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We demonstrate that active site ensembles on transition metal
phosphides tune the selectivity of the nitrate reduction reaction.
Using Ni,P nanocrystals as a case study, we report a mechanism
involving competitive co-adsorption of H* and NO,* intermediates.
A near 100% faradaic efficiency for nitrate reduction over hydrogen
evolution is observed at —0.4 V, while NH3 selectivity is maximized
at —0.2 V vs. RHE.

Ammonia is an essential fertilizer for supporting global food
demands." It is produced industrially via the Haber-Bosch
process, which combines gaseous nitrogen and hydrogen at high
temperatures and pressures over an iron-based heterogeneous
catalyst. However, the enormous scale of ammonia production
and deployment has disrupted the nitrogen cycle, where imbal-
ances of NO;~ in wastewater and extraneous nitrous oxides
emitted into the atmosphere from burning fossil fuels for H,
production have resulted in ecosystem destruction and climate
change.>® Anthropogenic disturbances to the nitrogen cycle
motivate alternative ammonia generation methods that do not
exacerbate these imbalances. One alternative is the electrocataly-
tic nitrate reduction reaction (NO;RR), which can upcycle NO; ™~
to NH;.* State-of-the-art catalysts usually include noble metals,®
but current electrocatalyst design research focuses on using
earth-abundant metals to achieve similar current densities.'*"?

Several studies have proposed a NO;RR mechanism that
involves the co-adsorption of hydrogen (H*) and nitrogenous
species (NO,*) and sequential deoxygenation-hydrogenation to
convert NO;~ to NH;.'*™*® With this knowledge, metal phos-
phides have been designed and demonstrated as selective
NO;RR electrocatalysts toward NH;.'”">> We hypothesize that
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metal phosphides have active site ensembles of adjacent
strongly and weakly H-binding sites.”® On these surfaces,
strongly bound H can hydrogenate NO,*, which can bind on
a vacated site that only weakly adsorbs hydrogen.”” Density
functional theory (DFT) calculations have suggested that active
site ensembles of strongly and weakly binding hydrogen sites
are responsible for Ni,P’s HER activity.>*>*> The importance of
these ensembles has also been realized in more complex
electrocatalytic reactions such as CO, electroreduction, where
several metal phosphides have demonstrated the ability to form
oxygenated hydrocarbons.>*” The binary surfaces of metal
phosphides result in an increased number of unique surface
sites and a distribution of adsorbate-binding energetics, which
enhance their ability to co-adsorb different species.

Thermal hydrogenation studies with Ni,P and Ni nanocrys-
tals showed Ni,P’s near unity selectivity toward NH; under mild
conditions, while Ni had almost no conversion of NO;.*® This
confirms the importance of a multi-elemental catalyst and
motivates the investigation of nickel phosphide materials as
electrocatalysts for NO;RR. Although previous theoretical work
on Ni,P electrocatalysts for NO;RR has highlighted the critical
role of Ni,P’s ability to co-adsorb NO,;~ and H,**** corroborat-
ing experimental data has not yet been reported. In this study,
we investigate the nitrate reduction behavior of Ni,P nanocrys-
tals as a case study for elucidating the role of metal phosphide
active site ensembles on NO;  reduction behavior. Our rate
order analysis suggests a competitive Langmuir-Hinshelwood
mechanism, which we use to understand the selectivity of Ni,P
for nitrate reduction over a range of reductive potentials.

Ni,P nanocrystals were prepared according to previous
methods developed in our group.® Briefly, NiCl, was added
to oleylamine and degassed at 120 °C for 1 hour. The tempera-
ture was lowered to 50 °C, tris(diethylamino) phosphine was
injected, and the temperature was raised to 250 °C and held for
1 hour. Xray diffraction (XRD) and transmission electron
microscopy (TEM) measurements show monodisperse, 5.4 +
0.8 nm nanocrystals (Fig. S3, ESIf). Ni,P nanocrystals were
deposited onto Vulcan carbon (Ni,P/C) to prevent aggregation
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Fig.1 (a) XRD and (b) TEM images of Ni,P nanocrystals deposited on
Vulcan carbon and annealed (Ni,P/C).

during annealing with slight modifications from previous methods
(see ESIT).*® The nanocrystals were kept under inert conditions at
all times to prevent surface oxidation before electrocatalytic mea-
surements. XRD and TEM measurements of Ni,P/C demonstrate
the retention of the Ni,P crystal structure post-annealing with mild
ripening to 5.8 £ 1.5 nm (Fig. 1). Fourier transform analysis of the
particle lattice fringes reveals predominantly (111)-faceted nano-
crystals after the annealing treatment (Fig. S6, ESIT). The Ni,P/C
powder was drop-cast onto carbon paper electrodes (0.09 mg of
Ni,P) for electrocatalytic measurements (Fig. S5, ESIt). All electro-
chemical measurements were performed in an H-cell with a 0.1 M
phosphate buffer electrolyte (1:1 KH,PO,/K,HPO,, pH = 6.9).
We performed cyclic voltammetry using Ni,P/C with varying
concentrations of KNO; to demonstrate Ni,P/C’s activity for
NO;RR (Fig. 2a). We attribute the two features to the catalytic
activity being mediated by two different sources: H,PO, and
H,0. With 0 mM KNO;, we can isolate the catalytic activity to
the HER. Under these conditions, HER activity first exhibits a
diffusion-limited response near —0.3 V due to the H-source
being H,PO,~ (pKaHzpor < pKaHZO]. As the potential increases
and the water dissociation potential is reached, the HER
current resembles the expected catalytic wave, indicating that
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Fig. 2 (a) Cyclic voltammograms of Ni,P/C in 0.1 M KH,PO4/K;HPO,4
buffer at a series of KNOz concentrations. (b) Potential-dependent NOz~
rate order. The region highlighted in blue (<—0.25 V) indicates a compe-
titive Langmuir—Hinshelwood mechanism. (c) Potential-dependent selec-
tivity with 100 mM of KNOs.
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the H-source is H,0.*' As the concentration of KNO; is
increased, we observe diffusion-limited NO3;RR at low cathodic
potentials in the phosphate-mediated region. In both regions,
there is a decrease in onset potential and an increase in current
density associated with an increased concentration of KNO3,
demonstrating Ni,P/C’s activity for NOzRR.

Varying the concentration of KNO; allows for determining
the nitrate rate order over a range of potentials, which provides
insight into the adsorbate dynamics on the catalyst surface
(Fig. 2b).** The NO; ™ rate orders were extracted from the loga-
rithmic relationship between the current and the concentration
of KNO; at a given potential (Fig. S9, ESIt). In the H,O-mediated
region (< —0.25 V, highlighted in blue in Fig. 2b), we observe an
inverted-parabolic shape, which suggests that NO;RR is proceed-
ing via a Langmuir-Hinshelwood mechanism,*""*> where H* and
NO,* are co-adsorbed, and the coverage ratio between the two
dictates selectivity between NOzRR and HER. This conclusion
assumes that the rate-limiting step is the reduction of NO;* to
NO,*, which has been proposed in previous studies.'*** The
potential of maximum rate order (—0.5 V) occurs when the
H*NO,* coverage ratio is optimized for selective NO;™~
reduction.”” This potential appears more negative for Ni,P than
previously measured for Cu and Ni foils,*' suggesting that Ni,P
can suppress HER over a wider potential window. We propose
that Ni,P’s active site ensembles enable more optimal relative
binding of H* and NO,*, which is reflected by the shift in the
potential of maximum rate order to more cathodic potentials. We
also observe a decreasing NO;  rate order in the phosphate-
mediated region (>-—0.25 V) as we move to more negative
potentials. We attribute this decrease to the rate being limited
by H,PO,~ ([H'] or coverage of H*) instead of NO;~, which is
supported by the presence of the H,PO,  deprotonation peak in
Fig. 2a. This rate order analysis assumes that the rate of NO;RR
and HER are independent; however, assuming they are depen-
dent results in identical conclusions (Fig. S9, ESIt).

The rate order analysis supports our hypothesis that Ni,P/C
can simultaneously co-adsorb multiple intermediates required
to reduce NO;~ to NH;. To investigate how this influences the
selectivity of NO;RR, we conducted chronoamperometry experi-
ments and quantified the products (Fig. 2c and Fig. S9, S10a,
ESIt). NH; and NO,™ were quantified with previously reported
UV-visible colorimetric methods (Fig. S1 and S2, see ESIt). After
considering three possible reaction pathways for NO;RR to
ammonia,"** DFT calculations suggest that NH; is formed by
an 8e~ sequential deoxygenation and hydrogenation pathway
with a NO, ™ intermediate (Fig. S13 and S14, ESIY). In situ mass
spectrometry measurements confirmed that the sole gaseous
product is H, at —0.6 V from the competing HER (Fig. S11,
ESIT). We believe H, is the sole gaseous product over the entire
range of potentials due to the lack of N, and N,O (which should
have more sluggish kinetics than the other thermodynamically
accessible products) at the most cathodic potential in the series.
Bulk electrolysis results reveal that Ni,P/C has >60% faradaic
efficiency (FE) toward NO;RR at all tested potentials and nearly
100% FE at —0.4 V. As potential decreases, NH; selectivity
decreases and the production of H, and NO, ™ increases. We
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Fig. 3 (a) Calculated free energy profile at 0.00 V vs. RHE, pH = 6.9, and
300 K for the adsorption of H* onto the Nis hollow site of the NizP,
terminated surface, with and without surface functional groups. (b) Plot
showing the relative hydrogen adsorption free energy as a function of co-
adsorbed species relative to AG« on the bare Ni,P surface (*), at pH = 6.9
and T = 300K. The colors correspond to the co-adsorbate subtypes
consisting of NO-R (blue), N—R (grey) and NH-R (red) containing species.

propose that the reaction selectivity is dictated by the ratio of H*
and NO,* on the surface, which is tuned by the applied
potential. At low cathodic potentials (>—0.2 V) where NO; ™
reduction is mediated by H,PO, , we observe >80% NH; FE
and 15-20% H, FE, with minimal NO,™ production. We propose
that the diffusion-limited nature of H,PO,  allows NO,* to
saturate the surface and decreases the ratio of H*:NO,*. This
coverage ratio favors the hydrogenation of NO,* species to NH;
over the formation of NO,” and H,.*>*® In the H,0O-mediated
region (<—0.3 V), we observe near 100% FE toward NO;RR at
—0.4 V, which suggests a surface coverage that almost comple-
tely inhibits HER activity, i.e., an ideal ratio of H*:NO,* for
selectively performing NO;RR. Deviation from the ideal
H*:NO,* ratio results in lower NO;RR selectivity. At —0.3V, we
observe a rise in NO, selectivity relative to —0.2 V due to
H*:NO,* being too low. Conversely, as potentials become more
cathodic of —0.4 V, the H*:NO,* ratio increases and favors H,
formation by promoting H-H coupling over NO,* hydrogena-
tion, decreasing overall NO;RR selectivity.

Complementary to the experiments, we also performed DFT
calculations on a Ni,P surface to disentangle the influence of
NO,* and H* co-adsorption on their respective energetics and
reaction selectivity. Systematic exploration of various nitrogen-
ous species reveals that co-adsorption of nitrogenous species
and H* modulates AGy~, the key binding mode of nitrogenous
species, and the overall free energy profile of the reaction (Fig. 3
and Fig. S14b, S15, see ESIt), which is consistent with previous
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work.”” AGy- can be modulated by as much as 0.040 eV, where
oxygenated, unhydrogenated nitrogenous species (i.e., NOz*,
NO,*) strengthen AGy-.

We hypothesize that stronger values of AGy~ may direct
Ni,P/C’s selectivity toward NH; even at negative reductive poten-
tials (i.e., —0.6 V). At these potentials, despite a strong driving
force toward HER, NO,* intermediates could be strengthening
the adsorption of H*, which inhibits the Tafel step of HER and
promotes the hydrogenation of NO*.**® In general, the
observed difference in AG due to co-adsorbed H* can be ratio-
nalized in terms of the electron-donating/withdrawing propensity
and steric effects of the co-adsorbates, where in our system, the
H* on a Niz-hollow site exhibits electrostatic repulsion effect on
species such as NO;~ and NO, .***%% The impacts of H* and
NO,* on each other’s surface energetics imply that the rates of
NO;RR and HER are inherently dependent, corroborating our
conclusions from the rate-order analysis that NO,* and H* are co-
adsorbing on Ni,P/C’s active site ensembles during NO;RR.

This work demonstrates Ni,P/C’s activity and selectivity for
NO;RR at a range of potentials, where NO;RR FE is nearly 100%
at —0.4 V and NH; selectivity is maximized in the H,PO, -
mediated region. DFT calculations and rate order analysis
demonstrate Ni,P/C’s ability to co-adsorb nitrogenous and
hydrogen intermediates and selectively produce NH; over the
range of potentials. We rationalize the potential-dependent
selectivity of Ni,P/C by changes in the surface coverage of
adsorbates, where the ratio of H*:NO,* at —0.4 V is ideal for
performing NO;RR over HER. This work is a case study of the
importance of the active site ensembles on metal phosphide
surfaces that drive nitrate reduction selectivity toward NHj;.
This motivates future work in the design of metal phosphide
electrocatalysts by controlling stoichiometry, doping, and mor-
phology to tune catalytic activity.
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