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a b s t r a c t
We report the catalytic activity and mechanism of copper(I) phosphide, Cu3 P, with predominant [00I]
facet exposure for the electrochemical reduction of CO2 (CO2 RR) to formic acid. Crystalline nanosheets of
this compound that show a preferential [00I] facet orientation exhibit undiminished CO2 RR activity after
16 hours with full retention of crystal structure and surface chemical speciation and no detectable corrosion. In contrast to the range of products formed on Cu metal, CuO, and Cu2 O, the CO2 RR on Cu3 P [00I]
produces mainly hydrogen and formate as the sole carbon product in KHCO3 electrolyte. Analysis of the
Cu3 P [00I] facet by HAADF-STEM was used to determine the surface lattice structure, while both XPS and
Auger spectroscopies were used to determine the surface chemical speciation from the kinetic energies
of ionized electrons. The presented analysis identiﬁes isolated trigonal CuP3 sites on the Cu3 P[00I]-Cu3 P3
terminated surface and the Cu(I) oxidation state as precursor to the active catalyst. The CO2 RR selectivity
to formate and the higher turnover rate for H2 production on the [00I] facet allows a structure-activity
analysis and chemical mechanism to be proposed. Formation of a surface hydride at isolated ∗ H-CuP3
sites is proposed as the catalytic site in forming both H2 and formate, while the long Cu—Cu separation
retards forming C-C coupling products. These results disprove previously published claims of Cu(I) oxidation state as a suﬃcient criterion to promote CO2 RR to C2+ products, show that stronger bonded hydrides,
∗
H-CuP3 on Cu3 P, favor production of the C1 product formate over all other carbon products, and predict
that stronger formate binding (bidentate) is needed for CO2 RR currents to compete with H2 production.
© 2021 Published by Elsevier Ltd.

1. Introduction
The electrochemical carbon dioxide reduction reaction (CO2 RR)
produces fuels or chemicals from water and CO2 and is powered by
electricity that can be sourced from renewables (solar, wind, etc.).
Hence, this reaction is a sustainable process for recycling CO2 captured from point sources or air and can play a central role in addressing climate change. An added advantage of CO2 RR is that excess electricity from intermittent renewable sources may be stored
as chemicals for later reinjection into the grid.
Since Hori’s foundational work in the 1980s, [1,2] the development of new CO2 RR catalysts has received considerable attention.
Catalysts with high activity and selectivity have been uncovered
for generating carbon monoxide (CO) [3–6] and formate (HCOO- ),
[7–10] but high overpotentials are still required for formaldehyde
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(CH2 O), [11–13] methane (CH4 ), [14,15] and methanol (CH3 OH)
[16–19] production. In recent years, major improvements have
been made in increasing selectivity and lowering overpotentials for
C2+ products such as ethanol (C2 H5 OH), [20–23] ethylene(C2 H4 ),
[24–32] isopropanol (C3 H7 OH), [26,33,34] methylglyoxal (C3 H4 O2 ),
[35] 2,3-furandiol (C4 H4 O3 ), [35] and hydrocarbons. [36] Nanostructured Cu is the most common electrocatalyst for ethanol and
ethylene production, where the mechanism is believed to proceed via a coupling of adsorbed ∗ CO intermediates. [37–39] Oxidederived copper catalysts have thus far shown the most promise
for selectively making C2 products, with Faradaic eﬃciencies up to
70%. [15,40,41] The C2 activity has been attributed to residual Cu(I)
species in the Cu metal formed upon reduction. [15] However, the
major drawback of these copper-based catalysts is the high overpotential requirement, with corresponding low cathodic energy efﬁciency (45%). [31]
Distinct from copper metal and its oxides, the formation of C3
and C4 products on nickel phosphides has shown signiﬁcant advantages in terms of Faradaic eﬃciency (72% for 2,3-furandiol),
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overpotential (10 mV), and cathodic energy eﬃciency (>90%),
while current densities have lagged behind (<0.5 mA/cm2 ).
[35] Mechanistically similar to the pathway in natural enzymes
[42–44], the C3 -C4 products form through hydride transfer to CO2 ,
successively generating ∗ formate then ∗ formaldehyde which polymerizes via enol condensation and dehydrates to methylglyoxal.
[35,45] Surface activation of ∗ methylglyoxal generates the enol
form, which can add CO2 forming 2,3-furandiol. [35] A similar
mechanism for producing 1-butanol from the polymerization of
formaldehyde and further condensation reactions was proposed on
CuP2 . [46] In this study, the authors conﬁrmed the absence of
CO∗ intermediates on the surface using in situ surface-enhanced
infrared absorption spectroscopy, further supporting the above
mechanism on transition metal phosphides. [46]
Herein, we report the synthesis, surface structure, electronic
structure, and catalytic activity of highly-crystalline single-phase
copper(I) phosphide, Cu3 P, with predominant [00I] facet exposure for the electrochemical reduction of CO2 to formic acid.
The copper-phosphorous phase diagram indicates that pure copper forms a single binary compound Cu3 P at increasing P content and temperatures below 700°C. [47] Such simple phase behavior enables the assessment of the oxidation state preference
for CO2 RR. We target the formation of a stable and dominant surface facet structure to gain information about the structure-activity
relationship in copper compounds. A previous report of polycrystalline Cu3 P as a nanocrystalline catalyst for CO2 RR by Peng et al.
[6] showed only the formation of CO, a product not detected in
either our work or the recent report by Schaidle et al. [48] The
latter report describes a versatile method for the controlled synthesis of phase-pure Cu3 P nanoparticles by thermal decomposition
of [Cu(H)(PPh3 )]6 in oleylamine. These authors reported electrochemical studies of this material supported on carbon paper electrodes and found the products are mainly H2 and some formate at
Faradaic eﬃciencies below 8% (max. at E = −0.30 V versus RHE in
0.1 M KHCO3 ).
Similar to nickel phosphides, Cu3 P can be expected to form surface hydrides in an aqueous solution during reductive polarization.
[49] However, unlike Cu3 P, six binary nickel phosphide compounds
form at 700°C, and each can form multiple structurally and energetically distinct hydrides. These hydrides may potentially react
with water (or protons) to form H2 or CO2 to form either formic
acid or CO and water or undergo further CO2 RR. What controls the
branching between these pathways and turnover frequency (TOF)
is the subject of extensive current research. Concepts so far considered in controlling reactivity have been hydricity, [50–52] oxidation state, [15,53] crystal structure, [54] and morphology [22] of
these surface species.

yielding the ﬁnal catalyst used in subsequent analyses. It is important to note that the catalyst was stored in a desiccator to avoid
excess surface oxidation by moist air.
Cu3 P was etched in 30% NH4 OH before catalytic evaluation to
remove the surface oxide formed due to air exposure after electrode synthesis. It was observed that, in the absence of this treatment, the combined HER and CO2 RR Faradaic eﬃciencies did not
reach 100% even after 16-hour reactions at the highest reductive
potentials (-0.5 V vs. RHE) (see Fig. S1). No additional gas or liquid
products could be detected. The less than stoichiometric Faradaic
yield indicates that signiﬁcant charge could be directed to Cuphosphor-oxide reduction in the absence of the pre—catalysis etch.
The re-reduction of the surface oxide back to Cu3 P is similar to
what is observed for cobalt phosphate in the literature. [55] In
contrast to Cu3 P, Cu2 O is seen to reduce in part to Cu even under
the relatively small applied overpotentials investigated here (vide
infra) in agreement with literature reports. [22]
The synthesized catalyst on Cu foil (Cu3 P NS/Cu) was masked
to ensure only the front foil surface was exposed. A ﬂourosilicone polymer gasket and HDPE mask were fabricated to protect
the electrical back-contact area and accurately select the exposed
geometric electrode area. The activity of Cu3 P NS/Cu was benchmarked to Cu foil, prepared as described in literature [56], and
Cu2 O thin ﬁlm on Cu foil (Cu2 O/Cu), formed by thermal oxidation
of Cu foils modiﬁed from ref [57], annealed at 500°C for 6 hr in
air.
2.2. Catalyst bulk characterization pre- and post-catalysis
Characterization tools description and sample preparation is
shown in SI. PXRD was used to determine the bulk crystalline
structure of Cu3 P NS/Cu (Fig. 1A and B show the PXRD pattern and
crystal structure, respectively). Pristine Cu2 O/Cu was shown to be
a mixture of Cu2 O, CuO, Cu8 O, and Cu by PXRD (see Figs. S2–S4),
and electropolished Cu foil shows only the presence of metallic Cu
with some anisotropy in the grain-size, as is common in rolled
metal foils. SEM analysis was used to investigate the morphology of the three investigated catalysts (see SI for details on postcatalysis prep). The morphology of pristine Cu3 P NS/Cu was observed to consist of nanosheets extending vertically up from the Cu
foil (z-axis) with the normal to the sheets oriented randomly in the
xy-plane (see Fig. 1C). Individual sheets were mainly 0.2 - 0.5 μm
in thickness and 1-8 μm in width and length, with some smaller
hexagonal sheets observed (10 0-50 0 nm and < 30 nm in thickness,
see Figs. S5–S6). From the cross-section analysis in Fig. 1C, the ﬁlm
thickness is seen to be 10-30 μm and uniformly porous throughout. The porosity should provide electrolyte penetration throughout the ﬁlm. SEM images of the benchmark Cu2 O/Cu ﬁlm show
very small pores, hardly resolved by the SEM in the cross-section
view (Fig. 1C) < 1 μm and corroborated in literature. [57] The
electropolished Cu-foil is smooth within the resolution of the SEM.
Some Cu-grain-boundaries may be resolved as slight differences in
contrast by the back-scatter detector. All three samples show that
the morphology is retained after electrolysis.
The HRTEM HAADF image in Fig. 1D shows the hexagonal
nanosheet structure with two sheets next to each other (see also
low magniﬁcation HAADF STEM in Fig. S5). STEM EELS mapping
of this site shows the Cu and P sheets with a thin phosphor-oxide
layer, 3.4 ± 0.9 nm, seen as a higher oxygen concentration (deep
blue color). HAADF STEM images show this layer is disordered;
see Fig. S6. Fig. 1E shows the HR-STEM HAADF image of a Cu3 P
nanosheet along the [00I] zone axis with atomic resolution. The
crystal structure overlay veriﬁes that the Cu3 P[00I] facet is the primary surface facet exposed to the electrolyte. We note that the
facet exposure differs from that reported by Han et al., likely due
to the different synthesis methods. [58]

2. Results and discussion
2.1. Catalyst preparation
Due to low conductivity, a bulk powder of Cu3 P could not serve
as an electrocatalyst at any relevant current density. Instead, to ensure an intrinsic Cu3 P activity was determined, a phase-pure Cu3 P
nanostructured ﬁlm was synthesized on a mechanically polished
Cu foil substrate. The resulting uniformly Cu3 P-coated Cu foil electrode was termed Cu3 P NS/Cu. Brieﬂy, catalyst synthesis (see SI for
details): Cu foils were mechanically polished, sonicated three times
in 1 M HCl, water, and acetone; then air-dried. The reaction vessel
was evacuated of O2 , re-ﬁlled with N2 prior to 45 min reaction
of the cleaned foils in tri-octylphosphine/tri-octylphosphine oxide
(TOP/TOPO) solution under an N2 ﬂow at 310°C, maintained by immersion in a pre-heated sand bath (ensuring rapid heating to reaction temperature). After air quenching, the foil was sonicated in
an acetone/ethanol mixture to remove excess loose Cu3 P product,
2
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Fig. 1. (A): PXRD pattern of as-synthesized Cu3 P NS/Cu and reference pattern ICDD 01-071-2261. (B): Crystal structure of reference Cu3 P, side-view, and top-view. (C): SEM
images of the Cu, Cu2 O/Cu, and Cu3 P NS/Cu surface before and after CO2 RR, as well as cross-section SEM images of porous Cu2 O/Cu and Cu3 P NS/Cu as thin ﬁlms on Cu
foil. (D): HAADF-STEM image of pristine Cu3 P NS, EELS map of Cu L-edge (orange), P L-edge (red), and O K-edge (blue), respectively. (E): High-resolution HAADF image of a
Cu3 P NS along its [00I]-zone axis with the structure model overlaid on top, providing evidence of the exposure of the Cu3 P[00I] facets. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this article.).

2.3. Electrochemical activity

production was calculated for Cu3 P NS/Cu and the two benchmark
Cu-catalysts using their electrochemical surface areas (see SI for
details). It should be noted that this method relies on the speciﬁc capacitance for each transition metal phosphide/oxide/metal,
which is unknown, and so a common literature approximation is
used here to allow direct comparison to other studies. [59–61] The
TOF has the advantage of normalizing to the true surface area
when comparing nanoporous Cu2 O/Cu or Cu3 P NS/Cu to ﬂat Cu
catalysts. Since the hydrogen species on nickel phosphides are best
described as a hydride (H- ) species (partial negative charge on H),
[61,62] we adopt a similar description for Cu3 P NS/Cu. This description posits that a surface hydride may either react with CO2
to form formic acid (formate + H+ ) or with water (or protons depending on pH) to form H2 (see further discussion of this assumption below). Hence, hydride TOF is a good descriptor for the combined activity for both HER and CO2 RR. Fig. 2C shows that the total TOF (H2 + CO2 RR) for Cu3 P NS/Cu is higher at all potentials
than the Cu-based references. However, as stated above, the FE for
CO2 RR is low and produces only formic acid. Hence, we show the
formic acid TOF in Fig. 2D. From this, it may be seen that at all
potentials, the low FE to formic acid on Cu3 P NS/Cu is actually
caused by competition with a very high TOF for HER. In fact, the
Cu3 P NS/Cu is on par with the formic acid TOF on both benchmark
catalysts across all potentials. Comparing the two benchmark catalysts, it is seen that at low overpotentials, Cu2 O produces a higher
TOF to formic acid over the Cu-benchmark catalysts, but at more
negative potentials where HER wins, the Cu foil catalyst produces
more formic acid than Cu2 O/Cu. This outcome agrees with literature reports of an earlier onset for CO2 RR on Cu2 O compared to on
Cu. [1,57] Cu3 P NS/Cu thus serves as a more selective catalyst for
formic acid production across a wider potential range than either
of the benchmark catalysts, though its low FE is still unsuitable for
application in CO2 RRs. It should further be noted that the competition between hydride species reacting with proton/water or CO2
can be tuned in a variety of ways including changing the nature of
the hydride bonding with periodic trends arising from differences

Fig. 2A compares the linear sweep voltammetry (LSV) of the
Cu3 P NS/Cu in CO2 -saturated 0.1M KHCO3 electrolyte (pH 6.8) to
Ar-saturated 0.1 M phosphate buffer (pH 6.8). The cathodic current is suppressed at potentials negative of -0.7 V vs. RHE in the
presence of CO2 , indicating that CO2 suppresses the HER activity.
At applied potentials positive of this potential, the current is the
same within experimental uncertainty. The latter behavior differs
from that on various Nix Py compounds (x/y = 12/5, 2/1, 5/4, 1/2)
where CO2 reduction contributes an increasing fraction to the total
current as potentials more positive than -0.7 V vs. RHE are applied.
[35] Accordingly, a larger overpotential is needed before CO2 electroreduction on Cu3 P can contribute appreciably to reaction current relative to HER. We note that the open-circuit potential for the
Cu3 P NS/Cu catalyst immediately after electroreduction is about 0.1 V vs. RHE. The open-circuit potential indicates the limiting potential for the electrocatalyst to remain in its reduced state, since
at any potential more positive of this value electro-oxidation of the
catalyst (or formed products) would occur. Therefore, the effective
region for CO2 RR is between -0.1 and -0.5 V vs. RHE.
The Faradaic Eﬃciency (FE) for the observed formic acid (FA)
product is shown in Fig. 2B for Cu3 P NS/Cu, Cu2 O/Cu, and Cu. It is
seen that the FE on Cu3 P NS/Cu is nearly constant throughout the
potential range (FE = 1.1 % ± 0.6 %) with a minor increase negative
of -0.3 V (1.8 % FE). By contrast, FE increases with applied potential for the two benchmark materials. Furthermore, it may be seen
that Cu3 P NS/Cu makes only formic acid in the entire potential region. Fig. S1 in the SI shows that the residual current density is
used to form hydrogen, H2 . We note error bars are shown on all
Cu3 P NS/Cu FE measurements. However, the error is too small to
be seen at low applied potentials and increases with the H2 current, likely due to H2 bubbles blocking CO2 access to the catalyst
surface.
The turnover frequency (TOF) for the two-electron transfer
(equivalent to a hydride transfer) to either hydrogen or formic acid
3
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Fig. 2. (A): Linear sweep voltammetry (scan rate: 10 mV/s) of Cu3 P in 0.1 M KHCO3 (aq) under CO2 and phosphate buffer under Ar. (B): Formic acid Faradaic eﬃciency on
Cu3 P. (C): Total hydride turnover-frequency (TOF to H2 + CO2 RR) per site vs. applied potential for Cu3 P/NS/Cu, Cu2 O/Cu, and Cu. (D): Formic Acid TOF per site vs. potential.

in orbital energies and overlap between the hydrogenic 1s, 2s and
2p bonding sets and the molecular orbitals of the bonded surface
atom. Other strategies explored in the scientiﬁc literature is to tune
the electrolyte pH where lower values favors HER due to the abundance of protons, while at high pH water dissociation lowers HER
activity due to lower availability of free water molecules and their
lower chemical potential in response to electrostriction (activity
correction). [63] Another approach was described in our previous
work with nickel phosphide compounds, where we demonstrated
that by reducing the applied potential the HER can be thermodynamically limited relative to thermodynamically more favorable
CO2 RR reactions. [35] However, complex multi-step CO2 RR reactions are kinetically disfavored over single-step HER. Other possible
strategies could involve reducing the water access to the active site
or by use of hydrophobic surroundings, as Nature does in many enzymes.

Here we consider “optimal” as the highest FE at the lowest possible overpotential, ensuring the highest energy eﬃciency of the
reaction. While this is not the only requirement for a viable process, it is an important ﬁrst criterion. Firstly, we note that the thermodynamic limiting potential for formic acid synthesis is reported
as non-linearly dependent on pH, with a change from Nernstian
behavior below the pKa ~ 4 of formic acid, while above this pH
it is -0.035 V vs. RHE. [39] Hence, the maximal FE to formic acid
on Cu3 P NS/Cu we observe is 0.9% at -0.1 V vs RHE (η = 65 mV)
or ~1.8% at potentials between -0.4 and -0.5 V vs RHE (η > 365
mV). This optimal potential range is in excellent agreement with
that observed for polycrystalline Cu3 P/Carbon. [48] For comparison,
CuO2 /CuO/CuS has shown the largest selectivity for formic acid for
a Cu-based catalyst at 84% FE at -0.7 V vs. RHE [65] (η = 665
mV) in 0.5 M KHCO3 . The authors did not investigate the FE vs.
potential dependence for the CuO2 /CuO/CuS catalyst, thus precluding comparison at the same overpotential. Other state-of-the-art
formic catalysts are nanostructured SnO2 [66] or Pd-Pt alloy on
carbon, [64] with a FE of 8% at -0.36 V vs RHE (η = 325 mV)
and 88% at -0.4 V vs RHE (η = 365 mV), respectively. The 8% FE
result is in close agreement with the recent study of Cu3 P/carbon

2.4. Comparison to electrocatalysis literature
Since very few CO2 RR studies report the TOF, we may only compare the FE at optimized potentials summarized in Table 1 above.
4
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Table 1
Comparison of Faradic eﬃciencies and overpotentials for various literature CO2 RR to formate catalysts.
Catalyst

Faradaic Eﬃciency [%] Formate/Formic acid

Overpotential [mV]

Reference

Cu3 P NS/Cu
Pd-Pt-alloy/C
CuO2 /CuO/CuS
Cu3 P/C NP
Nanostructured SnO2
Cu3 P/C

0.9
88
84
8
8
0

65
365
665
265
325
N/A

This work
[64]
[65]
[48]
[66]
[6]

nanoparticles by Schaidle et al. [48] and contrasts to Peng et al.,
who observed only CO as carbon product and no formate. [6] These
authors did not perform post-reaction characterization, nor did
they consider removing the air-exposed surface oxide, which we
show herein changes the FE and could potentially inﬂuence the
C/H selectivity if Cu enrichment occurs. Thus, while Cu3 P NS/Cu
is not the most selective catalyst for formic acid, it exhibits activity at the lowest applied potentials reported for a non-platinum
group metal catalyst. This provides systematic trends for comparison to other transition metal phosphides and is important for understanding the fundamental chemical mechanism of this class of
electrocatalysts.

eV (see Fig. S10), indicating small amounts of Cu2 O. Hence, post
catalysis, the Cu-foil shows all degrees of oxidation: Cu, Cu2 O, and
CuO. Some of these oxidized species could originate from the air
exposure between the end of the reaction and analysis. Fig. 3B
shows the Auger spectrum of pristine Cu2 O/Cu with a broad, intense satellite at kinetic energies from 916–909 eV and a peak position of 917.8 eV. Comparing this to the NIST database, [68] This
is indicative of a CuO-dominated surface. The detailed XPS analysis (see Fig. S10) shows a doublet with a Cu 2p3/2 peak binding
energy at 934.8 eV and two strong Cu2+ satellite features at 931
and 943.5 eV, all indicating a signiﬁcant fraction of CuO. A second
doublet with a Cu 2p3/2 at 933.4 eV is indicative of a deshielded
(oxidized) Cu species with an FWHM of ~2 eV, indicating a Cu2 O
species. After electrolysis, the Auger LMM peaks indicate two major species based on peak positions, a strong Cu2 O peak at 915.6
eV and a Cu shoulder peak at 918.1 eV. Detailed XPS analysis (see
Fig. S10) conﬁrms the absence of CuO (no strong satellite around
931 eV and 944 eV), the absence of the doublet for Cu 2p3/2 at
~934.7 eV, but has one doublet for a Cu 2p3/2 peak position at
932.7 eV instead. The presence of two weak satellite features at
945.1 eV and 946.9 eV conﬁrms the presence of Cu2 O, also seen in
the Auger LMM spectra. The relatively narrow FWHM of 1.4 eV for
this peak conﬁrms a Cu0 chemical species.
In summary, the pristine Cu2 O/Cu catalyst is best assigned as a
surface Cu2+ oxide on a Cu1+ oxide with the Cu substrate below
the detection depth by XPS and Auger, but detected by PXRD as
stated above. We denote this surface as CuO/Cu2 O/Cu. After electroreduction, the XPS and Auger analysis indicates Cu2 O and likely
a small amount of Cu0 . This suggests that at the reducing reaction
conditions, the CuO is unstable concerning reduction to Cu2 O. The
small amount of Cu0 that appears could indicate that the Cu2 O will
eventually reduce fully to Cu, but that the kinetics of this is relatively slow. [22]
Fig. 3C shows the Auger LMM spectrum for pristine Cu3 P
NS/Cu) with a peak position of 917.4 eV, a satellite peak at 919.9
eV, and 915.5 eV. These peaks are not attributable to CuO, Cu2 O,
nor Cu0 but rather are unique to the Cu3 P phase. Analysis of the
Cu XPS in Fig. 3D shows a single doublet with a Cu 2p3/2 peak position at 932.9 eV slightly deshielded from that of Cu0 (932.4 eV,
see above) close to that seen for Cu2 O above (932.7 eV). The presence of two weak satellites at 944.7 eV and 948 eV are fairly close
to the expected values for Cu2 O (945.1 eV and 946.9 eV above)
while still slightly shifted. After catalysis, the same XPS (Fig. 3E)
and Auger LMM (Fig. 3A) spectra are seen with the main peak positions conserved within 0.1 eV error, indicating a surface chemical
stability of the catalyst.
In summary, Cu3 P retains its electronic structure after electrolysis (from analysis of both XPS and Auger peaks) and its bulk composition and structural phase (by PXRD). As no bulk phase change
is observed experimentally, we can preclude any change in the oxidation state of the bulk phase. The XPS analysis indicates that
Cu in Cu3 P is close to that of a formal CuI+ oxidation state but
slightly more deshielded, consistent with relatively greater Cu→P
electron transfer in Cu3 P compared to Cu2 O, as expected based on
elementary concepts in covalent bonding (increased Cu-P orbital

2.5. Surface post-catalysis characterization
In order to understand the mechanism of catalysis, we examined the surface chemical species on Cu3 P NS/Cu, Cu2 O/Cu, and
Cu by measuring the kinetic energy of ionized electrons using
XPS spectroscopy and additionally analyzing the Auger excitations,
Fig. 3A–C. The Cu 2p XPS spectra show only small binding energy
shifts between the different phases (see Fig. S 10). According to the
NIST XPS database and other reference data, Cu 2p3/2 signals for
Cu and Cu2 O are overlapping [67,68]: Cu (932.50–933.10 eV), and
Cu2 O (932.20–932.80 eV). There are no tabulated XPS references
for Cu3 P in the NIST database.[68] The only tabulated values are
for CuP2 (Cu 2p3/2 932.2-932.4 eV), placing it in the center of the
Cu0 -CuI+ range. This agrees with the observed behavior of nickel
phosphides, which show a partial charge on Ni δ < I+. [35,60,61]
Instead, Cu0 and Cu1+ may be differentiated by the latter having
a broader peak (larger FWHM) and a weak satellite doublet peak
starting at 945 eV. Unlike these, CuO is identiﬁed by a doublet with
a 2p3/2 peak position at (932.90–934.60 eV) and a strong satellite
doublet peak feature at 943 eV.
Additionally, the Cu Auger LMM lines show a ﬁngerprint of the
surface electronic state. Hence we can rely on a combination of
these two techniques to determine the surface speciation. Starting
with the simplest case, Fig. 3C shows the CuLMM Auger peaks of
pristine Cu (post-sputtering) with the characteristic kinetic energy
peak position for metallic Cu (918.6 eV) and three well-deﬁned
satellites, two at lower and one at higher kinetic energy. [67] The
XPS spectrum (see Figure S10) shows a single doublet with the Cu
2p3/2 peak position at 932.4 eV and an FWHM ~1.5 eV, corresponding to Cu0 . After extended electrocatalytic reaction, the kinetic energy of the Auger peak decreases to 918.3 eV (Fig. 3C) between the
values for Cu and CuO; [67] in addition, the peak shape broadens.
The spectra can best be interpreted as the superposition of oxidation states with Cu0 as the dominant species. The XPS (see Fig.
S10) shows two doublet peaks with the Cu 2p3/2 peak positions at
932.7 and 934.7 eV, respectively - with the latter having a much
smaller intensity. From this, we assign the latter peak to CuO. The
former peak position could be attributed to either Cu 2p3/2 from
Cu and/or Cu2 O. However, as state above, the Auger LMM line position indicates the dominant species is Cu0 . The XPS Cu 2p3/2
peak is slightly broadened compared to before catalysis with an
FWHM of 1.9 and shows a very weak satellite feature around 945
5
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Fig. 3. (A) LMM Auger spectra of (from the top) Cu, Cu2 O/Cu, and Cu3 P NS/Cu before and after catalysis. (B) shows the XPS detailed analysis and ﬁtting of the Cu 2p binding
region of Cu3 P NS/Cu pristine (top) and post-catalysis (bottom), respectively. (C) shows the P 2p binding region of Cu3 P NS/Cu pristine (top) and post-catalysis (bottom),
respectively.

overlap and smaller valence Cu(3d)-P(3p) atomic energy gap). This
increased covalent bond order is likely also the reason for the improved stability over Cu2 O, which showed a tendency towards reduction to Cu0 .
Finally, we examined the P 2p3/2 and 2p1/2 doublet region,
which we attribute (based on peak positions) to the transition
metal phosphide and surface oxide (see Fig. 3D and E). We observed no signiﬁcant difference between the spectra before and
after catalysis. Both samples show a P 2p3/2 -peak at low binding
energy (P 2p3/2 = 129.4 eV and 129.1 eV, before and after catalysis respectively), attributable to the transition metal phosphide (P
2p3/2 = 129.4 eV for compositional analog Ni3 P (although not a
structural analog) and 130 eV for P0 ). [68] The slight reduction in
binding energy after catalysis indicates an overall slight reduction
of the surface P-species post-catalysis, attributable to some additional P→Cu electron transfer. Both samples also show a doublet at
high binding energy with a P2p3/2 peak position at 133.1 and 132.9
eV, respectively. By comparison, the P2p3/2 peak position for reference compounds in the NIST database shows binding energies of
Ni3 (PO4 )2 = 133.3 eV, Na2 HPO3 = 132.9 eV, and NaH2 PO2 = 132.6132.9 eV [68]. On this basis, we assign the surface speciation upon
air exposure to the formation of phosphorous oxide (likely a hy-

pophosphite/phosphite), analogous to the behavior of nickel phosphides.[61,62] We note that removing this surface phosphor-oxide
by etching prior to catalysis studies is necessary to obtain reproducible results with a total FE ~100% (see Fig. S1).
2.6. Atomic surface structure
Cu3 P is a high melting temperature (900°C), diamagnetic,
non-conducting, inert solid (it does not react with water or
air). Its standard enthalpy of formation relative to red P is
Hf 0 = −39.7±2.1 kJ mol−1 . [69] It crystallizes in the hexagonal
space group, P63 cm, No. 185, which can be viewed as Cu6 P prisms
with Cu atoms outside the faces of the prism. [70] Hence, P is coordinated to 11 Cu atoms, an unusually high number. [70] Cu3 P[00I]
is known to be the preferred cleavage plane of bulk crystals in
the absence of structure-directing ligands. [71] Literature studies predict that [002] and [IĪ0]-facets are the most stable nonreconstructed facets, based on the highest atomic packing density at the surface using the Bravais-Friedel-Donnay-Harker (BFDH)
crystal morphology algorithm. [72] Our HRTEM results show that
during synthesis, the solvent TOP acts as a structure-directing
agent selecting the Cu3 P[00I] surface. The Cu3 P[00I] facet may pro6
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duce three different bulk terminations (prior to any surface reconstruction): Cu4 , Cu3 P3 , and Cu6 (see SI Fig. S11). For Cu3 P[00I],
the most phosphorous-rich termination is the Cu3 P[00I]-Cu3 P3 (see
Fig. 1B and SI Fig. S12). P rich terminations have been generally
shown to be far more stable termination based on DFT calculations
of the related Nix Py compounds. [61,73,74] The Cu3 P3 termination
of the Cu3 P[00I] facet is also the most atomically dense, suggesting a high degree of saturated bonds, another sign of low surface
energy (higher stability). The higher stability of P rich termination of both copper and nickel phosphides can be understood in
terms of the bonding types described above: P enrichment relative
to the bulk composition means more M-P (M = Ni/Cu) neighbors
per unit area, hence lower surface energy. In the following mechanistic modeling, we use this prediction that Cu3 P3 is the exposed
termination of Cu3 P[00I] during CO2 RR.

Å, while it is 4.111 Å between Cu atoms within alternately distorted sites. Fig. 4D shows a proposed mechanism on a CuP3 trigonal pyramidal site present on the Cu3 P[00I]-Cu3 P3 termination.
This mechanism postulates a hydridic species (H- ) on the Cu3 P surface analogous to the related Nix P-compounds [61], and that predicted on Cu3 P [IĪ0]. [72] There are three high symmetry surface
sites on Cu3 P[00I]-Cu3 P3 ; two CuP3 trigonal pyramidals (dark and
light blue, Fig. 4A) and one tetrahedral subsurface site (magenta
and dark purple, Fig. 4A and B). The latter sub-surface site is coordinatively saturated and therefore unlikely to participate directly in
the reaction mechanism. We also note that the surface P atoms are
coordinated to 7 Cu atoms each; being coordinatively saturated,
they are unlikely to participate in the binding of catalytic substrate.
Since both the CuP3 triangles populating this surface have coordinatively unsaturated Cu atoms, each is 3-coordinate and either
slightly above the surface (dark blue) or slightly below the surface (light blue), the binding of protons (to form hydrides) or CO2
can easily occur with minimal structural modiﬁcation - a simple
atomic displacement from trigonal pyramidal to tetrahedral. Hydride formation is expected to be quite facile for the Cu sites that
lie above the surface.
Fig. 4C shows a qualitative atomic orbital diagram for the Cu(I)
ion (4s1 3d9 electronic conﬁguration) in the tetrahedral (subsurface) and trigonal pyramidal sites. It can be seen that the subsurface tetrahedral site has lower electron energy in the ground
state compared to the surface trigonal pyramidal CuP3, which has
higher energy ﬁlled d-orbitals. By analogy, it is evident that monodentate binding of hydride, formate, or CO2 at this active site to
form a tetrahedral Cu(I) geometry gives a lower energy conﬁguration. Thus, both energetics and stereochemical accessibility favors
monodentate ligand binding at CuP3 .
As shown in Fig. 4D, our proposed mechanism starts with a
2-electron transfer upon proton binding to the trigonal pyramidal
Cu(I), resulting in deformation to a tetrahedral geometry concurrent with hydride formation (H- ). This reaction should be driven
by the change of electronic conﬁguration to 4s0 3d10 , which is energetically favored in tetrahedral geometries, and by hybridization of
H(1s) and Cu(3pz ) orbitals to form the hydride bond (here denoted
as H(1s2 ) for clarity). Importantly, this orbital assignment can also
account for the observed absence of a reaction rate dependence on
applied potential since these orbitals are isolated by energy and
symmetry from other states near the Fermi level. In the following
reaction step (see Fig. 4D), hydride formation at CuP3 is the precursor for oxidative insertion of CO2 into the Cu-H bond, resulting in
the formation of a monodentate ∗ formate species (analogous to the
proposed mechanism on Nix P). [35] In the ﬁnal step, the ∗ formate
intermediate is released by protonation, while the Cu(I) moves to
its original trigonal pyramidal location, together with a return of
the electronic conﬁguration to 4s1 3d9 , leaving the surface open for
subsequent catalytic turnover. In contrast to Cu3 P, the Ni2 P surface offers a slightly shorter distance Ni3 P-trigonal site and one
fewer electron per Ni, which would readily allow stronger binding of bidentate formate. The proposed mono-dentate binding of
formate to CuP3 results in weaker binding and a lower population
than on Ni2 P, thus explaining why hydride formation favors hydrogen production over CO2 reduction on Cu3 P.
Finally, we note that there are literature reports of Cu3 P[IĪ0]
facet synthesis, [58] which, according to [79] also forms three
terminations (see SI). These literature DFT calculations [79] predict that the Cu3 P[IĪ0]-Cu5 P2 termination is the most stable surface termination but undergoes a slight reconstruction to a more
P-rich termination (see above). This termination exposes a distorted Cu3 trigonal surface motif, consisting of two corner-sharing
tetrahedral units and one corner-sharing trigonal planar CuPx -unit
(see SI Fig. S15 with the vertex P missing. This multi-Cu site has

2.7. Active site and reaction mechanism
CO2 RR mechanisms have been extensively studied on Cu metal
and other mono-metallic surfaces. [37–39,75,76] However, much
less is understood about the reaction on binary surfaces such as
transition metal oxides and, in particular, transition metal phosphides. More is known about the CO2 RR mechanism on the nickel
phosphides. [35]
CO2 RR on metallic Cu surfaces is postulated to proceed through
∗ CO intermediates that combine on the surface to form the
monoanion of ethene-1,2-dione, ∗ O∗ CCO- , where ∗ indicates a
surface-bound atom. [39] This postulate comes from indirect evidence that OCCO- is known to be an isolable (stable) ion. [77] Such
bidentate binding would require two adjacent surface atomic sites.
Analogous to Cu, a debatable CO-based mechanism was recently
proposed on a transition metal phosphide, FeP[2II] nanoarray catalyst, which produced methanol or ethanol in addition to H2 .
[19] The author’s DFT studies indicated that the Fe-Fe site distances
are within a C-C coupling distance of two CO units for this compound. However, these calculations also showed a ~0.8 eV barrier
to ethanol formation. This barrier is not in agreement with the experimental observation of the product formation at -0.2 V vs. RHE,
casting serious doubt on the a priori assumption of a ∗ CO mediated
mechanism. Fig. 4A depicts the Cu3 P[00I]- Cu3 P3 surface, where
it can be seen that the (bulk) Cu-Cu distance of 4.11 Å is much
greater than the 1.54 Å C-C bond distance of ethylene glycol (an
approximate model for the OCCO- intermediate on Cu), thus precluding a Cu-centered ∗ CO +∗ CO coupling reaction on this surface.
Since only formate and no CO product are observed on Cu3 P NS/Cu,
the CO2 RR mechanism must differ from that on metallic Cu. The
absence of ∗ CO intermediates is analogous to the mechanism proposed for CO2 RR on CuP2, which yields 1-butanol. [46]
DFT calculations have suggested that all H-species bound on
nickel phosphides are hydridic in nature (partial negative charge
on H), making a hydride transfer mechanism feasible. [61,62] The
notion that hydrides would be more reactive than surface-bound
hydrogen atoms (or uncoupled H+ /e- transfer steps) is supported
by the Latimer-Frost diagram for CO2 in Fig. S17. [78] The diagram
shows that hydride transfer is strongly favored by nearly 1.37 eV
compared to the sequential electron transfer (or concerted protonelectron transfer, for details, see SI).
Fig. 4B shows a side-view of the Cu3 P[00I]-Cu3 P3 termination.
The surface may be described as alternating rows of Cu and P
atoms (with sub-surface layer Cu-P-tetrahedra), which together
form CuP3 trigonal pyramidal clusters (alternating triangles of CuP3
(in blue in Fig. 4B)). Within the CuP3 triangles, the Cu is distorted
slightly out of the P-plane, alternating between sitting above and
below the surface plane. The Cu-P distance is measured to be ~2.37
Å in the crystal structure. The Cu-Cu distance between Cu-P triangles distorted in the same direction out of the P-plane is 6.959
7
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Fig. 4. (A): Top-view Cu3 P[00I]-Cu3 P3 surface termination, showing the nearest Cu-Cu bond distance and Cu-P distance. Two types of trigonal CuP3 sites: dark blue Cu is
above surface P, and light blue Cu is below surface P; (B): Side view of the Cu3 P[00I]-Cu3 P3 surface termination. (C0: Qualitative atomic orbital diagram of the trigonal
pyramidal [CuP3 ] units surface sites and the tetrahedral [CuP4 ] units of the active site with monodentate ligand binding at the [CuP3 ] unit. (D): Reaction mechanism of
Cu3 P[00I]-Cu3 P3 and schematic of active sites for formate.

clear similarities to the Ni2 P[00I]-Ni2 P3 surface [74] — which consists of three corner-sharing tetrahedra with the vertex P missing at low applied potentials [49] — the most active for CO2 RR
of the nickel phosphide compounds. [35] This Cu3 P[IĪ0]-Cu5 P2 surface would allow for C-C coupling since the Cu-Cu distances are
only 2.57-2.71 Å. This surface has also been predicted by DFT calculations to have an H-binding energy of -12 and -36 meV on
the two nonequivalent Cu3 triangles formed by surface reconstruction.[72] Due to the near thermoneutral H bonding, these sites are
expected to be highly labile and, consequently, could be more active for CO2 RR than the Cu3 P[00I]-Cu3 P3 facet and Ni2 P[00I]-Ni2 P3
(with H-binding energies of ~ -0.5 eV). Unfortunately, we note that
the reported Cu3 P[IĪ0] was grown on Ni foam and contains signiﬁcant amounts of Ni, and when we attempted to apply the reported

synthesis conditions to a Ni-free environment (using a Cu foam
support), the resulting catalyst showed no preferential faceting. If
an appropriate synthesis could be developed, the investigation of
Cu3 P[IĪ0] nanosheets could begin to investigate the importance of
M3 triangle sites as a potential active site for CO2 RR to Cn>1 products.
3. Conclusions
Among the several polymorphs of Cux P, each with slightly differing structures, we have produced a single-phase catalyst (P63cm
space group) supported on metallic copper, which is well suited to
electrochemical applications and mechanistic studies. Unlike most
Cu, CuOx , or copper oxide-derived CO2 RR electrocatalysts, which
8
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have low carbon selectivity that forms various C1 and C2 products,
the Cu3 P NS/Cu catalyst exclusively forms formate at low overpotentials in competition with H2 formation. Energetic considerations imply the CO2 RR mechanism to formate occurs via surface
hydrides (not via one-electron pathways). Surface hydrides formed
on Cu3 P strongly favor HER over CO2 RR in aqueous electrolytes,
similar to Ni3 P, which contrasts with other Nix Py compounds with
higher P content (e.g. more hydride sites in closer proximity).
[35,61,62] We have proposed a mechanism that explains this selectivity by considering the Cu3 P[00I] facet with Cu3 P3 -termination
(predicted to be the most stable surface). We have given an electronic and structural argument explaining why the CuP3 trigonal
pyramidal sites form hydrides on copper sites that favor oxidative
CO2 insertion to formate with higher selectivity and comparable or
higher TOF compared to both the Cu2 O and Cu benchmarks, which
are known to yield C1 and C2 products at high overpotentials. Literature reports have correlated the latter activity to the Cu+ sites
retained on the surface under reductive conditions. Here, we have
shown that the Cu+ oxidation state alone is insuﬃcient to achieve
high CO2 RR activity and that close multi-copper sites are essential
to produce C2 or larger products.
Cu3 P NS/Cu exhibits a fairly negative open circuit potential of
~-100mV vs. RHE, which is more negative than what is observed
on, e.g., Ni3 P, Ni12 P5 , Ni2 P, and Ni5 P4 , [35] and which we argue is
one manifestation of the different electronic structure that causes
Cu3 P to be more prone to oxidation than the nickel-based phosphides. The presented data from Cu3 P NS/Cu allows us to deduce
the following attributes needed to design a selective CO2 RR catalyst:
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