
U.S. Department of Energy

Notice: This manuscript has been authored by employees of Brookhaven Science Associates, LLC under 
Contract No.                              with the U.S. Department of Energy. The publisher by accepting the 
manuscript for publication acknowledges that the United States Government retains a non-exclusive, paid-up, 
irrevocable,  world-wide license to publish or reproduce the published form of this manuscript, or allow others
 to do so, for United States Government purposes. 

Brookhaven National Laboratory 

BNL-212024-2019-JAAM

Potassium-Promoted Reduction of Cu2O/Cu(111) by CO

J. A. Rodriguez,

To be published in "Journal of Physical Chemistry C"

April 2019

Chemistry Department

USDOE Office of Science (SC), Basic Energy Sciences (BES) (SC-22)

DE-SC0012704



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government.  Neither the United States Government nor any 
agency thereof, nor any of their employees, nor any of their contractors, 
subcontractors, or their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or any 
third party’s use or the results of such use of any information, apparatus, product, 
or process disclosed, or represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial product, process, or service 
by trade name, trademark, manufacturer, or otherwise, does not necessarily 
constitute or imply its endorsement, recommendation, or favoring by the United 
States Government or any agency thereof or its contractors or subcontractors. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof.  



1 Potassium-Promoted Reduction of Cu2O/Cu(111) by CO
2 Iradwikanari Waluyo,†,§ Kumudu Mudiyanselage,†,∥ Fang Xu,†,⊥ Wei An,†,# Ping Liu,†

3 J. Anibal Boscoboinik,‡ Jose ́ A. Rodriguez,† and Dario J. Stacchiola*,†

4
†Chemistry Department, Brookhaven National Laboratory, Upton, New York 11973, United States

5
‡Center for Functional Nanomaterials, Brookhaven National Laboratory, Upton, New York 11973, United States

6 ABSTRACT: In situ X-ray photoelectron spectroscopy (XPS), infrared reflection
7 absorption spectroscopy (IRRAS), and scanning tunneling microscopy (STM) were
8 used to study the reduction of potassium-modified Cu2O/Cu(111) by CO. By
9 following the time evolution of the O 1s peak of Cu2O, we determined that the
10 apparent activation energy for Cu2O reduction by 2 × 10−4 Torr CO is decreased by
11 ∼30% in the presence of K. On the K-modified surface, both XPS and IRRAS data
12 show the formation of a surface species identified by IRRAS as carbonate (CO3

2−),
13 likely forming a K+-CO3

2− complex, which is stable up to 500 K. STM images show that
14 K+-CO3

2− complexes form chains around reduced Cu islands, thereby hindering the
15 mass transfer of Cu atoms and preventing the reconstruction of the surface. Theoretical
16 calculations show that the formation of carbonate on the K-modified “44” Cu2O
17 structure is thermodynamically favorable compared to the formation of CO2 on either
18 the bare or K-modified surfaces.

19 ■ INTRODUCTION

20 The addition of alkali promoters has long been known to
21 enhance the activity of supported transition metal catalysts for
22 a variety of industrially important reactions such as ammonia
23 synthesis,1 CO2 hydrogenation,2 benzyl alcohol oxidation,3

24 ethylene epoxidation,4 and preferential CO oxidation in the
25 presence of H2 (PROX).

5−7 On single crystal metal surfaces,
26 the coadsorption of alkali metals and surface species such as
27 CO, CO2, H2O, and O has been extensively studied.8,9 The
28 coadsorption of alkali metals and CO, for example, results in
29 the increased heat of adsorption of both CO and the alkali
30 metal10,11 as well as a red-shift of the CO IR stretch
31 frequency.12−14 Various models have been proposed to explain
32 the alkali-promoted CO stabilization on metal surfaces,
33 generally involving the weakening of the internal C−O bond
34 and strengthening of the metal−CO bond.9,15−22 In addition,
35 although CO2 tends to adsorb weakly on transition metal
36 surfaces, the highly electropositive alkali metals have been
37 found to activate CO2 through electron donation, resulting in
38 the formation of various negatively charged species, including
39 carbonate (CO3

2−), oxalate (C2O4
2−), carboxylate (CO2

−),
40 and carbonite (CO2

2−), with carbonate being considered as the
41 most stable.23−26 An infrared reflection absorption spectros-
42 copy (IRRAS) study recently showed that at low temperatures,
43 potassium multilayers promote the formation of formate from
44 CO2 and H2O through the activation of CO2 and the
45 dissociation of H2O.

27

46 Alkalis are widely used in the industry for promoting
47 catalysts.28,29 Despite extensive research, proposed mecha-
48 nisms of alkali promotion for various catalytic reactions remain
49 controversial. This is partly due to the lack of in situ
50 characterization studies on the promoting effect during
51 reaction conditions. In ammonia synthesis, potassium atoms

52are considered to be localized at the active centers present on
53the surface to enhance the activity.30 In Fischer−Tropsch
54synthesis, the strong basicity of potassium promotes the
55adsorption of reactants (CO and H2) on the active sites, which
56effects activity and selectivity.31

57The effect of alkali promoters on metal oxide films has not
58been studied in situ as extensively using surface science
59techniques due to the high complexity of these systems, as
60reported previously for ammonia synthesis.32 Since the
61identification of the role of promoters is essential for the
62enhancement of the activity, it is very important to carry in situ
63investigations of the role of promoters in model systems using
64surfaces science techniques, which provides molecular level
65mechanistic information.
66Cu can be easily oxidized to Cu2O under ultrahigh vacuum
67(UHV) conditions and can be further oxidized to CuO at
68higher temperatures and O2 pressures.33 The interaction
69between CO and copper surfaces has been extensively studied
70because Cu-based catalysts are a well-known class of
71heterogeneous catalysts in CO conversion reactions such as
72CO oxidation (2CO + O2 → 2CO2),

34,35 methanol synthesis
73(CO + 2H2 → CH3OH),

36,37 and the water−gas shift reaction
74(CO + H2O → CO2 + H2).

38 In the case of copper oxide
75(CuxOy) catalysts, their activity for CO oxidation depends on
76the oxidation state of Cu, with a decreasing activity and
77increasing activation energy observed with increasing oxidation
78state of Cu.39,40
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79 CO is known to be able to reduce Cu2O to metallic Cu via
80 the Mars-van Krevelen mechanism in which CO reacts with an
81 oxygen atom from the oxide surface and forms CO2. The
82 kinetics of this reaction can also be considered as a model for
83 the initial rate of the CO + O step in the CO oxidation
84 reaction in a highly reducing environment, thereby avoiding
85 the decreased catalytic activity due to the oxidation of Cu+ to
86 Cu2+ by O2. The reduction of Cu2O/Cu(111) by CO was
87 studied using scanning tunneling microscopy (STM) and X-ray
88 photoelectron spectroscopy (XPS) under UHV conditions.41 A
89 two-stage process was observed: a slow initial stage or
90 induction process in which CO reacts with chemisorbed
91 oxygen atoms, creating an O-deficient Cu2O phase, followed
92 by a fast stage in which CO reacts with the lattice oxygen
93 atoms of Cu2O.41 Ambient pressure STM experiments
94 revealed that Cu2O reduction starts at defect sites, and the
95 mass transfer of released Cu from terraces to step-edges causes
96 the formation of metallic phase fronts that propagate across the
97 surface, resulting in the reconstruction of the step-edges and
98 separation of the oxide and metallic phases.42

99 In this work, in situ XPS, IRRAS, and STM were used to
100 study the effect of K on the reduction of Cu2O/Cu(111) by
101 CO. We show that K promotes the reduction of Cu2O by CO
102 and reduces the activation energy of the reaction by ∼30%.
103 The reduction of K/Cu2O/Cu(111) by CO results in the
104 formation of a surface species that can be identified as
105 carbonate (CO3

2−), which forms chains and islands around the
106 reduced Cu islands. This is supported by results from
107 theoretical calculations, which show that K stabilizes the
108 formation of CO3

2− on the surface. Since CO needs to react
109 with two O surface atoms in order to form CO3

2−, the
110 favorable formation of CO3

2− due to the presence of K,
111 therefore, accelerates the reduction of the surface.

112 ■ EXPERIMENTAL METHODS

113 XPS measurements were performed at beamline X1A1 at the
114 National Synchrotron Light Source (NSLS). The endstation
115 was equipped with a differentially pumped hemispherical
116 electron analyzer (SPECS Phoibos 150 NAP). A 300 μm
117 entrance aperture to the first differential pumping stage was
118 located >0.5 mm from the sample. The sample was heated
119 using a ceramic button heater, and the sample temperature was
120 measured by a K-type thermocouple spot-welded to a Ta foil
121 placed between the sample and the heater. XP spectra were
122 obtained with a pass energy of 10 eV and photon energies of
123 689 and 523 eV for the O 1s and C 1s regions, respectively.
124 IRRAS experiments were performed in a combined UHV
125 surface analysis chamber and elevated-pressure reactor/IRRAS
126 cell system. The elevated-pressure cell was coupled to a Bruker
127 IFS 66v/s Fourier-transform infrared (FT-IR) spectrometer.
128 The Cu(111) single crystal was held tightly using a Ta loop
129 embedded in a groove machined around the crystal edge. The
130 Ta loop was attached directly to the manipulator feed-through,
131 which was used for both mechanical support and heating/
132 cooling. The sample temperature was measured by a K-type
133 thermocouple attached to the top edge of the crystal. IRRA
134 spectra were collected at 4 cm−1 resolution using a grazing
135 angle of approximately 85° to the surface normal.43

136 STM experiments were performed using a SPECS Aarhus
137 HT-NAP STM, which contained a sealed ambient pressure cell
138 housed in a UHV chamber. A commercial etched tungsten tip
139 was used for all of the scanning under constant current mode.

140Images were scanned from bottom to top, and each image took
141∼150 s to obtain.
142In all experiments, Cu(111) was cleaned by repeated cycles
143of Ar+ sputtering and 800−850 K annealing. The sample was
144then annealed to 550−650 K in 5 × 10−7 Torr O2 for 20 min,
145resulting in the formation of well-ordered Cu2O(111)-“44”
146film.44 K was evaporated using a K getter source from SAES.
147The coverage of K was calibrated using a quartz crystal
148microbalance (QCM) for XPS experiments and by Auger
149electron spectroscopy for IRRAS experiments. The CO stretch
150IR peak was also used to confirm the amount of K on the
151surface as its frequency was sensitive to K coverage. Since the
152deposition of K caused a partial reduction of Cu2O, the as-
153deposited surface was then reoxidized at 500 K under 5 × 10−7

154Torr O2 for 10 min. For the reduction experiments, CO was
155introduced to the chamber via a variable leak valve. CO
156pressures were read by a hot cathode/MicroPirani combina-
157tion gauge (XPS), a Pirani gauge (IRRAS), and a baratron
158gauge (STM).

159■ THEORETICAL METHODS

160Calculations were performed by using periodic density
161functional theory (DFT) as implemented in the Vienna ab
162initio simulation package (VASP).45,46 Ion-core electron
163interactions were described using the projected augmented
164wave method (PAW),47,48 and Perdew−Wang functional
165(GGA-PW91) within the generalized gradient approximation
166(GGA)49,50 was used to describe exchange-correlation effects.
167The cutoff energy of the plane-wave basis set was 400 eV. To
168model the “44” structure, we built a Cu2O-like O−Cu−O
169overlayer on top of a three-layer p(4 × 4) Cu(111) slab. Nine
170Cu ions and seven O ions were included in the oxide layer.51

171 f1Figure 1(a) shows the optimized “44” structure where OU and
172OL represent lattice oxygen atoms in the upper and lower
173layers, respectively, and Oads is a chemisorbed oxygen atom.
174Here, x = 1.3 according to the ratio between Cu and O on the

Figure 1. Optimized structures for (a) the “44” structure and (b) 0.19
ML K deposited on the “44” structure. Three types of O atoms on the
surface are labeled. Oads: chemisorbed O; OU: upper layer O; OL:
lower layer O. Red: O, reddish brown: Cu, purple: K.
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175 O−Cu−O layer. To model the K-deposited “44” structure
176 (Figure 1(b)), we added additional O to the center of the O−
177 Cu−O hexagonal ring and K on top of each chemisorbed O
178 atoms.52 Such an arrangement corresponds to our exper-
179 imental procedures and calculated K binding orderings, i.e.,
180 −2.44 eV ← 2.75 eV ← 3.23 eV for OU, OL, and Oads,
181 respectively, in which K binds Oads the strongest. As such, a
182 0.19 ML K is formed on the “44” structure. A vacuum of 20 Å
183 between the slabs was applied perpendicular to the surface.
184 The conjugate gradient algorithm was used in optimization,
185 allowing a convergence of 10−4 eV in total energy and 0.02 eV/
186 Å in Hellmann−Feynman force on each atom. The Brillouin-
187 zone integration was sampled by 3 × 3 × 1 k-points using the
188 Monkhorst−Pack scheme.53 All atoms were allowed to relax
189 except those of the bottom two layers that were fixed at the
190 bulk position with the optimized lattice constant of 3.634 Å.
191 The binding energy (BE) was defined as BE = Eads/slab − Eslab
192 − Eads(gas), where ads is CO, CO2, or K, slab is the bare “44” or
193 K-deposited “44” structure, and Eads/slab, Eslab, and Eads(gas) are
194 the total energy of adsorbate/slab, clean slab, and a free
195 adsorbate in gas phase, respectively. Negative (positive) BE
196 represents exothermic (endothermic) adsorption process. The
197 reaction energy of CO titration for high pressure of CO was
198 calculated as ΔE = EmOv + mECO2(g) − mECO(g) − E0 based on
199 CO(g) + Obulk → OV + CO2(g), where m represents the total
200 number of OV. EOv, ECO2(g), ECO(g), and E0 represent the total
201 energy of a slab with oxygen vacancies (OV), gas-phase CO2,
202 gas-phase CO, and a slab without Ov, respectively. By
203 including the TΔS term, we also calculated the Gibbs reaction
204 energy (ΔGrxn).

205 ■ EXPERIMENTAL RESULTS
f2 206 Figure 2 displays the XP spectra of the O 1s region when

207 Cu2O/Cu(111) and K/Cu2O/Cu(111) were exposed to 10
208 mTorr of CO at 300 K. The initial main peak at 529.6 eV is

209assigned to the lattice oxygen of Cu2O, while the higher energy
210tail at 532.3 eV can be attributed either to surface OH from the
211adsorption of background H2O or to strongly chemisorbed
212oxygen.54 In the absence of K (Figure 2(a)), the oxide peak
213intensity decreases over time as the O atoms from Cu2O is
214consumed by CO and Cu+ is reduced to Cu0. At the CO
215pressure used in the current study, only a negligible (i.e., 1−2
216min) induction period was observed, as opposed to low
217pressure previous studies.41 The reaction is complete after 28
218min as evidenced by the disappearance of the O 1s peak. In the
219C 1s region, only a small C0 peak is observed after the reaction
220(not shown). The reaction rate for the reduction of a Cu2O
221film at 300 K is determined to be (1.6 ± 0.1) × 10−3 s−1, in
222good agreement with a similar AP-XPS measurement in a
223previous study42 yielding a reaction rate of (2.1 ± 0.1) × 10−3

224s−1 at the same temperature and CO pressure. By performing
225similar experiments at 325 and 350 K, we determined an
226apparent activation energy of 0.16 ± 0.02 eV for the reduction
227of K/Cu2O/Cu(111) by 10 mTorr CO, which is lower than
228the previously reported 0.22 ± 0.01 eV for the reduction of
229Cu2O/Cu(111) by 1 mTorr of CO.55

230With ∼0.1 monolayers of K deposited on the surface, the
231same initial main oxide peak at 529.6 eV is observed before the
232onset of reduction by 10 mTorr CO (Figure 2(b)), indicating
233no incorporation of new surface species due to the potential
234contamination from the deposition of K; but instead of a
235gradual intensity decrease, a new peak appears at 531.2 eV after
236only 1 min of CO exposure, and it is unchanged with longer
237CO exposure. This indicates that Cu2O reduction is already
238complete after 1 min and a different O-containing surface
239species is formed and that K promotes the reduction of Cu2O
240by CO. The fast reduction of the K-modified Cu2O film under
241the above conditions does not allow for obtaining kinetic data.
242In order to determine the reaction rate and activation energy, a
243lower pressure of CO (2 × 10−4 Torr) was used to reduce

Figure 2. Time-dependent O 1s AP-XP spectra during the reduction of (a) Cu2O/Cu(111) and (b) as-deposited K/Cu2O/Cu(111) by 10 mTorr
of CO at 300 K.
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244 reoxidized K/Cu2O/Cu(111), in order to start with a fully
245 oxidized film as for the case of the reduction of pure Cu2O

f3 246 films. Figure 3 shows the time-dependent O 1s spectra during

247 this reaction at 308 K; similar experiments were performed at
248 323 and 348 K. While the expected intensity decrease of the
249 oxide peak at 529.6 eV is observed as Cu2O is reduced, a new
250 component at 531.2 eV starts to appear after ∼74 min and
251 increases thereafter, until it becomes the only peak at 105 min.
252 This peak disappears after the sample was annealed to 500 K.
253 An apparent activation energy of 0.28 ± 0.01 eV was
254 determined for the reduction of reoxidized K/Cu2O/Cu(111)
255 by 2 × 10−4 Torr of CO. The same lower CO pressure was
256 used to reduce Cu2O/Cu(111) at higher temperatures (473,
257 488, and 503 K), and an apparent activation energy of 0.42 ±
258 0.01 eV was obtained. This represents an ∼30% decrease in
259 activation energy due to the presence of K at the same CO
260 pressure. The difference in the apparent activation energies for
261 Cu2O/Cu(111) reduction at different CO pressures (i.e., 0.42
262 eV at 0.1 mTorr CO, 0.22 eV at 1 mTorr CO, and 0.15 eV at
263 10 mTorr CO) is due to the different amounts of CO available
264 on the surface.

f4 265 Figure 4 shows the K 2p and C 1s XP spectra obtained
266 before and after the reduction by 2 × 10−4 Torr CO as well as
267 after a 500 K annealing of the sample. Before reduction, the K
268 2p3/2 peak has a binding energy of 293.2 eV. A K 2p3/2 binding
269 energy range between 292.89 and 293.49 eV was reported for
270 K2O-SiO2 glasses depending on the mole fraction of K2O.

56

271 This indicates that for the reoxidized K/Cu2O/Cu(111)
272 sample, K is likely oxidized as K2O. However, the O 1s signal
273 from K2O is indistinguishable from that from Cu2O as no
274 additional features or binding energy shifts are observed in the
275 O 1s spectra obtained after K evaporation and reoxidation. In
276 fact, the O 1s spectra of Cu2O/Cu(111), as-deposited K/

277Cu2O/Cu(111), and reoxidized K/Cu2O/Cu(111) look nearly
278identical except for small differences in overall intensity. After
279reduction, two peaks are observed in the C 1s region at 288.9
280and 284.2 eV. The 288.9 eV peak can be assigned to a CxOy
281surface species that also gives rise to the 531.2 eV peak in the
282O 1s region, while the 284.2 eV is attributed to C0. The K 2p
283peaks only show a small shift by 0.3 eV to higher binding
284energy, suggesting that K remains in the +1 oxidation state,
285forming a complex with the anionic CxOy species. The 288.9
286eV peak disappears upon annealing to 500 K, consistent with
287the O 1s spectra. The fact that the C0 peak does not increase in
288intensity with the disappearance of the 288.9 eV peak indicates
289that complete desorption instead of decomposition of the
290CxOy species occurs upon annealing to 500 K. After the 500 K
291anneal, K+ is reduced to K0 as evidenced by the shift of the K
2922p3/2 peak to 294.3 eV, in agreement with the K 2p3/2 binding
293energy of 294.2 eV for K/Cu(111) (not shown). The shift of
294the K 2p spectrum to higher binding energy due to the
295reduction of K+ to metallic K has been well documented in the
296literature.57 In addition, the apparent broadening of the K
2972p1/2 peak and the fact that the two spin orbit peaks of K 2p no
298longer display the expected 1:2 intensity ratio is likely due to
299the presence of plasmon loss features, which are typical for
300metallic K.57,58 Although plasmon features are normally
301observed for high coverages of K, they can also be caused by
302the formation of metallic K clusters.57 This further supports
303the reduction of K+ to K0 that accompanies the desorption of
304the CxOy species when the sample was heated to 500 K. The
305lower overall intensity of the K 2p spectra after heating to 500
306K is likely because some K has desorbed at this temperature.
307While XPS unambiguously shows the formation of a CxOy
308species, vibrational spectroscopy can help in identifying the
309 f5adsorbed species. Figure 5(a) shows the time-dependent IRRA
310spectra obtained when reoxidized K/Cu2O/Cu(111) was
311continuously exposed to 2 × 10−4 Torr CO at 300 K. Before

Figure 3. Time-dependent O 1s XP spectra during the reduction of
reoxidized K/Cu2O/Cu(111) by 2 × 10−4 Torr CO at 308 K,
followed by annealing of the reduced surface to 500 K.

Figure 4. K 2p and C 1s XP spectra of reoxidized K/Cu2O/Cu(111)
before (top) and after (middle) reduction by 2 × 10−4 Torr CO at
308 K as well as after annealing the reduced surface to 500 K
(bottom). The spectra were taken in the same experiment as Figure 2.
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312 the onset of reduction, no peaks were observed in the 1000−
313 2800 cm−1 region. As the reduction reaction proceeds, a
314 surface species is formed as evidenced by the appearance of a
315 peak in the OCO stretch region at ∼1500 cm−1, which grows
316 in intensity as a function of reaction time. Upon completion of
317 the reduction reaction, the peak has a maximum intensity at
318 1521 cm−1 with shoulders at 1498 and 1540 cm−1. No other
319 peaks were observed between 1000 and 2800 cm−1. Figure
320 5(b) shows that the CxOy species starts to decompose above
321 340 K when the intensity of the 1521 cm−1 peak starts to
322 decrease. At the same time, a new peak is observed at 1557
323 cm−1. This higher frequency peak disappears first at 468 K,
324 while the intensity of the 1521 cm−1 peak is unchanged. Both
325 peaks almost disappear at 500 K, indicating the desorption of
326 the species and in agreement with the XP spectra.
327 Since the reduction of Cu2O involves the formation of CO2,
328 the identification of the CxOy species benefits from the
329 comparison with the vibrational frequencies of various species
330 formed from the adsorption of CO2 and CO on related

t1 331 systems, as summarized in Table 1. A definitive assignment is
332 nontrivial because all of these species (C2O4

2−, CO3
2−, CO2

−,
333 and CO2

2−) have overlapping OCO stretch modes between
334 1000 and 1900 cm−1. In light of the observation of ordered
335 structures of this species by STM, oxalate (C2O4

2−) seems to
336 be a likely candidate since the self-assembly of oxalic acid on
337 Cu(111) has been observed at room temperature.59 However,
338 oxalate (both C2v and D2h symmetries) can be ruled out
339 spectroscopically because it has prominent νa(OCO) and
340 νs(OCO) modes at around 1600−1700 cm−1 and ∼1300−
341 1400 cm−1, respectively, and no peaks at ∼1500 cm−1 (Table
342 1). CO2

− stretch modes generally have frequencies close to
343 those of oxalate, while CO2

2− only has modes below 1400
344 cm−1. A 1530 cm−1 peak observed from the coadsorption of
345 Na and CO2 on Pd(111) was assigned to the νa(OCO) of a
346 CO2

− species; however, there is also a stronger accompanying

Figure 5. (a) Time-dependent IRRA spectra of reoxidized K/Cu2O/Cu(111) exposed to CO at a constant pressure of 2 × 10−4 Torr at 300 K. (b)
IRRA spectra measured after heating the reduced sample to the specified temperatures.

Table 1. Frequencies of the CO Stretching Modes of
Various CxOy Species on Relevant Surfaces

νa(CO) νs(CO) ref

Oxalates (C2O4
2−)

K + CO2/Cu(111) (D2h) 1642 1320 24
K + CO2/Cu(111) (C2v) 1718 1574 24
CO2 on √3×√3-R30°-
K/Ru(001)

1600−1725 1342 23

CO2 on multilayer-K/Ru(001) 1625 1345 23
K + CO2/Co(1010) 1625 1312 71
CO2 + H2O + K on Cu(111)
annealed to 475 K

1665 1315 27

Carbonates (CO3
2−)

CO2 on √3×√3-R30°-
K/Ru(001)

1467 23

CO2 on multilayer-K/Ru(001) 1447 1071
(vw)

23

CO2 + H2O + K on Cu(111)
annealed to 600 K

1460 27

K + CO2/Cu(110) annealed >
233 K

1512 1045
(w)

72

CO on Cs/Cu(110)-O 1510 1050
(w)

61

CO + O2 on Cs/Cu(110) 1500 1050
(w)

61

CO2 on Cs/Cu(110) 1510 1060
(w)

61

CO on K/Cu2O/Cu(111) 1521 this
work

Carboxylate (CO2
−)

K + CO2/Pt(111) 1600 1340 26
Na + CO2/Pd(111) 1530 1210 25
K + CO2/Au(111) 1620 1350 73

Carbonite (CO2
2−)

CO2 on multilayer-K/Ru(001) 1396 1133 23
CO/CeO2 (C2v) 1317 1150 74
CO/CeO2 (Cs) 1266 1071 74
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347 peak at 1210 cm−1 assigned to νs(OCO), which we do not
348 observe in our experimental data.
349 Carbonates have a strong ν(OCO) mode between 1350 and
350 1700 cm−1 depending on the sample and bonding config-
351 uration, while other modes are either very weak or not
352 observed.60 A strong carbonate peak at ∼1460 cm−1 was
353 observed after annealing coadsorbed CO2 and K on Ru(001)
354 to 420 K, and it remains stable up to 650 K.24 Similarly, the
355 reaction between CO2 and H2O on K multilayers on Cu(111)
356 produces a strong carbonate peak at 1460 cm−1 at 600 K.27

357 The most convincing spectroscopic evidence for the assign-
358 ment of the 1521 cm−1 IR peak to carbonate comes from the
359 adsorption of CO on the Cs-modified Cu(110)−O surface at
360 360 K, which shows a strong peak at 1510 cm−1 assigned to
361 ν(CO) of carbonate.61 The corresponding C 1s and O 1s XP
362 spectra show peaks at 289 and 531.2 eV, respectively, which
363 are in good agreement with the spectra in Figures 3 and 4.61 In
364 addition, the strong 1500/1510 cm−1 peak was also observed
365 from annealing adsorbed CO2 as well as coadsorbed CO and
366 O2 on the Cs-modified Cu(110) surface.61 Therefore, we
367 identify the CxOy surface species formed after reduction of K/
368 Cu2O/Cu(111) by CO as carbonate (CO3

2−). Since according
369 to XPS, K has a +1 oxidation state (Figure 4, middle
370 spectrum), it is likely that a K+-CO3

2− complex is formed,
371 although it is not possible to determine the stoichiometry and
372 surface bonding scheme from the current data. The three
373 components of the carbonate peak likely arise from different
374 bonding environments. Upon annealing, the appearance of the
375 sharper and more symmetrical 1557 cm−1 peak is likely caused
376 by the formation of more ordered structures of K+-CO3

2−.
377 In order to know the surface structural change during the
378 reducing conditions, in situ STM images were taken under 3.5

f6 379 × 10−4 Torr CO at room temperature (Figure 6). The as-
380 prepared surface has a well-ordered Cu2O-“44” row structure62

381 across terraces. At a coverage less than 0.1 ML, potassium is
382 well dispersed on the surface, either embedded or on the
383 interface of the Cu2O-“44” structure and Cu(111). Shortly
384 after CO is introduced to the system, the reaction starts at
385 defect sites, both at the Cu2O and K sites (white circles in
386 Figures 6A-C). The relaxation of the Cu2O lattice appears near
387 the step-edges as well as on the lower terrace after an ∼40 min
388 induction period (Figure 6C). This relaxation continues in
389 Figure 6D, while the majority of Cu2O row structure is
390 maintained. Over time, the disorder of the Cu2O-“44”
391 structure expands, and metallic Cu forms near step-edges as
392 well as in the middle of the terrace (Figure 6E). After this
393 point, the reaction accelerates as evidenced by rapid formation
394 and growth of metallic Cu regions (Figure 6F to Figure 6G).
395 Ultimately, all Cu2O is completely reduced, resulting in
396 metallic Cu islands covering the surface (Figure 6H).
397 Additionally, in Figure 6I, the Cu step edges are decorated
398 by chains or small islands of a second species (imaged as dark)
399 other than Cu. In accordance with the XP and IRRA spectra,
400 this phase is assigned to the K+-CO3

2− complex formed after
401 the reduction of K/Cu2O/Cu(111). In our previous in situ
402 study of Cu2O/Cu(111) reduction by CO, no such second
403 phase is observed, and the density of metallic Cu islands,
404 mostly with circular shapes, is very low due to the mass transfer
405 of released Cu atoms to step edges.42 On the K-modified
406 surface, while the smaller Cu islands are mobile and they have
407 the tendency to merge into larger Cu islands (Figures 6H−I),
408 the presence of the K+-CO3

2− chains slows down the free mass
409 transfer of copper.

410By changing scanning conditions, this CxOy species can be
411 f7imaged as depressions (Figure 7A) or protrusions (Figure 7B).
412A zoomed-in image clearly resolves the near-square structural

Figure 6. In situ STM images of 3.5 × 10−4 Torr CO reducing
reoxidized potassium deposited Cu2O/Cu(111) surface at room
temperature. The exposure time from A) to H) is 0, 14.9, 42.3, 49.8,
52.2, 54.7, 57.2, and 62.2 min, respectively. I) is the image taken 6.7
min after CO was evacuated. Scanning conditions: 0.63 nA, 1.1 V (A
to H); −0.63 nA, −1.06 V (I); scanning from bottom to top. White
circles indicate defect sites, and green circles are landmarks. A) to H)
are of the same area. The shared scale bar is 5 nm. Color corresponds
to apparent height.

Figure 7. Postreaction topography of the reduced surface prepared in
Figure 6. The CO evacuation time is A) 6.7 min; B) 55.3 min; C)
75.8 min; and D) 98.2 min. A) and B) are of the same area. The inset
in B) is 6 × 6 nm2. White arrows in A) and B) show the process of
self-assembly of carbonates. Yellow arrows in C) and D) point to the
location of carbonate islands. Scale bars are 5 nm. Scanning
conditions: −0.63 nA, −1.06 V (A); −0.75 nA, −1.06 V (B to D);
scanning from bottom to top. Color corresponds to apparent height.
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413 pattern of this species (the inset in Figure 7B). The spacing of
414 the periodic bright protrusions is ∼0.41 nm. The number is
415 very close to the smallest K−K distance of solid potassium
416 overlayer on Cu(111).63,64 Thus, we propose that the K+-
417 CO3

2− complexes diffuse easily on the Cu(111) surface and
418 self-assemble to form islands. As time progresses after CO
419 evacuation, partial edges of Cu islands retract, and the
420 neighboring carbonate phases expand (white arrows in Figures
421 7A and 7B). The self-assembled K+-CO3

2− islands occupy kink
422 sites, the gaps between metallic Cu areas (yellow arrows in
423 Figures 7C and 7D). These islands are highly mobile. The
424 appearance of these islands can be linked to the 1557 cm−1

425 peak shown by IRRAS in Figure 5(b), and they are associated
426 with the formation of well-ordered K+-CO3

2− islands. We
427 estimate the K+-CO3

2− islands cover less than 10% of the
428 surface, consistent with the initial coverage of K.
429 Despite the good spectroscopic agreement, the question
430 remains whether the observation of chains and islands in STM
431 is consistent with the presence of carbonates aggregation of
432 carbonates or polycarbonate. Although evidence in the
433 literature for the aggregation or chain formation of carbonates
434 on surfaces is not abundant, it is not unprecedented. An STM
435 study of carbonate formed by the reaction between CO2 and O
436 on Ag(110) shows that rod structures consisting of single or
437 double chains of carbonates form between Ag−O rows and
438 accumulate on step-edges.65 In addition, carbonate produced
439 from the adsorption of CO2 on Cs/Cu(110) also shows chain-
440 like structures by STM.66 The polymerization of carbonate on
441 the surface should also be considered since DFT calculations
442 show that polycarbonates on ceria nanoparticles are stable
443 although they have not been identified experimentally.60

444 However, we cannot determine from the current experimental
445 data whether polycarbonate chains are formed.

446 ■ DISCUSSION
447 To understand how K promotes the reduction of Cu2O/
448 Cu(111) by CO, we first need to examine the effect of K on
449 both the electronic structure of the surface and the adsorption
450 of CO on the surface. A theoretical study of coadsorbed K and
451 O on Rh(111) found that there is charge transfer from K to the
452 antibonding states of O, resulting in the weakening of the O−
453 Rh bond.67 This was supported by experimental results from
454 the HREELS study of Na+O/Ni(111)68,69 and LEED of Cs
455 +O/Ru(0001),70 which suggest a weaker metal substrate−
456 oxygen bond due to the presence of the alkali metals. Our
457 previous DFT calculations show no charge transfer to the
458 antibonding states is observed for both the OL and OU atoms,
459 indicating that the K-promoted reduction of Cu2O cannot be
460 explained by the weakening of the Cu−O bond.47

461 Alkali metals are known to stabilize CO on various single
462 crystal metal surfaces by strengthening the metal−CO bond
463 and weakening the internal C−O bond. Little is known about
464 how alkali metals affect CO adsorption on metal oxide films. In
465 the case of Cu2O/Cu(111), CO desorbs at ∼180 K from both
466 the bare and K-modified surfaces under UHV conditions.
467 Theoretical calculations also show that the binding energy of
468 CO on the K-modified “44” structure is −0.49 eV,47 which is
469 very close to a binding energy of −0.47 eV for CO adsorption
470 on the bare “44” structure.51 This shows that K neither
471 promotes nor hinders the adsorption of CO on Cu2O/
472 Cu(111). However, while CO2 does not adsorb on the “44”
473 structure (BE = 0 eV), CO2 adsorption is slightly more
474 favorable on the K-modified surface with a binding energy of

475−0.47 eV. Carbonate is shown to be the most stable species on
476the K-modified “44” structure with a binding energy of −1.41
477eV. This is in agreement with results reported in the literature
478on the coadsorption of CO2 and alkali metals on various single
479crystal metal surfaces.9

480According to our previous DFT calculations, the most active
481oxygen on the pure Cu2O film during CO titration is the
482chemisorbed oxygen (Ochem) at the center of the 6-member
483ring,51 which is occupied by K in the K/Cu2O film and
484therefore not accessible. Among the lattice oxygens in the
485Cu2O film (see Figure 1), the removal of the high-coordinated
486oxygens in the lower layer of the film (OL) is found to be more
487favorable than those on the upper layer (OU). Therefore, OL
488seems likely to be involved in the formation of carbonate.
489 f8Figure 8 shows the Gibbs reaction energy for the CO+O

490reaction on the bare and K-modified “44” structures. The blue
491and red curves represent the desorption of CO2 as the product
492for the bare and K-modified surfaces, respectively, while the
493green curve represents the formation of surface carbonate as
494the product on the K-modified surface. It is clear that while
495there is no significant difference in reaction energy for CO2
496formation on either surface, the formation of surface
497carbonates on the K-modified surface is the most thermody-
498namically favorable process.

499■ SUMMARY AND CONCLUSIONS
500In situ XPS data show that potassium promotes the reduction
501of Cu2O/Cu(111) by CO as evidenced by the lower activation
502energy compared to the reduction of the bare surface. Both
503XPS and IRRAS data show the formation of CO3

2− with O 1s
504and C 1s binding energies of 531.2 and 288.9 eV, respectively,
505and an OCO stretching mode at 1521 cm−1. CO3

2− is stable up
506to 500 K, and it likely forms a complex with the K+ ions on the
507surface. STM images show that these K+-CO3

2− complexes
508form chains and small islands on the perimeters of reduced Cu
509islands, therefore hindering Cu mass transfer that was
510previously observed for the bare Cu2O/Cu(111) surface.
511Following CO evacuation, STM images show the presence of
512ordered K+-CO3

2− islands. The formation of these ordered
513islands is likely a kinetic process that is also observed by IRRAS
514through heating the sample to ∼400 K, in which a relatively
515sharp peak at 1557 cm−1 is observed. These results show the

Figure 8. Gibbs reaction energy for CO titration under relatively high
CO pressure at 298 K. Red: CO2 formation on the 44 structure; Blue:
CO2 formation on 0.19 ML K deposited 44 structure; Green: CO3

2−

formation on 0.19 ML K deposited 44 structure.
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516 role of K as a promoter and how it enhances the reduction of
517 Cu2O/Cu(111) and provides a molecular level mechanism for
518 the process. Theoretical calculations show that while K affects
519 neither CO adsorption nor Cu−O bond stability, it stabilizes
520 the formation of CO3

2− on the surface. Since the formation of
521 one CO3

2− ion requires one CO molecule to react with two O
522 atoms from the surface, the effect of the presence of K can then
523 be described as the accelerated reduction of the Cu2O film
524 through the stabilization of CO3

2− on the surface.
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