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Minimum conditions for accurate modeling of urea
production via co-electrolysis

Ricardo Urrego-Ortiz 12 Santiago Builes3, Francesc lllas® !, Stefan T. Bromley1'4,
Marta Costa Figueiredo® ° & Federico Calle-Vallejo@® 26

Co-electrolysis of carbon oxides and nitrogen oxides promise to simultaneously help restore
the balance of the C and N cycles while producing valuable chemicals such as urea. However,
co-electrolysis processes are still largely inefficient and numerous knowledge voids persist.
Here, we provide a solid thermodynamic basis for modelling urea production via co-
electrolysis. First, we determine the energetics of aqueous urea produced under electro-
chemical conditions based on experimental data, which enables an accurate assessment of
equilibrium potentials and overpotentials. Next, we use density functional theory (DFT)
calculations to model various co-electrolysis reactions producing urea. The calculated reac-
tion free energies deviate significantly from experimental values for well-known GGA, meta-
GGA and hybrid functionals. These deviations stem from errors in the DFT-calculated
energies of molecular reactants and products. In particular, the error for urea is approximately
-0.25+0.10 eV. Finally, we show that all these errors introduce large inconsistencies in the
calculated free-energy diagrams of urea production via co-electrolysis, such that gas-phase
corrections are strongly advised.
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nitrogen and carbon to produce chemical commodities can

be carried out using renewable electricity!~4, simulta-
neously aiding to restore the severely imbalanced cycles of
nitrogen and carbon®7. Among the potential products, urea
(CO(NH,),) is an appealing C-N compound given its enormous
relevance in modern agriculture8-10, and the large energy
demands for its industrial production®®1112. Although electro-
catalytic urea production from N- and C-oxides has been studied
at the laboratory scale for more than two decades!3-18, critical
challenges regarding the electrochemistry of the C-N coupling are
yet to be solved before industrial applications are at hand!®20,
Some of these challenges are the large associated overpotentials,
elusive reaction mechanisms, and low selectivity caused by the
concurrent formation of H,, CO, formic acid (HCOOH),
ammonia (NH3), and other single-carbon and/or single-nitrogen
species1:21-23,

Either in tandem with experiments or in standalone com-
putational studies, density functional theory (DFT) methods
have been extensively used to investigate the electrosynthesis of
urea from N- and C-containing feedstocks and design enhanced
catalysts224-28,  These studies frequently use exchange-
correlation (xc) functionals following the generalized gradient
approximation (GGA), as they provide a reasonable tradeoff
between computational cost and accuracy for the properties of
molecules and surfaces??-32. A recent example is the work of
Wan et al, in which DFT-based thermodynamic and kinetic
models were proposed to explain the selective C-N bond for-
mation on Cu electrodes and rationalize the experimental
observations of Shibata et al.141633 ugsing the BEEF-vdW
functional®4. Notwithstanding, the limitations of GGA func-
tionals are well known for describing gaseous molecules con-
taining multiple bonds, such as 0,393>36, N, and NO,37-3,
and carbon-containing species*0-43, These limitations can cause
large discrepancies between calculated and experimental equi-
librium potentials and impair the predictive capabilities of
GGA-based heterogenous (electro)catalytic models, where
molecules and surfaces are simultaneously involved3%:44:4>,

Approaches to overcome some of the shortcomings of GGA
functionals, such as meta-GGA*® and hybrid functionals?’, tend
to perform better for the prediction of gas-phase thermo-
chemistry. Unlike GGA functionals, meta-GGA functionals
include an approximate dependence on the kinetic energy
density*3, while hybrid functionals incorporate a proportion of
exact nonlocal Fock exchange#?->2. Interestingly, previous works
have shown that when GGA, meta-GGA, and/or hybrid func-
tionals are used to model various families of C- 4943 and
N-containing compounds?$3%33, H,5(g) and 05304443, sizable
gas-phase errors are still found. Such errors are systematic and
can be mitigated by means of inexpensive semiempirical
corrections38:40:41:43,53 This strongly suggests that a cautious and
early assessment of gas-phase errors is needed to guarantee the
accuracy of (electro)catalytic models based upon DFT
calculations.

Herein, we study the co-electrolysis of different nitrogen (N,
NO(y), NOs(aq)) and carbon oxides (CO(g), COx(g) as feedstocks

to produce aqueous urea (CO(NH;),(aq)) using several exchange-
correlation functionals: four GGA functionals, two meta-GGA
functionals, and two hybrid functionals. For most gas-phase
compounds under study at these three levels of DFT, we pinpoint
and correct large gas-phase errors in the calculated energies. Our
results stress the importance of gas-phase error assessment in
computational electrocatalysis and provide an accurate starting
point for modeling urea production on real catalysts by co-
electrolysis of COy and NO, feedstocks.

The electrochemical co-reduction of species containing

Methodology

Computational methods. The Vienna ab initio simulation
package (VASP)** was used to perform the DFT calculations of
Hag), Nagg), Oagp HaO(g), NHsg), CONHa)a(g), COg), COyg),
NO), HNOs(q), and C). All compounds were modeled in their
gas-phase in boxes of 15 x 15 x 15 A3 (in some cases, we changed
the size of the vectors by +0.1 A to see if more negative energies
were found, which was the case only for NO). C(, was repre-
sented here by graphene as a reasonable DFT model of graphite.
The latter approximation is enabled by the fact that the interlayer
cohesive energy of graphite is small (0.031-0.064 eV)>>=>°. The
calculations were carried out for a range of DFT functionals
ascending the so-called “Jacob’s ladder”®: namely GGAs (PBE®!,
PW9162, RPBE®3, BEEF-vdW®%), meta-GGAs (TPSS%8, SCAN®),
and hybrids (PBE0®, B3LYP®). The C-C distances for graphene
obtained in all cases were close to the experimental value of 1.42
A (PBE: 1 43 A, PW9lL: 143 A RPBE: 1.43 A, BEEF-vdW: 1.43 A,
TPSS: 1.42 A, SCAN: 1.42 A, B3LYP: 1.42 A, PBEO: 1.42 A)SS.
The projector augmented-wave (PAW) method was used to
represent the interactions between core electron density and
valence electrons®. A plane-wave cutoff of 450 eV was used in all
calculations, assuring converged AZPE and reaction energies for
the gaseous urea production from Ny and CO, using PBE
(Ny(g) + COyg) + 3Hyp) — CO(NHZ)Z(g) +H,0(,)). In fact,

the difference between the reaction energy and AZPE obtained
with this cutoff differed only by ~0.01 eV from those obtained
with a tighter cutoff of 1000 eV (see Supplementary Fig. 1 and
Supplementary Table 1 in Supplementary Note 1). The geometry
of each molecule was relaxed using the conjugate gradient algo-
rithm until the final forces between the atoms were lower than
0.01 eV A~1. Gaussian smearing with an electronic temperature
of 1073 eV was used to ease the convergence of the self-consistent
field procedure and, upon convergence, all energies were extra-
polated to 0 K. Since the code used is intrinsically periodic, the
calculations for molecules were carried out at the I'-point. Con-
versely, for graphene a Monkhorst-Pack grid’ of 8 x 8 x 1 special
k-points was used. Spin-unrestricted calculations were performed
for Oy (triplet) and NOg (doublet). Further details of the input
files used to perform the calculations are provided in Supple-
mentary Note 7 and the coordinates of the converged geometries
are given in Supplementary Note 8.

The thermodynamic analyses in this study are based upon free
energies. The free energy of compound i (GP'T) is approximated by
means of its DFT energy (EPFT), the calculated zero-point energy
(ZPE;) using harmonic frequencies, the difference between the
formation enthalpies at 298.15 and 0 K (ArH; az08 155 — ArHjaok)»
and the entropic contributions (TS;) taken from thermodynamic
tables at T=298.15K, as shown in Eq. 171775, Supplementary
Table 2 compiles the DFT-calculated energies, ZPEs, experimental
TS, and the differences between the experimental formation
enthalpies between 0 and 298.15K for the compounds under
study (see also Supplementary Table 5). We provide more details of
the thermal contributions in Supplementary Note 4.

G~ EP™ + ZPE, + (OHigmos.15x — DHiox) = TS (1)

Co-electrolysis modeling. We consider the six reactions shown
below in which urea is produced by the simultaneous reduction of
different C- and N-containing species.

Nz(g) + CO(g) + 4H" + 4™ — CO(NHZ)Z(uq) ?2)

Ny(g) + COy(g) + 6H" + 6~ — CO(NH,), () TH200 (3)
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Fig. 1 Thermodynamic framework. Scheme relating the energy differences between the states of a generic compound HX. The subindices s, |, and g
represent HX in the solid, liquid, and gas phases, respectively. The total energy of HX in the gas phase (in green) can be estimated from DFT, using Eqg. 1.
The subindex aq refers to hydrated HX, i.e, HXs) surrounded by water. In red, an anion is produced from the dissociation of HX(,q). A/G is the free energy
of solution (the energy associated to the dissolution of one mole of HX( in an infinite amount of water); Ay G is the fusion free energy; A,,,G is the

vaporization energy; A,

vap

G is the solvation free energy, defined as the energy required to bring a mole of HX(g from vacuum to a water reservoir; Ay G is

the dissociation free energy in solution. The dashed red lines indicate that dissociation occurs only for HNOs3 in this study.

2NOy) + CO(y) + 8H™ +8e™ — CO(NH, ),y +2H, 0
(4)
2NO(y) + COyg) + 10H" +10e™ — CO(NH,), (ag) 3200
)
— + —
2NO3(, )y + CO(g) + 16H + 14¢” — CO(NH, ), (,\ + 6H,0
(6)

2NOy(,,)) + COy() + 18H' + 16e™ — CO(NH, ), + 7H, 0
@)

These reactions involve reactants and products in different
physical states, such that, under the appropriate external potential,
gaseous and aqueous compounds react to produce hydrated urea and
liquid water. As DFT simulations of liquids and aqueous systems are
possible but challenging and time-consuming and additional statis-
tical analyses are necessary, the DFT values of the corresponding gas-
phase references, which are rapidly calculated, serve as the basis to
estimate their energetics via semiempirical considerations, as
depicted in Fig. 1. Moreover, as computational solvation methods
have discrepancies with respect to experiments’ that are larger than
the accuracies of the experimental measurements, we do not expect
that calculating the solvation energies of the species using DFT
would yield lower errors.

The scheme in Fig. 1 shows the energy differences between the
states of a generic compound HX. Figure 1 along with the
additional considerations detailed below were used to calculate
the free energies of all the compounds in the co-electrolysis
reactions. We note that thermodynamic cycles based on
experimental equilibrium potentials have also been used to
semiempirically obtain the free energies of ionic species from the
DFT-calculated energies of neutral solids and gaseous
compounds3”-77>78, In the Supplementary Note 6, we show in a
stepwise fashion how the free energy of nitrate can be estimated
using this approach.

(i) The energetics of proton-electron pairs was calculated by
means of the computational hydrogen electrode, which is
based on the following equilibrium in solution:
H +e¢ <1 HZ(g)’ such that 1 2:“H( P‘?H++e )79

(ii) Based on Fig. 1, the free energy of formation of aqueous urea
(Af co(i,), ) ) was estimated by adding the experimental

solvation energy (A ) to the DFT-calculated

solv CO(NHZ )Z(uq)

formation energy of gaseous urea (A;G ngNH) , le
2/2(g)

A = AGPT A . Th

f GCO(NH )2( 9 f GCO(NHZ)Z(g) + SUZVGCO(NHZ)Z(M) €

experimental solvation energy can be obtained as the
difference between the experimental formation energy of

aqueous urea (Af CO(NHZ)Z( )) and the experimental
aq

formation energy of gaseous urea
exp - _ 71,73 exp ; B}
(AfGCO(NHz)Z(g) = —1.57eV)’L75, AfGCO(NHz)Z(m) is calcu
lated, in accordance with Fig. 1, by combining the
experimental free energy of solution
(AsolGecxg(NH )= = —0.07eV)73 and the experimental forma-
- _ 71
tion energy of solid urea (A;G_) O(NHZ Yy = 2.04eV)’4, thus
AGTY = —2.11eV. Finally, A, G"" =
S CO(NH, ), ) Y Beoly CO(NH. ) ,,)
—0.54eV and A;G = AGPF — 0.54eV.
f CO(NHZ)Z(a f CO(NHZ)Z()

(iii) Following Flg 1, the free energy of formation of liquid
water (A GH 0 ) was obtained by subtracting the
experlmental “ water vaporization energy
(8,4 Grito = 0.09¢V)7? from the DFT-calculated free
energy of formation of water in the gas phase (‘uH2 ),

ie AG) = AfGDFT 0.09%V.

H,0,,
Because calculating the energles of dissolved nitrate (NO,
with DFT is problematic’’, here we use 3 H, ) and HNé)3(g)

as references, as shown in Eq. 8: .
NO;,) — NOj, + H (8)

)
(iv)

We note that HNOj,) dissociation in Eq. 8 is complete, as it is
a strong acid®0. The free energy of Eq. 8 (AG3") can be expressed
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as:

exp __ 0 0
AGy fGNO;W) 3 fGqu AfGHNO3(g) )]

As shown in Fig. 1, AGg" corresponds to the sum of the
. exp
solvation and dissociation energies of HNO; (A44issGrno, )»

which can be calculated as the difference between the experi-
mental formation energy of NO;(aq) (—1.15eV) and that of

HNO;q (—0.76€V)’2. Hence, in this study AGg® =
Ao +d,»SSG2§03 = —0.39¢V. Based on Eq. 9, the free energy of
formation of NO;(uq) can be assessed from DFT and experimental

data as:

Af GDF T _ Af GDF T DFT

— —0.39¢eV
0% HNO,, Hr+

(10)
where the energetics of protons (u2X7) is obtained by invoking
the computational hydrogen electrode79. With these considera-
tions, DFT and experimental values can be combined to
semiempirically calculate the free energies of each compound in
Egs. 2 to 7, and the associated free energies of reaction.

Gas-phase error assessment. An important consideration in the
modeling of heterogenous (electro)catalytic reactions is the
detection and correction of the errors in the DFT-calcu-
lated energies of gas-phase compounds. The errors of O,g), Na(g),
NO(g), HNOj3(g), COg), and COxg), have previously been calcu-
lated using several functionals and large values have been
reported in various cases30-38-404553 Thege significant errors
prevent accurate estimations of important quantities in catalysis
for the three reasons detailed below.

First, an accurate equilibrium potential for a given reaction
may only be rationally obtained by correcting the gas-phase
errors of all reactants and products. This is because the
equilibrium potential (U,,) is a function of the reaction free
energy (A,G) and the number of electrons transferred (n). For a
reduction reaction: U,, = —A,G/n. For example, the reaction in
Eq. 2 has an experimental A.G of -0.69 eV and involves 4 proton-
electron transfers. Thus, its experimental U, is =2§2¢" = 0.17 V
Now, the A,G using uncorrected PBE is -1.68 eV and U,

=L68eV — 0.42 V, which deviates by 0.250V from the experl—
mental value. When the errors of N, and CO (the reactants) are
corrected, the new PBE equilibrium potential is 0.22 V, which is
0.05V away from the experimental value. After correcting the
error in urea, the PBE calculations match the experimental value.

Second, if the potential-limiting step involves molecules,
correcting the gas-phase error or not may lead to different
qualitative and quantitative conclusions because the reaction
energy experiences a shift.

Third, when the overpotential is calculated, gas-phase errors
are always important because the overpotential is the difference
between a given potential and the one at equilibrium (for a
reduction reaction: # = U,, — U).

It has also been shown that gas-phase errors can affect
adsorption-energy scaling relations and volcano plots3:3%44,
impairing the predictive capability of descriptor-based models of
customary use in computational electrocatalysis.

To obtain a general expression to assess the gas-phase errors,
we first consider the formation reaction of a hypothetical
compound H,CgN, Oy:

o
—H
2 Z(g)

where o, 8, y, and § are integers, the molecules are in their
standard states, and C,) is modeled as graphene. The total error

y )
+BCy +5Ns(g) +50ue) = HoGpN,0s (1)

in the DFT-calculated free energy of formation of H,C4N,Os,

denoted &, is determined as the difference between the DFT

prediction (AngF gﬂN o) and the experimental value
« y

(AfGZ(fcpNyog) as shown in Eq. 12:36:38-40,44,:45,53
(12)

In addition, the total error is the difference between the

_ DFT _ exp
&r = AfGHaCﬁN),O{; AfGHaCﬁNyO(;

individual errors of the products and reactants of
Eq. 11:36.38-40,4445,53
o y 8
&r = ey N0, — 58 P, —5E —5¢E (13)
T2y V2 Ny 2 0y

The DFT error of N, is calculated from the ammonia
synthesis reaction (; N 2o+ 2H 2g) ~ NH 3(g))38 and &, from
&

the water formation reaction (HZ(g) +%02(g) — HZO(g))35,79.

Assuming that DFT provides an accurate description of the
energetics of Hy(, and C (i€, i1y, ~ Ec, 0)%, combining
¢ s

Egs. 12 and 13, and reorganizing, we find an expression for the
assessment of the gas-phase error of H,C4N, Oy, see Eq. 14.

exp

_ DFT Y 0
EH,CaN, Oy) = ( ArG,c,N, Oy TN T Esoz) = 8¢Gy e, 0,
(14)

A detailed example of the use of these equations for urea is
presented in Supplementary Note 2. We note that the experi-
mental standard free energies of formation and heats of
formation of the molecules under study are reported within
chemical accuracy (4.18 k] mol~! or 0.04 eV). In fact, the errors
reported on the NIST website for the heats of formation of CO,,
CO, water, and urea are 0.13, 0.17, 0.040, and 1.2kJ mol~!
(refs. 7181), respectively, and the errors are smaller in the ATcT
database®2. In addition, the FreeSolv database commonly reports
2.51 k] mol~! as the uncertainty of the experimental hydration
free energies’®. Hence, the experimental values of interest are
known to a greater precision compared to the DFT results, which
usually involve errors above 0.1 eV (~10 k] mol~1).

We remark that errors may also exist in the adsorbed state.
However, as GGA functionals accurately describe the atomic
structure, cohesive energy, and bulk moduli of transition metals
and their low Miller-index surfaces?%31, we expect these errors to
be smaller than those of the gas phase. The error assessment
detailed in this section may be extended to adsorbates if accurate
experimental adsorption energies are available, but these are
scarce in the literature®3, We are aware of two approaches to
estimate errors in the adsorbed state. Based on uncertainty
considerations, the first method links gas-phase errors to those of
the corresponding adsorbates and provides specific corrections
for a given species on a substrate (e.g, *COOH on Cu(111))%3.
Without comparing to experiments, the second method identifies
systematic errors of a given adsorbate on a substrate by
comparing the adsorption energies using a variety of DFT setups,
(i.e, *O on RuO,(110))84.

To close this section, we remark that including or neglecting
the thermal contributions in Eq. 1 may shift the values of the gas-
phase errors. These effects are detailed in Supplementary Note 4.
Supplementary Table 6 shows the difference of the errors with
and without thermal enthalpic contributions from 0 to 298.15 K.

Results

Errors in co-electrolysis reactions. The experimental and DFT-
calculated energies of the studied reactions are shown in Sup-
plementary Table 4 and Fig. 2. These values were obtained using
the uncorrected DFT energies in Supplementary Table 3 as
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Fig. 2 Errors in co-electrolysis reactions. Free energies (A,G) of six co-electrolysis reactions calculated with several exchange-correlation functionals: urea
production from the co-electrolysis of (a) Ny and CO, (b) Nagy and COy, (e) NO, and COy), (d) NO, and CO,), (e) NOg(aq) and + COy), f) NOg(aq)
and COy,. In all panels, the respective experimental energy is shown as a dashed black line. The DFT energies of the molecules do not include any gas-

phase corrections, see the values of these corrections in Table 1.

explained in Supplementary Note 3. For each functional used, the
mean absolute errors (xc-MAEs) and maximum absolute errors
(xc-MAXs) with respect to experiments are shown in Supple-
mentary Table 4. In addition, Supplementary Table 4 contains the
mean and maximum absolute errors for each reaction (r-MAE
and r-MAX, respectively).

The r-MAEs and r-MAXs in Supplementary Table 4 indicate
that, for the six co-electrolysis reactions studied here, pure GGA-
based DFT calculations yield significant deviations with respect to
experiments, with r-MAEs spanning from 0.47 to 1.47 eV, and
r-MAX values in the range of 1.00 to 2.64 eV. Note in passing that
the reaction energies, -MAE and r-MAX tend to increase as the
reactants are more oxidized, as shown in Supplementary Fig. 2.
Moreover, the large mean and maximum absolute errors for each
functional in Supplementary Table 4 (xc-MAE and xc-MAX),
indicate that none of the studied functionals correctly describes
all the co-electrolysis reactions, regardless of the functional rung

on Jacob’s ladder. In fact, for GGA functionals the average xc-
MAE and xc-MAX are 0.97 and 2.02eV; for meta-GGA
functionals they are 0.88 and 1.80eV; and for the hybrid
functionals they are 0.49 and 0.84 eV, respectively. Hence, there is
an error decrease upon climbing Jacob’s ladder, but even hybrid
functionals display considerable deviations.

The panels in Fig. 2 aid in visualizing the large discrepancies
between theory and experiments. In all the reactions, most of the
bars lie far from the experimental value (dashed line in Fig. 2).
Consistent with previous works, PBE and PW91 display
comparable errors for all reactions$>3¢. Interestingly, BEEF-
vdW, RPBE, and TPSS display similar reaction energies in all
panels of Fig. 2. In contrast, SCAN and TPSS present
large differences although both are meta-GGA functionals. Some
similarities are observed in panels e and f for the hybrids, where
PBEO performs better than B3LYP, but significant differences
are observed as the N-containing reactant becomes less oxidized
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Table 1 Individual gas-phase errors.

Species PBE PW91 RPBE BEEF-vdW TPSS SCAN B3LYP PBEO

Nocg) 0.49 0.52 omn -0.16 0.00 0.47 0.28 0.7

O —-0.42 -0.27 -0.70 -0.78 —0.80 —0.40 -0.28 -0.17
NO(g) 0.04 0.15 —-0.29 —0.47 —-0.41 0.05 0.00 0.26
CO¢ 0.30 0.30 —0.04 —-0.13 —0.05 0.30 —0.03 0.40
COxe —014 —om —0.42 —0.52 —0.47 ~0.03 ~018 0.18
HNO3(g) —-0.88 —-0.79 -1.04 -1.26 -1.19 —0.51 —-0.19 —-0.12
NO3 (g —0.88 —-0.79 —1.04 —1.26 -1.19 —0.51 —0.19 —0.12
CO(NHL) 2 -0.20 -0.20 -0.22 ~0.40 ~0.36 ~032 ~0.20 —om

CONH2)2¢a0) -0.20 ~0.20 —0.22 —0.40 ~036 ~032 ~0.20 —om

MAE 0.39 0.37 0.45 0.60 0.54 0.32 0.7 0.24
MAX 0.88 0.79 1.04 1.26 119 0.52 0.28 0.71

DFT errors in the formation energy of the species involved in the co-electrolysis reactions. The MAEs and MAXs are reported for each functional. All values are in eV.

(panels a-d) and the PBEO accuracy worsens with respect to
B3LYP. As expected, the two hybrid functionals provide more
accurate values than GGA and meta-GGA functionals. Overall,
calculations using B3LYP lead to results with the smallest errors,
presumably as a consequence of its parameterization based on
thermochemical data such as atomization energies and ionization
potentials. However, for some reactions, the errors of the hybrid
functionals surpass the accuracy necessary to allow for accurate
predictions (<0.1eV): B3LYP yields errors of —0.45, —0.31, and
0.36 eV for reactions a, b, and f, and PBEO yields errors of —1.23,
—1.00, —1.04, —0.81, and —0.28 eV for the reactions in Fig. 2a-e.

Errors in the molecules. Table 1 summarizes the gas-phase errors
of the species involved in the co-electrolysis reactions for all the
functionals under analysis using Eq. 14. Note that NO;(aq) and

CO(NH3);(aq) display the same errors as their respective gaseous
references, HNOj;(g) and CO(NH,;)g). This is because the ener-
gies of these species were calculated semiempirically from DFT
energies of the gases and experimental values (see section 2.2).
As shown in Table 1, the DFT errors of most species under study
are significant regardless of the functional rung on Jacob’s ladder,
and reach in some cases values more negative than —1 eV. This is the
case of HNOs(g using RPBE (—1.04eV), BEEF-vdW (—1.26 V),
and TPSS (—1.19eV). The hybrid functionals B3LYP and PBEO
yield the lowest gas-phase errors (MAEs of 0.17 and 0.24eV in
Table 1) but still exhibit large MAX figures (0.28 and 0.71 eV). In
fact, PBEO displays the largest error for Ny (0.71 V), which partly
explains the substantial deviations of this functional in Fig. 2a, b.
The values in Table 1 can be employed to rapidly estimate the
error cancellation of a functional when modeling a chemical
reaction. Error cancellation may lead to accurate predictions of
reaction energies. For instance, in Fig. 2f we observe for PBE0 an
almost complete error cancellation because the errors of reactants
and products differ only by 0.05eV: ¢,,,, —2- sNof( - €co, =
3(aq
—0.11eV — 2 - (—0.12eV) — (0.18¢V) ~ —0.05¢V. Furthermore,
the errors in Ny and O, are large for all functionals, spanning
from -0.16 to 0.71 eV for N, and from -0.80 to -0.17 eV for
Oy(g). For urea, significant errors are found for all scrutinized
functionals with PBEO presenting the lowest value (-0.11 eV) and,
surprisingly, BEEF-vdW displaying the largest (-0.40eV). It is
worth noting that this range of errors for urea is narrow
compared to the other molecules in Table 1 and that all values are
negative. Hence, a tentative estimate for the DFT-based error for
the formation energy of urea is -0.25+0.10 eV, which corre-
sponds to the average and standard deviation of the correspond-
ing values in Table 1.

Figure 3 provides a graphical representation of the values in
Table 1. The ranges of the errors are larger than 0.20 eV in all
cases. For most molecules, we observe that RPBE, BEEF-vdW,
and TPSS exhibit the largest negative errors. In contrast, PBEO
always yields the largest positive deviations for N, and COy,
but also the lowest errors for Oy(g), urea and HNO3(4)/NO 35
Finally, while extent of the error fluctuation of PBE, PW91, and
SCAN over the whole set of molecules is rather similar, B3LYP
shows the smallest and relatively stable set of errors, all relatively
close to zero. However, as mentioned before, our general
conclusion is that none of the functionals in Table 1 yields
satisfactory energies for the co-electrolysis reactions under
analysis.

Importantly, if experimental results are not available to calculate
the gas-phase errors using Eq. 14, one could rely on highly accurate
quantum chemical methods based on wave-function theory such as
CCSD(T) using large basis sets. Alternatively, one can use
correction approaches based on structural features, such as the
number of oxygen atoms in the molecule3’, the presence of certain
functional groups®, or the occurrence of specific chemical
structures within the compound, such as CO-, OCO-, ONO-,
NNO-, or -NOH backbones*143>3, For instance, from a functional
group perspective, CO(NH,),) can be considered an amide with
an amino group bound to it. The respective PBE errors of the
amino and amide groups are 0.00 and —0.17 eV33, yielding a total
error of —0.17eV, which agrees well with that in Table 1
(—0.20 V). This approximation is somewhat satisfactory for the
other GGAs studied (PW91: —0.15¢eV, RPBE: —0.16 ¢V, BEEF-
vdW: —0.47 eV38 vs —0.20, —0.22 and —0.40 eV in this study).
However, we note that cop,), @ > Eamide(g) + %suminz(g) yields a

more accurate approximation (PBE: —0.17 eV, PW91: —0.15¢V,
RPBE: —0.18 ¢V, BEEF-vdW: —0.42 eV)33. This is because of the
double counting of one of the C-N bonds: the amide correction was
designed to account for the error in the bond between an sp3 C and
-CO(NHy,), and the amine correction for the bond between an sp3
C and -NH,.

Implications for electrocatalysis. To illustrate the effect of gas-
phase errors on electrocatalysis, the DFT-uncorrected values in
Supplementary Table 4 and the errors in Table 1 were used to
build free-energy diagrams of the thermodynamically ideal cata-
lyst for each co-electrolysis reaction, see Fig. 4 and Supplementary
Figures 3-7 in the Supplementary Note 5. The concept of an ideal
catalyst is commonly employed in electrocatalysis to outline the
most efficient conversion that conforms to the first and second
laws of thermodynamics®7-89, thus serving as a benchmark for
real catalysts. In an ideal catalyst, the reaction energy of all
electrochemical steps is the same and corresponds to the overall
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reaction energy divided by the number of electrons transferred
(i.e, AG; = A,G/n). Numerically, the magnitude of the ideal
electrochemical steps is identical to the equilibrium potential.
Hence, the chemical identity of the intermediates need not be
known to build the ideal free-energy diagram. In contrast, real
catalysts usually display asymmetric free-energy diagrams and
require knowledge of the chemical identity and energetics of the
intermediates. For the co-reduction of NO;(aq) and CO, in

Fig. 4, previous works proposed the following mechanism:20-9091
*NOj reduction to *NO,, then coupling with *CO, to form
*CO,NO,. Subsequent protonation of *CO,NO, vyields
*CO,NH,, which in turn reduces to *COOHNH, in the
potential-determining step2. *COOHNH, reduces to *CONH,,
which couples to *NO,, producing *CONO,NH,. Finally,
*CONO,NH, is hydrogenated twice to give urea.

Figure 4 shows three energy diagrams of the NO;(aq) and

COx(g) co-electrolysis reaction to urea on the ideal catalyst (Eq. 7).
Panel a was built with the uncorrected DFT values, i.e, with no
gas-phase corrections. In panel b, the error of CO,) (the
C-containing reactant) was accounted for, leaving the DFT
energies of both NO;(aq) and CO(NH;);(aq) uncorrected. In panel

¢, the DFT-energies of CO,gand NO;(aq) were corrected, while

the energy of CO(NH,),(.q) remained uncorrected, except for the
black line, in which DFT and experiments coincide.

Figure 4a shows that all functionals diverge from the free-
energy profile of the ideal catalysts (calculated on the basis of
experimental values) as more electrochemical steps are consid-
ered, reaching a maximum deviation at the last step of the
catalytic pathway. This maximum deviation corresponds to the
difference between the DFT reaction energy and its experimental
counterpart. The telescopic effect in Fig. 4a also occurs in panels b
and ¢, but with nuances introduced by the partial corrections. We
note the total error can also be obtained by assessing the
difference between the errors of reactants and products. For
example, based on the values in Table 1, for Eq. 7 and BEEF-vdW
the resulting error is 2- SNOQ(W) + €co,, ECONH, )y =

2-—1.26—-0.52+0.40 = —2.64eV. In Fig. 4c the departures
of the predicted values from calculations using the various
functionals with respect to those from experiments stem from the
error in CO(NH;)zaq), as it is the only remaining uncorrected
species. In other words, the difference between DFT-based and

experimental values for the last reaction step of Fig. 4c is
ECONH,), )’ Moreover, we note that after correcting the error of

urea using the respective values in Table 1, all the gas-phase
errors are accounted for and the “DFT + corrections” diagram
becomes that of the ideal catalyst, which is shown in black in all
three panels of Fig. 4.

Analogous diagrams for the other reactions under study are
given in Supplementary Figs. 3-7. We emphasize that the
conclusions drawn from Fig. 4 also hold for these Supplementary

figures. Since ECONH, ) (o) < 0 for all the functionals assessed (see

Table 1), the DFT-calculated lines are always below the
experimental values in the bottom panels of Fig. 4 and
Supplementary Figs. 3-7.

Conclusions
Simultaneous electrocatalytic reduction of nitrogen and carbon
pollutants to produce urea is an appealing alternative to help
remediate the colossal imbalances of the nitrogen and carbon
cycles. Herein, we showed how experimental data can be coupled
with DFT-calculated gas-phase energies to model six co-
reduction reactions of carbon and nitrogen oxides to produce
hydrated urea. The average MAE/MAX values versus experiments
are 0.97 eV/2.02 eV for GGA functionals (PBE, PW91, RPBE, and
BEEF-vdW), while those of meta-GGAs (TPSS and SCAN) are
0.88eV/1.80eV, and those of the hybrids (PBEO, B3LYP) are
0.49 eV/0.84 eV. Hence, the use of DFT to model these reactions
entails large errors, even for hybrid functionals, indicating that
accurate predictions are only attained once the DFT errors of all
the molecules under study are corrected.

Moreover, the DFT error in the formation energy of urea spans
a relatively narrow range of values, such that -0.25+0.10eV is a
reasonable error estimate for DFT calculations, although the use
of specific corrections is always more advisable than an average.

The effect of these numerical deviations in catalysis was illu-
strated for the free-energy diagrams of the ideal electrocatalyst
extracted from experimental data for various co-electrolysis reac-
tions. The departures of DFT predictions from the experimental
trends are substantial for all functionals. However, we showed that
the errors can easily be corrected in a semiempirical manner.

All this hints toward the need for an assessment of gas-phase
errors at the early stages of computational electrocatalysis
research to avoid potentially inaccurate and misleading conclu-
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Fig. 4 Free energy diagrams for the co-electrolysis of NO;(aq) and CO2(g) to urea on the ideal catalyst. The diagrams were built using (a) uncorrected
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References

Daiyan, R, MacGill, I. & Amal, R. Opportunities and challenges for renewable

power-to-X. ACS Energy Lett. 5, 3843-3847 (2020).

2. Chen, C. et al. Coupling N2 and CO2 in H2O to synthesize urea under
ambient conditions. Nat. Chem. 12, 717-724 (2020).

sions, regardless of the chosen rung on Jacob’s ladder of density
functional approximations. L

Data availability 3. Jouny, M. et al. Formation of carbon-nitrogen bonds in carbon monoxide
The authors declare that data supporting the findings of this study are available within electrolysis. Nat. Chem. 11, 846-851 (2019).
the paper and its supplemental material file. Additional data are available from the 4. Chen, L. & Shi, J. Co-electrolysis toward value-added chemicals. Sci. China

corresponding author upon reasonable request. Mater. 65, 1-9 (2022).

5. Zeng, Y., Priest, C., Wang, G. & Wu, G. Restoring the nitrogen cycle by
electrochemical reduction of nitrate: progress and prospects. Small Methods 4,
2000672 (2020).

Gruber, N. & Galloway, J. N. An earth-system perspective of the global

nitrogen cycle. Nature 451, 293-296 (2008).

Received: 27 March 2023; Accepted: 22 August 2023;
Published online: 13 September 2023 6.

8 COMMUNICATIONS CHEMISTRY | (2023)6:196 | https://doi.org/10.1038/s42004-023-00990-7 | www.nature.com/commschem


www.nature.com/commschem

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-023-00990-7

ARTICLE

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Rockstrém, J. et al. A safe operating space for humanity. Nature 461, 472-475
(2009).

Barzagli, F., Mani, F. & Peruzzini, M. From greenhouse gas to feedstock:
formation of ammonium carbamate from CO2 and NH3 in organic solvents
and its catalytic conversion into urea under mild conditions. Green Chem. 13,
1267 (2011).

Giddey, S., Badwal, S. P. S. & Kulkarni, A. Review of electrochemical ammonia
production technologies and materials. Int. J. Hydrog. Energy 38, 14576-14594
(2013).

Wang, M. et al. Can sustainable ammonia synthesis pathways compete with fossil-
fuel based haber-bosch processes. Energy Environ. Sci. 14, 2535-2548 (2021).
Glibert, P. M., Harrison, J., Heil, C. & Seitzinger, S. Escalating worldwide use
of urea - a global change contributing to coastal eutrophication.
Biogeochemistry 77, 441-463 (2006).

Meessen, J. Urea synthesis. Chem. Ing. Tech. 86, 2180-2189 (2014).

Shibata, M., Yoshida, K. & Furuya, N. Electrochemical synthesis of urea at gas-
diffusion electrodes i. simultaneous reduction of carbon dioxide and nitrite
ions at Zn catalysts. Denki Kagaku Oyobi Kogyo Butsuri Kagaku 64,
1068-1073 (1996).

Shibata, M., Yoshida, K. & Furuya, N. Electrochemical synthesis of urea at gas-
diffusion electrodes: ii. simultaneous reduction of carbon dioxide and nitrite
ions at Cu, Ag and Au catalysts. J. Electroanal. Chem. 442, 67-72 (1998).
Shibata, M., Yoshida, K. & Furuya, N. Electrochemical synthesis of urea at gas-
diffusion electrodes: III. Simultaneous reduction of carbon dioxide and nitrite
ions with various metal catalysts. J. Electrochem. Soc. 145, 595-600 (1998).
Shibata, M., Yoshida, K. & Furuya, N. Electrochemical synthesis of urea at gas-
diffusion electrodes: iv. simultaneous reduction of carbon dioxide and nitrate
ions with various metal catalysts. J. Electrochem. Soc. 145, 2348-2353 (1998).
Shibata, M., Yoshida, K. & Furuya, N. Electrochemical synthesis of urea at gas-
diffusion electrodes v. simultaneous reduction of carbon dioxide and nitrite
ions with various boride catalysts. Denki Kagaku Oyobi Kogyo Butsuri Kagaku
66, 584-589 (1998).

Shibata, M. & Furuya, N. Electrochemical synthesis of urea at gas-diffusion
electrodes: vi. simultaneous reduction of carbon dioxide and nitrite ions with various
metallophthalocyanine catalysts. . Electroanal. Chem. 507, 177-184 (2001).

Li, J., Zhang, Y., Kuruvinashetti, K. & Kornienko, N. Construction of C-N
bonds from small-molecule precursors through heterogeneous electrocatalysis.
Nat. Rev. Chem. 6, 303-319 (2022).

Jiang, M. et al. Review on electrocatalytic coreduction of carbon dioxide and
nitrogenous species for urea synthesis. ACS Nano 17, 3209-3224 (2023).
Chen, C,, He, N. & Wang, S. Electrocatalytic C-N coupling for urea synthesis.
Small Sci. 1, 2100070 (2021).

Kim, J. E., Choi, S., Balamurugan, M., Jang, J. H. & Nam, K. T.
Electrochemical C-N bond formation for sustainable amine synthesis. Trends
Chem. 2, 1004-1019 (2020).

Mei, Z. et al. Recent progress in electrocatalytic urea synthesis under ambient
conditions. ACS Sustain. Chem. Eng. 10, 12477-12496 (2022).

Jiao, D. et al. Mo , P monolayer as a superior electrocatalyst for urea synthesis
from nitrogen and carbon dioxide fixation: a computational study. Energy
Environ. Mater. https://doi.org/10.1002/eem2.12496 (2022).

Zhu, X., Zhou, X,, Jing, Y. & Li, Y. Electrochemical synthesis of urea on
MBenes. Nat. Commun. 12, 4080 (2021).

Yang, G.-L. et al. Gaseous CO , coupling with N-containing intermediates for
key C-N bond formation during urea production from coelectrolysis over Cu.
ACS Catal. 12, 11494-11504 (2022).

Huang, Y. et al. Direct electrosynthesis of urea from carbon dioxide and nitric
oxide. ACS Energy Lett. 7, 284-291 (2022).

Liu, X, Jiao, Y., Zheng, Y., Jaroniec, M. & Qiao, S.-Z. Mechanism of C-N
bonds formation in electrocatalytic urea production revealed by ab initio
molecular dynamics simulation. Nat. Commun. 13, 5471 (2022).

Janthon, P. et al. Bulk properties of transition metals: a challenge for the
design of universal density functionals. . Chem. Theory Comput. 10,
3832-3839 (2014).

Kurth, S., Perdew, J. P. & Blaha, P. Molecular and solid-state tests of density
functional approximations: LSD, GGAs, and Meta-GGAs. Int. J. Quant. Chem.
75, 889-909 (1999).

Vega, L., Ruvireta, J., Viiies, F. & Illas, F. Jacob’s ladder as sketched by escher:
assessing the performance of broadly used density functionals on transition
metal surface properties. J. Chem. Theory Comput. 14, 395-403 (2018).
Ropo, M., Kokko, K. & Vitos, L. Assessing the Perdew-Burke-Ernzerhof
exchange-correlation density functional revised for metallic bulk and surface
systems. Phys. Rev. B 77, 195445 (2008).

Shibata, M., Yoshida, K. & Furuya, N. Electrochemical synthesis of urea on
reduction of carbon dioxide with nitrate and nitrite ions using Cu-loaded gas-
diffusion electrode. J. Electroanal. Chem. 387, 143145 (1995).

Wan, H. et al. Electrochemical synthesis of urea: co-reduction of nitric oxide
and carbon monoxide. ACS Catal. 13, 1926-1933 (2023).

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Calle-Vallejo, F., Martinez, J. I, Garcfa-Lastra, J. M., Mogensen, M. &
Rossmeisl, J. Trends in stability of perovskite oxides. Angew. Chem. Int. Ed.
49, 7699-7701 (2010).

Sargeant, E., Illas, F., Rodriguez, P. & Calle-Vallejo, F. Importance of the gas-
phase error correction for O2 when using DFT to model the oxygen reduction
and evolution reactions. J. Electroanal. Chem. 896, 115178 (2021).
Calle-Vallejo, F., Huang, M., Henry, J. B., Koper, M. T. M. & Bandarenka, A.
S. Theoretical design and experimental implementation of Ag/Au electrodes
for the electrochemical reduction of nitrate. Phys. Chem. Chem. Phys. 15,
3196-3202 (2013).

Urrego-Ortiz, R., Builes, S. & Calle-Vallejo, F. Fast correction of errors in the
DFT-calculated energies of gaseous nitrogen-containing species.
ChemCatChem 13, 2508-2516 (2021).

Urrego-Ortiz, R., Builes, S. & Calle-Vallejo, F. Impact of intrinsic density
functional theory errors on the predictive power of nitrogen cycle
electrocatalysis models. ACS Catal. 12, 4784-4791 (2022).
Granda-Marulanda, L. P. et al. A semiempirical method to detect and correct
DFT-based gas-phase errors and its application in electrocatalysis. ACS Catal.
10, 6900-6907 (2020).

Peterson, A. A., Abild-Pedersen, F., Studt, F., Rossmeisl, J. & Norskov, J. K.
How copper catalyzes the electroreduction of carbon dioxide into
hydrocarbon fuels. Energy Environ. Sci. 3, 1311-1315 (2010).

Studt, F., Abild-Pedersen, F., Varley, J. B. & Norskov, J. K. CO and CO2
hydrogenation to methanol calculated using the BEEF-VdW functional. Catal.
Lett. 143, 71-73 (2013).

Christensen, R., Hansen, H. A. & Vegge, T. Identifying systematic DFT errors
in catalytic reactions. Catal. Sci. Technol. 5, 4946-4949 (2015).

Sargeant, E., Illas, F., Rodriguez, P. & Calle-Vallejo, F. On the shifting peak of
volcano plots for oxygen reduction and evolution. Electrochim. Acta 426,
140799 (2022).

Almeida, M. O,, Kolb, M. J., Lanza, M. R. V,, Illas, F. & Calle-Vallejo, F. Gas-
phase errors affect DFT-based electrocatalysis models of oxygen reduction to
hydrogen peroxide. ChemElectroChem 9, €20220021 (2022).

Della Sala, F., Fabiano, E. & Constantin, L. A. Kinetic-energy-density
dependent semilocal exchange-correlation functionals. Int. J. Quant. Chem.
116, 1641-1694 (2016).

Schmidt, T. & Kiimmel, S. One- and many-electron self-interaction error in
local and global hybrid functionals. Phys. Rev. B 93, 165120 (2016).

Tao, J., Perdew, J. P., Staroverov, V. N. & Scuseria, G. E. Climbing the density
functional ladder: nonempirical meta-generalized gradient approximation
designed for molecules and solids. Phys. Rev. Lett. 91, 146401 (2003).
Curtiss, L. A., Raghavachari, K., Redfern, P. C. & Pople, J. A. Assessment of
gaussian-2 and density functional theories for the computation of enthalpies
of formation. J. Chem. Phys. 106, 1063-1079 (1997).

Curtiss, L. A., Raghavachari, K., Redfern, P. C. & Pople, J. A. Investigation of
the Use of B3LYP zero-point energies and geometries in the calculation of
enthalpies of formation. Chem. Phys. Lett. 270, 419-426 (1997).

Paier, J., Hirschl, R., Marsman, M. & Kresse, G. The Perdew-Burke-Ernzerh
of exchange-correlation functional applied to the G2-1 test set using a plane-
wave basis set. . Chem. Phys. 122, 234102 (2005).

Heyd, J., Scuseria, G. E. & Ernzerhof, M. Hybrid functionals based on a
screened coulomb potential. J. Chem. Phys. 118, 8207-8215 (2003).
Urrego-Ortiz, R., Builes, S. & Calle-Vallejo, F. Automated versus chemically
intuitive deconvolution of density functional theory (DFT)-based gas-phase
errors in nitrogen compounds. Ind. Eng. Chem. Res. 61, 13375-13382
(2022).

Kresse, G. & Furthmiiller, J. Efficient iterative schemes for ab initio total-
energy calculations using a plane-wave basis set. Phys. Rev. B 54, 11169-11186
(1996).

Wang, W. et al. Measurement of the cleavage energy of graphite. Nat.
Commun. 6, 7853 (2015).

Girifalco, L. A. & Lad, R. A. Energy of cohesion, compressibility, and the
potential energy functions of the graphite system. J. Chem. Phys. 25, 693-697
(1956).

Zacharia, R., Ulbricht, H. & Hertel, T. Interlayer cohesive energy of graphite
from thermal desorption of polyaromatic hydrocarbons. Phys. Rev. B 69,
155406 (2004).

Benedict, L. X. et al. Microscopic determination of the interlayer binding
energy in graphite. Chem. Phys. Lett. 286, 490-496 (1998).

Xia, M., Liang, C., Cheng, Z., Hu, R. & Liu, S. The adhesion energy measured
by a stress accumulation-peeling mechanism in the exfoliation of graphite.
Phys. Chem. Chem. Phys. 21, 1217-1223 (2019).

Perdew, J. P. Jacob’s Ladder of Density Functional Approximations for the
Exchange-Correlation Energy. In AIP Conference Proceedings. Vol. 577, pp
1-20 (AIP, 2001).

Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation
made simple. Phys. Rev. Lett. 77, 3865-3868 (1996).

COMMUNICATIONS CHEMISTRY | (2023)6:196 | https://doi.org/10.1038/s42004-023-00990-7 | www.nature.com/commschem 9


https://doi.org/10.1002/eem2.12496
www.nature.com/commschem
www.nature.com/commschem

ARTICLE

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-023-00990-7

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Perdew, J. P. & Wang, Y. Accurate and simple analytic representation of the
electron-gas correlation energy. Phys. Rev. B 45, 13244-13249 (1992).
Hammer, B., Hansen, L. B. & Norskov, J. K. Improved adsorption energetics
within density-functional theory using revised Perdew-Burke-Ernzerhof
functionals. Phys. Rev. B 59, 7413-7421 (1999).

Wellendorff, J. et al. Density functionals for surface science: exchange-
correlation model development with Bayesian error estimation. Phys. Rev. B
85, 235149 (2012).

Sun, J., Ruzsinszky, A. & Perdew, J. P. Strongly constrained and appropriately
normed semilocal density functional. Phys. Rev. Lett. 115, 036402 (2015).
Perdew, J. P., Ernzerhof, M. & Burke, K. Rationale for mixing exact exchange
with density functional approximations. J. Chem. Phys. 105, 9982-9985 (1996).
Becke, A. D. Density-functional Thermochemistry. III. The role of exact
exchange. J. Chem. Phys. 98, 5648-5652 (1993).

Elias, D. C. et al. Control of graphene’s properties by reversible hydrogenation:
evidence for graphane. Science 323, 610-613 (2009).

Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector
augmented-wave method. Phys. Rev. B 59, 1758-1775 (1999).

Monkhorst, H. J. & Pack, J. D. Special points for brillouin-zone integrations.
Phys. Rev. B 13, 5188-5192 (1976).

Linstrom, P. J. NIST Chemistry WebBook - SRD 69, National Institute of
Standards and Technology. https://webbook.nist.gov/chemistry (accessed
2023-05-17).

Haynes, W. M,; Lide, D. R; Bruno, T. J. CRC Handbook of Chemistry and
Physics, 97th edn. (CRC Press/Taylor And Francis, 2016).

Pickering, M. The entropy of dissolution of urea. . Chem. Educ. 64, 723 (1987).
Ruehrwein, R. A. & Huffman, H. M. Thermal Data. XIX. The heat capacity,
entropy and free energy of urea. J. Am. Chem. Soc. 68, 1759-1761 (1946).
NIST Computational Chemistry Comparison and Benchmark Database. NIST
Standard Reference Database 101. https://cccbdb.nist.gov/introx.asp (accessed
2022-05-15).

Mobley, D. L. Experimental and Calculated Small Molecule Hydration Free
Energies. UC Irvine: Department of Pharmaceutical Sciences, UCL https://
escholarship.org/uc/item/6sd403pz (accessed 2023-05-17).
Granda-Marulanda, L. P., McCrum, L. T. & Koper, M. T. M. A simple method
to calculate solution-phase free energies of charged species in computational
electrocatalysis. J. Phys. Condens. Matter 33, 204001 (2021).

Bondarenko, A. S. et al. The Pt(111)/electrolyte interface under oxygen
reduction reaction conditions: an electrochemical impedance spectroscopy
study. Langmuir 27, 2058-2066 (2011).

Norskov, J. K. et al. Origin of the overpotential for oxygen reduction at a fuel-
cell cathode. J. Phys. Chem. B 108, 17886-17892 (2004).

Kotz, J. C., Treichel, P., Townsend, J. R. & Treichel, D. A. Chemistry ¢
Chemical Reactivity, 10th edn (Cengage Learning, 2019).

Linstrom, P. J. & Mallard, W. G. The NIST chemistry webbook: a chemical
data resource on the internet. /. Chem. Eng. Data 46, 1059-1063 (2001).
Ruscic, B.; Bross, D. H. Active Thermochemical Tables (ATcT) values based on
ver. 1.124 of the Thermochemical Network. https://atct.anl.gov/ (2023).
Wellendorff, J. et al. A benchmark database for adsorption bond energies to
transition metal surfaces and comparison to selected DFT functionals. Surf.
Sci. 640, 36-44 (2015).

Briquet, L. G. V., Sarwar, M., Mugo, J., Jones, G. & Calle-Vallejo, F. A new
type of scaling relations to assess the accuracy of computational predictions of
catalytic activities applied to the oxygen evolution reaction. ChemCatChem 9,
1261-1268 (2017).

Teng, B.-T., Wen, X.-D., Fan, M., Wu, F.-M. & Zhang, Y. Choosing a proper
exchange-correlation functional for the computational catalysis on surface.
Phys. Chem. Chem. Phys. 16, 1856318569 (2014).

Granda-Marulanda, L. P., Builes, S., Koper, M. T. M. & Calle-Vallejo, F.
Influence of Van Der Waals interactions on the solvation energies of
adsorbates at Pt-based electrocatalysts. ChemPhysChem 20, 2968-2972 (2019).
Koper, M. T. M. Thermodynamic theory of multi-electron transfer
reactions: implications for electrocatalysis. J. Electroanal. Chem. 660,
254-260 (2011).

Kjaergaard, C. H., Rossmeisl, J. & Norskov, J. K. Enzymatic versus inorganic
oxygen reduction catalysts: comparison of the energy levels in a free-energy
scheme. Inorg. Chem. 49, 3567-3572 (2010).

Man, L. C. et al. Universality in oxygen evolution electrocatalysis on oxide
surfaces. ChemCatChem 3, 1159-1165 (2011).

90. Lv, C. et al. Selective electrocatalytic synthesis of urea with nitrate and carbon
dioxide. Nat. Sustain. 4, 868-876 (2021).

91. Krzywda, P. M., Paradelo Rodriguez, A., Benes, N. E., Mei, B. T. & Mul, G.
Carbon-nitrogen bond formation on Cu electrodes during CO2 reduction in
NO3-solution. Appl. Catal. B Environ. 316, 121512 (2022).

92. Lv, C. et al. A defect engineered electrocatalyst that promotes high-efficiency
urea synthesis under ambient conditions. ACS Nano 16, 8213-8222 (2022).

Acknowledgements

This work received financial support from grants PID2021-127957NB-100 and
TED2021-132550B-C21, which are funded by MCIN/AEI/ 10.13039/501100011033 and
the European Union. The project that gave rise to these results also received the support
of a Ph.D. fellowship from “la Caixa” Foundation (ID 100010434, fellowship code LCF/
BQ/DI122/11940040). FI and STB MdM acknowledge funding from the ‘Maria de Maeztu’
program for Spanish Structures of Excellence (CEX2021-001202-M). We thank Red
Espafiola de Supercomputacion (RES) for supercomputingtime at Marenostrum 4 (pro-
ject QHS-2023-2-0013). The use of supercomputing facilities at SURFsara was sponsored
by NWO Physical Sciences, with financial support by NWO. We also acknowledge the
use of supercomputing resources of the Centro de Computacion Cientifica Apolo at
Universidad EAFIT (https://www.eafit.edu.co/apolo) and the Center for Functional
Nanomaterials, which is a U.S. DOE Office of Science User Facility, and the Scientific
Data and Computing Center, a component of the Computational Science Initiative, at
Brookhaven National Laboratory under contract no. DE-SC0012704.

Author contributions

R.U.O.: formal analysis, investigation, visualization, and writing- original draft. S.B.:
formal analysis, investigation, writing- review & editing, and funding acquisition. F.I,
S.T.B., and M.C.F.: formal analysis, writing- review & editing, and funding acquisition.
F.C.V.: conceptualization, investigation, formal analysis, writing- review & editing,
supervision, project administration, and funding acquisition.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42004-023-00990-7.

Correspondence and requests for materials should be addressed to Federico Calle-
Vallejo.

Peer review information Communications Chemistry thanks the anonymous reviewers
for their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

37 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

COMMUNICATIONS CHEMISTRY'| (2023)6:196 | https://doi.org/10.1038/s42004-023-00990-7 | www.nature.com/commschem


https://webbook.nist.gov/chemistry
https://cccbdb.nist.gov/introx.asp
https://escholarship.org/uc/item/6sd403pz
https://escholarship.org/uc/item/6sd403pz
https://atct.anl.gov/
https://www.eafit.edu.co/apolo
https://doi.org/10.1038/s42004-023-00990-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commschem

	Minimum conditions for accurate modeling of urea production via co-electrolysis
	Methodology
	Computational methods
	Co-electrolysis modeling
	Gas-phase error assessment

	Results
	Errors in co-electrolysis reactions
	Errors in the molecules
	Implications for electrocatalysis

	Conclusions
	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information


