put into a transparent sample 
holder before setting the voltage and current to 40 kV and 15 mA, 
respectively. For the PtxCoy/C samples, the powder was directly used. 
Scanning was carried out at 3◦/min with a 0.02◦ step in the range of 10◦

< 2θ < 90◦. The Scherrer equation was used to estimate the average 
crystallite size as discussed in the SI. 

Transmission electron microscopy (TEM) and scanning transmission 
electron microscopy (STEM) measurements. A Thermo Fisher Scientific 
Talos F200X G2 electron microscope equipped with a Super-X EDX de
tector and operating at an accelerating voltage of 200 keV was used for 
the STEM and TEM imaging and analysis. High-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM) was used to 
obtain surface imaging because of its high image resolution [46,47]. In 
addition, energy-dispersive X-ray spectroscopy (EDS) element mapping 
and line scans were used to determine variations in the metal compo
sition along the diameter of a single nanoparticle. A portion of the 
catalyst on carbon felt was ground before dissolving 1 mg of the ground 
catalyst in 1 mL of isopropanol. A drop of the suspension was deposited 
on a clean Cu grid. The Cu grid was left to dry overnight before imaging 
was performed. The average size and distribution of particles were ac
quired with the ImageJ software. 

Hydrogen underpotential deposition (HUPD). The electrochemically 
active surface area (ECSA) of exposed Pt surface metal atoms on the 
PtxCoy/felt and PtxCoy/C catalysts was measured using HUPD. The cat
alysts were electrochemically cleaned using cyclic voltammetry (CV) at 
100 mV s−1 for 50 cycles at potentials −0.2 to 1.5 V vs. RHE. After 
electrochemical cleaning, CV was done at a 20 mV s−1 scan rate in the 
potential window of 0.05 V to 1.2 V and the HUPD charge from the 
oxidative region after subtracting the baseline capacitive charge was 
used to estimate the ECSA of the Pt sites using a charge density of 210 µC 
cm−2. 

2.4. Hydrogen evolution reaction (HER) 

Hydrogen evolution was performed in a 3 M acetate buffer solution 
in a three-electrode single compartment batch electrolysis cell at room 
temperature. The working electrode was a glassy carbon disk with the 
deposited catalysts assembly used in an RDE setup (Pine Instruments). A 
Ag/AgCl double junction electrode was used as the reference electrode 
and a Pt wire loop was used as the counter electrode. The catalysts were 
first pretreated as discussed above, and the ECSA was measured by HUPD 
before performing linear scan voltammetry at 10 mV s−1 between −0.2 
V and 1.1 V vs. RHE at rotation rates of 400, 900, 1600, and 2500 rpm. 
The applied potential was corrected for potential loss due to series 
resistance as measured by the real part of the impedance measured at 
high frequency. The measured current was normalized to ECSA to obtain 

the current density. Based on the measurements, 1600 rpm was suffi
ciently high that mass transport artifacts were not observed 
(Figure S1a–c), thus the current densities at 1600 rpm were used to 
evaluate intrinsic kinetics (kinetic current density). Tafel plots were 
constructed by plotting the log of the current density at 1600 rpm 
against the overvoltage for the HER rates (Figure S1d). The Tafel slope 
and exchange current density were determined by fitting the log of 
current density vs. overvoltage to a linear line (log i = η/b + log i0), 
where i is the kinetic current density, b is the Tafel slope, η is the 
overvoltage, and i0 is the exchange current density. Only overvoltage 
values ≥ 100 mV were used in the fit to the Tafel equation to extract the 
exchange current density. 

2.5. Electrocatalytic hydrogenation of phenol 

ECH measurement. ECH was performed on the PtxCoy/felt catalysts 
using a two-compartment batch electrolysis cell where the cathodic and 
anodic compartments were separated with a Nafion 117 membrane. The 
PtxCoy/felt catalysts were attached to a 3 mm diameter graphite rod 
(Sigma Aldrich, 99.99 %) and used as the working electrode in the 140 
mL cathodic compartment. Acetate buffer (3 M, pH 5.2) sparged with N2 
was used as the supporting electrolyte in both cathodic and anodic 
compartments. A Ag/AgCl double junction electrode was used as the 
reference electrode and the counter electrode was a 3 mm diameter 
graphite rod (Sigma Aldrich, 99.99 %). To perform ECH, the target 
negative potential was first applied for 1 hr to the working electrode to 
reduce the metal nanoparticles and saturate the solution with hydrogen. 
Phenol sparged with N2 was added to the cathodic compartment to 
achieve 20 mM phenol concentration before performing ECH at a fixed 
potential of either −0.1, −0.15, or −0.2 V vs. RHE using a Bio-Logic 
VSP-300. The series resistance was automatically compensated at 85 
% using impedance spectroscopy at a frequency of 200 kHz and the 
remaining 15% was manually corrected to give ±10 mV of the reported 
iR-free applied potentials. The current densities during ECH under these 
constant cathodic potentials for the different PtxCoy/felt catalysts are 
shown in Figure S2. No change in the pH of acetate buffer plus phenol 
solution before and after performing ECH for 2 hr was observed, indi
cating sufficient buffering capacity. 

Product quantification during ECH of phenol. A 1 mL aliquot was taken 
from the cathodic compartment every 30 min to monitor ECH reaction 
progress. ECH products (i.e., cyclohexanone and cyclohexanol) and the 
phenol reactant were extracted from the aqueous supporting electrolyte 
into an organic phase using three sequential liquid–liquid extractions 
with ethyl acetate as the solvent. For every extraction step, about 5 mg of 
sodium chloride was added to the aliquot before mixing with 1 mL of 
pure ethyl acetate to aid separation of the organic and aqueous phase. 
Any water present in the organic phase was removed using anhydrous 
Na2SO4 (Sigma Aldrich 99 %). Dimethoxybenzene (DMB) was used as an 
external standard, where 10 µL DMB was mixed with 1 mL of the dried 
organic phase before injecting 1 µL of the mixture to an Agilent Varian 
450 gas chromatograph equipped with a flame ionization detector. ECH 
was performed at less than 10 % conversion and carbon balances were 
greater than 90 %. We report the measured cyclohexanol and cyclo
hexanone concentrations under differential conversion conditions at 
different applied potentials for the PtxCoy/felt catalysts in Table S1. The 
turnover frequency (TOF) for each PtxCoy/felt catalyst was calculated 
from the rate of cyclohexanol and cyclohexanone formed per surface Pt 
atom estimated from the hydrogen underpotential deposition. 

2.6. Density functional theory modeling 

The Vienna Ab initio Simulation Package (VASP) was used for Kohn- 
Sham DFT calculations [48–51]. The exchange–correlation energy was 
calculated using the Perdew-Burke-Ernzerhof functional [52] with the 
semi-empirical D3 dispersion correction [53]. The projector augmented 
wave method and a plane wave kinetic energy cutoff of 400 eV were 
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used for all calculations [54,55]. The first-order Methfessel-Paxton 
smearing scheme with a 0.2 eV smearing width was used [56]. All cal
culations performed on slabs containing Co were spin-polarized. Spin 
polarization had a negligible effect on the pure Pt surface. 

We modeled Pt and PtxCoy intermetallics (i.e., Pt, Pt3Co, PtCo, and 
PtCo3) and Pt/PtxCoy (i.e., a monolayer of pure Pt over a PtxCoy sub
surface) systems to investigate how Pt enrichment in the alloy surface 
affects adsorption of phenol and hydrogen and the catalytic performance 
for HER and ECH. Four-atom bulk face-centered cubic (FCC) unit cells of 
Pt, Pt3Co, PtCo, and PtCo3 were optimized in VASP with a 21 × 21 × 21 
Monkhorst-Pack k-point grid [57]. We modeled only the FCC crystal 
structure because it is the crystal structure observed experimentally in 
our purchased and synthesized catalysts from XRD. The expected change 
in lattice constant with Co fraction (i.e., from Vegard’s law) from the 
FCC lattice constants matches the change in lattice constant from our 
powder XRD data for PtxCoy/C for their expected Co fraction 
(Figure S3), indicating alloys are formed. Previous work found that the 
(111) facet of Pt and other metals like Rh are the active facet for hy
drogenation of aromatics [58,59]. Therefore, we constructed the (111) 
facets of Pt, Pt3Co, PtCo, and PtCo3 from the bulk unit cells. The Pt/ 
PtxCoy slabs were modeled by replacing all Co atoms in the top layer of 
the slabs with Pt to achieve a pure Pt surface layer. The PtxCoy and Pt/ 

PtxCoy systems were modeled using 4 × 4 × 4 slabs, where the bottom 
two layers were fixed in their bulk lattice coordinates and the top two 
layers were relaxed during geometry optimization. A 3 × 3 × 1 
Mokhorst-Pack k-point grid was used for all slab calculations. The 
climbing-image nudged elastic band method was used to find the tran
sition states for the hydrogenation reactions [60]. The enthalpies and 
free energies of adsorbed phenol, hydrogen, and reaction intermediates 
were evaluated in the harmonic limit without solvation corrections, and 
the free energies of non-adsorbed species were evaluated using ideal gas 
thermodynamic corrections at 300 K. The configurations of phenol and 
hydrogen with the lowest computed energies were used in the subse
quent work. Implicit solvation was not used to model adsorption or 
hydrogenation because it was found to improperly describe solvent ef
fects for phenol adsorption and had little effect on the adsorption en
ergies of hydrogen or the hydrogenation barriers using default 
parameters [58,61]. All optimized geometries of surfaces and adsor
bate/surface structures are available in the supplemental information. 

Fig. 1. Hydrogen evolution activity related to the hydrogen adsorption energy on different PtxCoy structures. a) HER measured exchange current densities at 
23.3 ◦C as a function of Co fraction for the PtxCoy/C catalysts. Exchange current densities were extracted from Tafel plots shown in the supplemental information for 
the PtxCoy/C catalysts deposited on glassy carbon in 3 M acetate buffer supporting electrolyte (pH 5.2) sparged with H2. b) DFT-calculated hydrogen adsorption free 
energies on PtxCoy and Pt/PtxCoy alloys as a function of Co content at 300 K. c) Measured HER exchange current densities as a function of the calculated hydrogen 
adsorption free energies on PtxCoy alloys. d) HER measured exchange current densities as a function of the calculated hydrogen adsorption free energies on Pt/PtxCoy 
alloys. Images of hydrogen adsorbed on PtCo and Pt/PtCo alloy slabs are inset in c) and d), respectively. Hydrogen is colored peach, Pt is colored gray, and Co is 
colored blue. Error bars for a), c) and d) denote the standard deviation from the average of two separate experiments. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 
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3. Results and discussion 

3.1. Comparing hydrogen evolution activity to hydrogen adsorption 
energy on PtxCoy/C 

In Fig. 1a we show the HER exchange current densities on PtxCoy/C 
catalysts as a function of Co fraction. Pt3Co/C is the most active for HER, 
followed by PtCo/C and Pt/C. The exchange current density of Pt/C in 
acetate buffer (pH 5.2) obtained here (4.1 mA cm−2) matches that re
ported by Zheng and coworkers (4.0 mA cm−2) in the same electrolyte 
and pH [22]. The HER activity trend between Pt/C and Pt3Co/C is 
consistent with studies that reported Pt3Co to be superior to Pt [42,62], 
although the structure of the Pt3Co surface impacts the HER perfor
mance. Specifically, a Pt3Co catalyst with both Pt and Co present on the 
surface and a Pt3Co catalyst with a pure Pt surface layer were reported to 
increase the current density by two and five times compared to pure Pt, 
respectively [42]. 

Exposing PtxCoy catalysts to acidic conditions can form a Pt-enriched 
surface (i.e., a surface with both Pt and Co) or a Pt-skin structure on a 
PtxCoy core. However, the structure of PtxCoy alloys in our supporting 
electrolyte (3 M acetate buffer, pH 5) has never been reported. The 
enhancement we observe in Fig. 1a for Pt3Co/C compared to Pt/C (a 
factor of 2.25) is close to the reported enhancement for a Pt3Co catalyst 
with both Pt and Co present on the surface. Although there are reports of 
sub-nanometer PtCo clusters with enhanced HER activity relative to 
pure Pt [63], our PtCo/C, with a diameter of approximately 5 nm 
(characterization provided below), is less active than Pt3Co/C and more 
similar to Pt/C. 

To better understand the trends in HER exchange current densities 
on the PtxCoy/C catalysts, we use DFT to model hydrogen adsorption on 
PtxCoy for two possible types of structures: 1) both Pt and Co present in 
the surface and 2) a pure Pt surface covering a PtxCoy core (Pt/PtxCoy). 
Here we consider the alloys to form either a mixed PtxCoy surface or a Pt 
surface covering a PtxCoy core, but it is possible that the surface struc
ture of the alloys depends on the total Co content. Although the results in 
Fig. 1 cannot rule out this possibility, our computed segregation energies 
and other characterizations discussed in the following section suggest 
that the mixed PtxCoy surface is favorable for all Co contents studied 
here under applied potential. In Fig. 1b we show that an increasing Co 
fraction in Pt/PtxCoy alloys causes the surface Pt to adsorb H weaker, but 
high fractions of Co in the surface of PtxCoy alloys cause the surface to 
behave more like Co and bind H more strongly (ΔGH on Co(0001) is 
computed to be −42 kJ mol−1). For Pt/PtxCoy the presence of Co in the 
alloy subsurface interacts with the Pt overlayer through a combination 
of strain and ligand effects [64–66] to cause a monotonic weakening of 
the computed hydrogen adsorption energy as Co increases. For the 
mixed PtxCoy surfaces, the hydrogen adsorption energy weakens 
initially in the Pt3Co case but then strengthens with increasing Co in the 
PtCo and PtCo3 cases because of the strong Co-H interactions that are 
possible when high fractions of Co are on the surface. In fact, the three- 
fold Co sites on PtCo3 are predicted to adsorb hydrogen only ~1 kJ 
mol−1 weaker than a pure Co(0001) surface. 

By comparing the experimental HER exchange current density to the 
computed ΔGH, we hypothesize that our experimental catalysts form a 
mixed Pt and Co surface rather than a Pt skin on a PtxCoy core. We show 
the experimental HER exchange current density for the PtxCoy/C cata
lysts against the computed ΔGH assuming a mixture of Pt and Co on the 
surface in Fig. 1c. We do the same for a Pt/PtxCoy structure in Fig. 1d. 
For the mixed Co and Pt surface, the HER exchange current density in
creases with weakening hydrogen adsorption (Fig. 1c). The HER ex
change current density does not increase with weakening of the 
predicted hydrogen adsorption on the Pt/PtxCoy models (Fig. 1d). 
Because generally HER activity for Pt group metals is expected to in
crease with weakening hydrogen adsorption in acids [22,27], the results 
in Fig. 1c compared to Fig. 1d indicate that the PtxCoy/C catalysts pre
treated in 3 M acetate buffer (pH 5.2) do not form a Pt skin, but instead 

have both Pt and Co present on the catalyst surface. Although H2O* and 
OH* adsorption energies are proposed to be descriptors for HER in 
alkaline media [67,68], we focus on ΔGH because H* is more relevant 
for phenol ECH in acetate buffer (pH 5). We include the adsorption 
energies of water on the different surfaces and plot them against the HER 
exchange current densities in Figure S4. Like ΔGH, there is a correlation 
between the HER activity and water adsorption energy on the mixed 
surfaces, but not on the Pt/PtxCoy surfaces. 

Using DFT, we calculate the energy to substitute subsurface Co with 
surface Pt in a Pt/PtxCoy slab with and without adsorbed hydrogen to 
predict the preferred structure of the slabs. Our calculations suggest that 
the presence of H*, which interacts more strongly with Co than with Pt, 
has the potential to stabilize Co in the catalyst surface at high H* cov
erages (Figure S5). The thermodynamic stability of Co in the alloy 
surface compared to the alloy subsurface depends on factors such as the 
Co fraction in the alloy and the coverage of hydrogen on the surface. A 
pure Pt surface is thermodynamically favorable at all Co fractions for 
bare surfaces. At high hydrogen coverages (i.e., 1 ML), a mixed PtxCoy 
surface is predicted to be thermodynamically favorable for the Pt3Co, 
PtCo, and PtCo3 systems. At 0.25 ML H* coverage, however, a Pt/PtxCoy 
structure is thermodynamically preferred for alloys with lower Co 
fractions (Pt3Co and PtCo in Figure S5b). Our microkinetic modeling 
predictions for phenol ECH (discussed in section 3.5) predict that H* 
coverage is typically higher than 0.25 ML H* for Pt3Co at the potentials 
we study experimentally. This modeling prediction corroborates our 
observation of the HER enhancement of Pt3Co/C compared to Pt/C 
matching what is expected for a surface with both Pt and Co present. The 
dependence of ΔGH on the PtxCoy structure highlights the importance of 
identifying the surface composition for electrocatalysis, because a Pt/ 
PtxCoy catalyst may have considerably different activity than a PtxCoy 
catalyst. 

3.2. Synthesis and characterization of PtxCoy alloys supported on 
conductive carbon felt 

To measure ECH activity for PtxCoy alloys, we synthesize PtxCoy 
nanoparticles with varying compositions of Co directly on a conductive 
carbon felt support (PtxCoy/felt) to achieve sufficiently high catalyst 
loading to detect the products of ECH of phenol (cyclohexanol and 
cyclohexanone). We cycle these catalysts from 0.05−1.5 V vs. RHE prior 
to use for ECH and do not detect any remaining unalloyed Co 
(Figures S6, S7, S8), implying alloys are formed rather than mixtures of 
bulk Co and Pt [41]. Although these catalysts are synthesized by 
chemical reduction on carbon felt support as opposed to the catalysts 
shown in Fig. 1 (PtxCoy/C, supported on Vulcan carbon), we show below 
that they form similar structures. 

We show Pt L3-edge EXAFS of the PtxCoy/felt samples in Fig. 2a that 
confirms local coordination of Co with Pt. The Pt-Pt bond length of the 
Pt100/felt matches that of a Pt foil. This Pt-Pt bond length decreases with 
increasing bulk Co content as measured by ICP-MS. The peak between 
2.4–2.6 Å indicates scattering between two nearest neighbor Pt atoms in 
the first shell. Pt atoms are replaced by smaller Co atoms with increasing 
Co content, which leads to smaller interatomic distances. The fits of the 
EXAFS data of the Pt foil and the PtxCoy/felt are shown in Figures S9, 
S10, S11 and the Pt-Pt and Pt-Co coordination number and bond lengths 
extracted from the fits to a first and second shell are shown in Table S2. 
With increasing Co content, we also see an increase in the Pt-Co coor
dination numbers, further indicating the formation of alloys. 

Our measured lattice constant of the alloys from XRD also corrobo
rates the formation of PtxCoy alloys. We show the XRD patterns for the 
PtxCoy/felt catalysts in Fig. 2b with the Pt FCC lattice peak highlighted. 
There is no evidence of pure Co phases in the XRD. The Pt FCC peak 
shifts to higher 2θ values compared to Pt, shown in the inset image in 
Fig. 2b. We calculate the Co fraction from the shift of the 2θ values of the 
(111) plane using Vegard’s law (Figure S3) and plot this Co fraction 
from XRD in Fig. 2c along with the fraction of Co in the lattice based on 
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the fitted EXAFS data using the Pt-Pt and Pt-Co coordination numbers. 
The Co fraction from EXAFS and XRD are similar to one another, but 
they differ quantitatively from the Co fraction measured using ICP-MS, 
although they follow the same qualitative trend. Although the higher 
Co content measured from ICP-MS following complete dissolution of the 
catalyst may indicate some unalloyed Co in the catalyst, we do not see 
any indication of pure Co or Co oxide redox reactions based on the cyclic 
voltammetry following our pretreatment (Figure S7). One possibility is 
that excess cobalt may arise from unalloyed Co in the catalyst core that is 
not in contact with the electrolyte. Thus, this excess bulk Co should not 
influence the surface reaction. 

The PtxCoy/felt catalysts are only slightly oxidized ex-situ and mostly 
metallic under applied cathodic potential. We show in Fig. 2d and 
Fig. 2e the ex-situ XANES of the catalysts on felt at the Pt L3-edge and Co 
K-edge. The shape and intensity of the white line for the metallic Pt foil 
is similar to that of the PtxCoy/felt samples, indicating Pt is mainly in the 
metallic phase. Using linear combination analysis of the XANES data in 
Fig. 2d compared to Pt foil and PtO2 (Table S3) we show that less than 2 
% of Pt forms PtO2. We expect 20 % of all bulk Pt to be on the surface 
based on an average particle size of 5 nm, thus only a small fraction of 
the surface Pt seems to be oxidized. Under applied cathodic potential 
(−0.05 V vs. RHE), the XANES of Pt100/felt in Figure S12 show a white 
line similar to that of the metallic Pt foil except for the broad shoulder 
indicating the formation of adsorbed H on Pt at negative potentials [44]. 
Thus, we do not expect significant differences in the electronic structure 

of Pt during operating conditions. Contrary to the Pt L3-edge, the white 
line at the Co K-edge in Fig. 2e increases with Co content which could 
indicate the formation of oxidized Co species. These oxidized Co species 
are likely from surface Co because subsurface Co would not be exposed 
to air. This observation of surface oxidized Co is similar to reports of 
surface oxidized Ni in PtNi alloys, which was interpreted as being due to 
Ni in the surface [69,70]. The presence of oxidized surface Co suggests 
that PtxCoy do not form a Pt skin, but rather there is Co present on the 
surface. In alkaline conditions (pH 13), oxidized Co can form stable 
nanoislands of Co(OH)2 randomly distributed over Pt [71]. We were 
unable to evaluate the Co K-edge under operating conditions because of 
the noise in the XANES signal from H2 bubble formation, but we hy
pothesize Co may reduce under the potentials relevant for ECH per
formed in this work at pH 5. 

The PtxCoy/felt nanoparticles have similar particle sizes despite the 
variation in bulk Co fraction, so that differences in their ECH perfor
mance can be attributed to varying the Co content, rather than structure 
sensitivity effects [58,59]. We have previously shown that phenol ECH 
on Pt and Rh is a structure sensitive reaction [58], with larger particles 
with a higher fraction of terrace sites showing higher turnover fre
quencies. The TEM images and distribution in Fig. 3a, 3b, and 3d show 
that Pt100/felt, Pt86Co14/felt and Pt80Co20/felt have similar average 
nanoparticle sizes (5.8 ± 1.3 nm, 5.8 ± 1.8 nm and 5.5 ± 1.2 nm, 
respectively) and are well dispersed on the treated carbon felt (addi
tional images are shown in Figure S13). Although the average particle 

Fig. 2. Ex-situ XAS and XRD for PtxCoy/felt catalysts. a) Unadjusted k-weighted EXAFS spectra of Pt foil and PtxCoy/felt in real space collected at the Pt L3-edge. 
b) XRD spectra of PtxCoy/felt with Pt #04–0802 and Co #15–0806 standards indicated by ash and gold vertical lines, respectively. Inset corresponds to region 
attributed to (111). c) Co fraction from XRD and EXAFS as a function of the Co fraction measured from ICP-MS. The x and y in PtxCoy are the bulk atomic ratio of Pt 
and Co measured from ICP-MS after pretreatment. Normalized XANES spectra of metal foils and PtxCoy/felt catalysts at the d) Pt L3-edge and e) Co K-edge. 
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size and distribution is larger for the Pt62Co38/felt catalyst in Fig. 3e 
(13.6 ± 3.2 nm), the expected increase in activity because of a higher 
fraction of the active terraces was not observed as we will discuss in the 
subsequent section. We give the average nanoparticle sizes from TEM, 
XRD crystallite sizes calculated from the Scherrer equation, and the 
EXAFS first shell total coordination number in Table S4. The trend in 
particle sizes from these different methods in Table S4 are qualitatively 
in agreement. 

We show by STEM-EDS line profile analysis for Pt86Co14/felt in 
Fig. 3c and Pt3Co/C in Fig. 3f that both the carbon felt and Vulcan 
carbon supported catalysts do not form a Pt skin but instead form a 
surface with both Pt and Co present. The Co and Pt line scan across a 

single nanoparticle shows a similar ratio of the Pt and Co intensity at the 
edges of the particles as in the core of the particle, indicating no visible 
Pt shell is formed. This technique has been used to identify core–shell 
particles in the literature [46,47]. HAADF-STEM imaging and EDS line 
scan analysis (Figure S14) for PtCo/C shows the surface also contains 
both Pt and Co. This further corroborates our evidence that both the 
PtxCoy supported on carbon felt (PtxCoy/felt) and PtxCoy supported on 
Vulcan carbon (PtxCoy/C) have a surface containing both Pt and Co 
atoms. 

Fig. 3. TEM histogram distribution of particle diameters and HAADF-STEM imaging of PtxCoy catalysts. Nanoparticle histogram distribution for a) Pt100/felt, 
b) Pt86Co14/felt, d) Pt80Co20/felt, and e) Pt62Co38/felt. Inset images in a), b), d) and e) are representative micrographs of the catalysts. HAADF-STEM images and 
EDS line profile analysis across a single nanoparticle of the catalysts for c) Pt86Co14/felt, and f) Pt3Co/C. Inset images in c) and f) shows a 2D elemental mapping of Pt 
(teal) and Co (red) across the nanoparticle for which the line scan was performed. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 4. Experimental ECH turnover frequency and current efficiency on PtxCoy/felt catalysts as a function of Co fraction for different applied potentials. a) 
ECH TOF in 20 mM phenol in 3 M acetate buffer supporting electrolyte (pH 5.2) at 23.3 ◦C and −0.1, −0.15 or −0.2 V vs. RHE. The applied potential was directly 
corrected for 85 % of the series resistances using the potentiostat ZIR technique and the remaining 15 % series resistance was further corrected manually to give 
±0.01 V of target potential. The number of surface atoms of the catalysts used to calculate the TOF was estimated from the Pt HUPD surface area. b) Current efficiency 
to ECH calculated from the moles of ECH products with respect to the amount of charge passed. 
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3.3. Electrocatalytic hydrogenation of phenol on PtxCoy alloys 

Unlike our observation that the hydrogen adsorption energy shows a 
clear trend with the HER activity (Fig. 1), the more complex ECH per
formance in Fig. 4 prevents us from using a simple descriptor to un
derstand the PtxCoy/felt catalysts. For example, the catalyst with the 
highest TOF at −0.1 V vs. RHE (Pt86Co14/felt) is not the most active at 
more negative potentials. The more negative potentials may result in 
lower ECH TOFs on the Pt100/felt and Pt86Co14/felt due to increased 
hydrogen coverage that blocks adsorption of phenol [10]. The more 
negative potential and hydrogen site-blocking also results in a lower 
current efficiency to ECH for those catalysts (Fig. 4b). Although 
Pt86Co14/felt has the highest TOF of the catalysts for the conditions 
tested, it has a low current efficiency (Fig. 4b) due to high HER activity. 
The ECH TOF for Pt62Co38/felt instead increases with more negative 
potential along with a corresponding increase in current efficiency. This 
opposite behavior on Pt62Co38/felt may arise because the hydrogen 
coverage is lower compared to Pt100/felt and Pt86Co14/felt, such that 
more negative potentials enhance ECH. The complicated trend in ac
tivity and current efficiency on the alloys suggests a more complicated 
model than a single adsorption energy descriptor is needed to under
stand phenol ECH on platinum cobalt alloys. To understand the multiple 
effects of adsorption energies and coverage, applied potential, and 
activation barriers, we use a kinetic model based on a Langmuir- 
Hinshelwood mechanism to capture the experimental trends. To 
construct this model, we first investigate the effects of Co fraction on 
phenol adsorption and the barrier for hydrogenation in the next section. 

3.4. Effect of Co alloying on phenol adsorption and hydrogenation 
barriers 

In aqueous phase, we do not find a significant change in the exper
imental adsorption free energy of phenol with increasing Co fraction 
(Fig. 5) despite the varying ECH TOF with Co fraction. We find the 
adsorption free energy of phenol to be −22.5 kJ mol−1, −19.0 kJ mol−1, 
and −20.5 kJ mol−1 on Pt/C, Pt3Co/C, and PtCo/C, respectively. These 
adsorption energies were independent of phenol coverage. This constant 
aqueous phenol adsorption energy with Co fraction implies that the 
phenol adsorption energy is not an informative descriptor for ECH ac
tivity for these studied alloy systems. To extract the free energy for 
phenol adsorption, we fit the coverage vs. concentration data to a 
Temkin isotherm shown in Eq. (1). 

θP

θsat
=

exp
(

−(ΔGaq
ad, θ=0+αθP)

RT

)

CP

(

1 + exp
(

−(ΔGaq
ad, θ=0+αθP)

RT

)

CP

) (1) 

Here θP is the phenol coverage, θsat is the saturation coverage, 
ΔGaq

ad,θ=0 is the aqueous adsorption free energy in kJ mol−1 at a phenol 
coverage of zero, α is how adsorbate–adsorbate interactions influence 
the adsorption energy as a function of coverage in kJ mol−1, CP is the 
concentration of phenol, R is the ideal gas constant, and T is temperature 
in Kelvin. A caveat of these adsorption isotherms is that they probe the 
coverage of phenol as a function of bulk phenol concentration solely on 
the surface Pt atoms because the coverage of phenol on Co atoms cannot 
be probed using HUPD. We have previously shown that metals such as Pt 
and Rh which adsorb organic molecules (e.g., phenol) with very 
different energies in the gas phase have similar aqueous-phase adsorp
tion energies [61]. We attributed this similar phenol adsorption between 
Pt and Rh to the energy penalty of displacing water molecules from the 
liquid/metal interface which offsets the energy difference observed in 
the gas phase (i.e., although Rh adsorbs phenol in the gas phase more 
strongly than Pt, it also adsorbs water more strongly, so the penalty for 
displacing water is larger on Rh than on Pt [72,73]). 

Through DFT modeling, we demonstrate that the structure and 
composition of the alloy surface has a notable impact on the activation 
enthalpy of the first hydrogenation step. The DFT-predicted geometries 
for the first hydrogenation step of phenol on PtCo and Pt/PtCo are 
shown in Fig. 6a as representative examples. In Fig. 6b we show the 
computed activation enthalpy (ΔH‡

f ) as a function of Co fraction (yCo) for 

PtxCoy and Pt/PtxCoy. We calculate ΔH‡

f as the enthalpy of the transition 
state for the first hydrogenation step relative to the enthalpy of surface- 
adsorbed hydrogen and phenol. The activation enthalpy increases 
almost linearly with Co fraction on the PtxCoy surfaces but decreases 
linearly with Co fraction for the Pt/PtxCoy surfaces. The opposite trend 
in activation enthalpy with Co fraction on the two types of surfaces 
highlights the impact of having Co and Pt on the surface (PtxCoy) 
compared to only Pt on the surface (Pt/PtxCoy). 

By comparing the activation enthalpy to the hydrogen adsorption 
enthalpy and hydrogenation reaction enthalpy, we observe why the 
PtxCoy and Pt/PtxCoy surfaces are predicted to have such different trends 
in hydrogenation rates with Co fraction. We show ΔH‡

f as a function of 
the computed hydrogen adsorption enthalpy (ΔHH) on each respective 
surface in Fig. 6c. On the Pt/PtxCoy surface, ΔH‡

f decreases with weak
ening hydrogen adsorption. We previously hypothesized that weakening 
hydrogen adsorption on a pure Pt catalyst through controlling the pH 

Fig. 5. Phenol adsorption energies from adsorption experiments on PtxCoy/C catalysts. Phenol adsorption isotherm on a) Pt/C, b) Pt3Co/C, and c) PtCo/C from 
inhibition of hydrogen underpotential deposition with different bulk phenol concentrations in 3 M acetate buffer and 23 ◦C. The dashed lines in a), b), and c) are fits 
of the data to a Temkin adsorption model to extract the aqueous adsorption energy and its coverage dependence α. 
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can influence the hydrogenation barrier through Brønsted-Evans-Pola
nyi (BEP) relations [74]. Briefly, with all else being held constant, a 
weaker adsorbed hydrogen would result in a more favorable hydroge
nation reaction energy and consequently a lowered hydrogenation 
barrier. Although ΔHH seems to be a descriptor for the Pt/PtxCoy sur
faces, ΔH‡

f is not simply a function of ΔHH for the PtxCoy surfaces. By 

examining ΔH‡

f on PtxCoy as a function of the hydrogenation reaction 
enthalpy (ΔHrxn) in Fig. 6d, we demonstrate that hydrogenation on 
PtxCoy follows a BEP relationship, with a higher reaction enthalpy 
correlating with a higher activation enthalpy. The more endothermic 
ΔHrxn on the PtxCoy surfaces compared Pt/PtxCoy surfaces indicate that 
the hydrogenated intermediate species (PH*) is less stable than the re
actants (P* + H*) when there is Co in the surface catalyst layer. The 
slope near one implies a late transition state. For the PtxCoy surfaces, the 
surface with the weakest hydrogen adsorption is not the surface with the 
least endothermic reaction enthalpy. Ultimately, despite adsorbed 
hydrogen being an important reactant, the hydrogen adsorption energy 
alone is not a suitable descriptor for phenol hydrogenation like it is for 
HER. Instead, the activation enthalpy more closely follows a BEP rela
tionship, and the higher ΔH‡

f on PtxCoy surfaces than on Pt or Pt/PtxCoy 

surfaces is caused by the weaker interaction between the hydrogenated 
phenol intermediate and the PtxCoy surface. 

3.5. Explaining ECH activity on PtxCoy alloys using a Langmuir- 
Hinshelwood model 

We are able to describe the trend in experimental TOF with Co 
fractions and applied potentials shown in Fig. 4 using a Langmuir- 
Hinshelwood model to capture the effects of Co alloying on hydrogen 
adsorption energy, phenol adsorption energy, and hydrogenation acti
vation enthalpy. Assuming that the first hydrogenation step is rate 
determining [9,10], we estimate the TOF as a function of potential and 
Co fraction using a simple microkinetic model. In Eq. (2), we show that 
the equilibrium adsorption coefficient for hydrogen (KH) is a function of 
the applied electrochemical potential (E) and the hydrogen adsorption 
free energy on a given surface. F is Faraday’s constant. We note that we 
assume the ΔGH at 0 V vs. RHE here is the same as that computed for 
Fig. 1, referenced to 1 bar H2. 

KH(E) = exp
(

−ΔGH(E = 0 V vs. RHE)

RT

)

exp
(

−FE
RT

)

(2)  

In Eq. (3), we assume that the phenol equilibrium adsorption coefficient 
(KP) is independent of potential, although in reality there may be vari
ations due to the impact of potential on the interfacial water layer [75]. 
The adsorption coefficient is dependent on the free energy of adsorption 
of phenol, ΔGads,P. 

KP = exp
(

−ΔGads,P

RT

)

(3) 

Fig. 6. Activation enthalpy for the first hydrogenation step of phenol. a) Top and side views of DFT-predicted geometries corresponding to the initial, transition, 
and final states for the first hydrogenation of phenol on the (111) facet of both PtCo and Pt/PtCo. Color legend: Pt = gray, Co = blue, O = red, C = black, and H =
white. The H* atom participating in the hydrogenation reaction is colored green. Activation enthalpy for the first hydrogenation of phenol on PtxCoy and Pt/PtxCoy as 
a function of b) Co fraction, c) the adsorption enthalpy of hydrogen (ΔHH), and d) the reaction enthalpy for the first hydrogenation step of phenol at 300 K (ΔHrxn). 
Blue triangles correspond to activation enthalpies calculated on PtxCoy and gray circles correspond to barriers calculated on Pt/PtxCoy. Black diamonds correspond to 
pure Pt. Linear fits to the data are shown along with corresponding equations. (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.) 
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If the first hydrogenation step is rate determining, the TOF will be 
described by Eq. (4). The TOF depends on the rate constant, kECH, and 
the product of the hydrogen and phenol coverage, θH and θP [10]. The 
coverages are given by the equilibrium adsorption coefficients when 
adsorption is quasi-equilibrated. Here CP is the concentration of phenol 
and CH is an ‘equivalent’ chemical potential of hydrogen, as we have 
elaborated in previous work [61]. 

TOF = kECHθHθP = kECH
KHCHKPCP

(1 + KHCH + KPCP)
2 (4)  

The rate constant depends on the enthalpy of the first hydrogenation 
step’s transition state relative to the reactant energy (ΔH‡

f ) as we show in 
Eq. (5). A is a preexponential factor, which we assume to be independent 
of the Co content of the catalyst surface, and we do not include any 
influence of the applied potential on the rate constant. 

kECH = Aexp
(

−ΔH‡
f

RT

)

(5)  

We predict the rate constant as a function of the Co fraction due to a 
dependence of the activation barrier on the Co fraction (Fig. 6b). The 
linear trends in Fig. 6b indicate that the rate constant would exponen
tially decrease with Co fraction on the mixed Co and Pt surface and 
exponentially increase with Co fraction on the Pt skin surface. As the 
hydrogen adsorption free energy is also a function of the Co fraction 
(Fig. 1b), we can describe the TOF as a function of Co content and po
tential if the first hydrogenation step is rate determining. Here we as
sume KP is constant with Co content, and we use a ΔGads,P value of −9 kJ 
mol−1 based on our previously obtained value for the adsorption energy 
of phenol on the active site of Pt for ECH [10]. Although, in principle, 
phenol adsorption strength is a descriptor for ECH activity based on the 
Langmuir-Hinshelwood mechanism, the measured phenol adsorption 
energy on Pt/C, Pt3Co/C, and PtCo/C was found to be nearly indepen
dent of the Co fraction and thus does not explain the variation in ECH 
activity of the alloys with respect to a change in the Co fraction. We 
discuss additional details of the kinetic model in the SI. 

We show the prediction of the TOF as a function of potential and Co 
fraction in Fig. 7 for the two types of catalyst surfaces. The results on the 
mixed Co and Pt surface in Fig. 7a qualitatively match our experimental 
results in Fig. 4a. The relative hydrogen to phenol coverage decreases as 
Co fraction increases at a given potential (Figure S15a). The hydrogen 
coverage increases relative to phenol at a specified Co fraction as applied 
electrochemical potential becomes more negative, which is expected 

from the potential dependence of hydrogen adsorption from protons in 
the CHE model. For higher Co fractions, where the hydrogen adsorption 
energy is weaker, the effect of more negative potential is less detri
mental, as the phenol coverage remains high. In this way, the kinetic 
model captures why the maximum in ECH TOF with Co fraction varies as 
a function of applied potential. At comparable coverages of hydrogen 
and phenol for a pure Pt catalyst compared to a PtxCoy alloy, the TOF is 
lower for the alloy due to the higher activation enthalpy (Fig. 6b). The 
increase in TOF with Co fraction observed experimentally at −0.1 V vs. 
RHE in Fig. 4a is explained by our model as weakening the hydrogen 
adsorption energy, which allows a higher coverage of phenol on the 
surface, thus increasing the rate. Although this higher coverage of 
phenol results in an increase in the ECH rate, the current efficiency for 
ECH at −0.1 V vs. RHE may be lower with Co fraction (Fig. 4b) because 
of an increase in the HER activity. 

The data in Figure S15b shows the experimentally measured ECH 
TOF from Fig. 4 alongside the kinetic model predictions from Fig. 7a. For 
a given Co fraction, the trend in experimentally measured TOF matches 
that from the kinetic model. For example, at a Co fraction of zero, the 
order of the measured and predicted activities are −0.1 V > −0.15 V >
−0.2 V, while at a Co fraction of 0.38, the order is −0.2 V > −0.15 V >
−0.1 V. For a given potential, the trend in TOF with Co fraction is the 
same for experiment and the kinetic model at −0.1 V and −0.2 V. That 
is, at −0.1 V, the TOF increases with Co fraction at low Co content, then 
decreases. At −0.2 V the TOF in both experiment and the model in
creases with Co content for the entire Co fraction range studied. How
ever, at −0.15 V the trend in Co fraction is not accurately captured. 

The model for the TOF on a Pt skin with a PtxCoy core (Fig. 7b) does 
not match our experimental values, further corroborating the mixed 
PtxCoy surface indicated from our HER measurements, characterization, 
and DFT calculations of the energetically preferred surface. The decrease 
in activity at sufficiently high Co fractions is due to a decrease in the 
hydrogen coverage, conceptually similar to that described for Fig. 7a. In 
Fig. 7b, due to the prediction that an increasing Co fraction will decrease 
the hydrogenation barrier for a Pt/PtxCoy structure, the ECH TOF is 
predicted to increase under almost all conditions up to high Co fractions, 
which is not what we observe experimentally. We predict a catalyst with 
a stable Pt skin and a PtxCoy core structure under ECH conditions would 
be a more active catalyst based on DFT-calculated activation energies 
and our kinetic modeling. Further study of Pt/PtxCoy core–shell alloys is 
needed to test the stability of Pt/PtxCoy catalysts under ECH conditions 
and to experimentally verify the enhanced activity for phenol ECH. 

Fig. 7. ECH turnover frequency on PtxCoy as a function of Co fraction and potential using a Langmuir-Hinshelwood model. a) Calculated ECH TOF assuming 
the first hydrogenation step is rate determining, and the transition state barrier increases as a function of Co fraction, as found for the for the mixed surface PtxCoy 
structure (PtxCoy) in Fig. 6. b) Calculated ECH TOF assuming the first hydrogenation step is rate determining, and the transition state barrier is decreases as a 
function of Co fraction, as found for the Pt skin structure (Pt/PtxCoy) in Fig. 6. The temperature used is 300 K. 
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4. Conclusions 

We find that PtxCoy alloys at low Co fractions are more active toward 
ECH of phenol than pure Pt at −0.1 V vs. RHE, but the ECH current 
efficiency is lower than pure Pt due to their high HER activity. PtxCoy 
preferentially forms structures with Co and Pt on the surface under our 
ECH and HER conditions, as opposed to a Pt skin. Although the HER 
activity correlates with computed hydrogen adsorption energies on 
PtxCoy surfaces, with surfaces that adsorb hydrogen more weakly having 
higher HER activity, the hydrogen adsorption energy is an insufficient 
descriptor for ECH activity. Rather, the hydrogenation activation en
thalpies follow a Brønsted-Evans-Polanyi relationship with respect to the 
reaction enthalpies, and the PtxCoy surfaces have more endothermic 
reaction enthalpies and larger activation enthalpies than Pt despite 
adsorbing hydrogen more weakly. We qualitatively explain the experi
mental ECH TOF trends on the PtxCoy surfaces with a Langmuir- 
Hinshelwood kinetic model. Our DFT and kinetic modeling predict 
that Pt/PtxCoy alloys, i.e., a pure Pt surface layer with PtxCoy core, 
would have enhanced ECH activity, although further work to synthesize 
and stabilize these structures under ECH conditions is needed. 
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