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A Cu metal surface was evaluated by a novel technique combin-
ing temperature-programmed reduction (TPR) measurement with
N,O oxidation. The technique consists of three steps: the usual TPR
measurement, the oxidation of the Cu surface by N,O, and the sub-
sequent TPR measurement. The surface Cu oxidized by N,O was
determined as a ratio of the peak area of the second TPR profile
to that of the first one. It was found that bulk oxidation gradually
proceeds after surface oxidation even at 30°C. After the surface ox-
idation, the Cu,0 produced by N,O oxidation vagied with N,O ex-
posure time (t) and had a linear correlation with t2 at temperatures
below 100°C. The linear correlation in the parabolic plot proves that
bulk oxidation proceeds through the diffusion process, and the Y-
intercept corresponds to the surface oxidation. Both the dispersion
and the Cu metal surface area of the sample were calculated from
the intercept in the parabolic plot for the Cu,0 produced by N,O
oxidation. In addition, we found that a very large Cu metal sur-
face area, as high as 32 m? g_;, was created on a Cu-MgO catalyst
through a citrate process using a molten mixture of copper nitrate,
magnesium nitrate, and citric acid.  © 2000 Academic Press

Key Words: TPR; N,O; Cu surface area; bulk; Cu-MgO; citric
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INTRODUCTION

In the oxidation of copper metal, it is known that N,O
oxidizes only the surface (1-3). The surface reaction, 2Cu +
N>O — N, + Cu,0, has been used for the determination of
Cu metal surface area of catalyst. In the measurement, con-
sumption of N,O has been evaluated by volumetric mea-
surement of N, produced (1-4), pulse N,O titration using
chromatographic separation (5, 6), and differential heat of
N.O decomposition (1, 7). In classic volumetric measure-
ment under reduced pressures, it takes several hours to ac-
complish surface oxidation by N,O (3, 4). In contrast, pulse
N,O titration is convenient for rapid measurement under
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flow conditions (5, 6). Chinchen et al. improved the pulse
N,O titration method by monitoring a change in TCD signal
of the N,O consumption during the N,O decomposition at
60°C without separating N, produced and N,O unreacted
(8). Dandekar and Vannice have recently reported the dis-
persion and surface oxidation states of supported Cu cata-
lysts using the combination of N,O decomposition at 90°C
and CO adsorption at 27°C (9).

There is some disagreement among several researchers
as to the optimum temperature at which Cu surface should
be oxidized by N,O. Scholten and Konvalinka favored per-
forming the N,O decomposition at 90°C for more repro-
ducible results (3), while Sengupta et al. observed a slight
increase in the amount of N,O decomposed with increas-
ing temperature from 30 to 70°C and a sharp increase in the
amount of N,O decomposed due to bulk oxidation above
70°C (4). In pulse titration, Dvorak and Pa3ek adopted
N,O-oxidation temperatures lower than 60°C (5), whereas
Evansetal. adopted 90°C (6). As regards the bulk oxidation
of Cu, Cu-on-support catalysts are completely oxidized by
N,O at 120°C (2, 3).

Incidentally, we have reported several mixed oxide cata-
lysts such as NiO-MgO (10-13), Fe,O3-CeO, (14), and
CuO-Al,03 (15) prepared by an amorphous citrate process
known as a preparation method for fine ceramic powders
(16). For example, in NiO-MgO, which forms a solid so-
lution with NaCl-type structure, MgO additives act as an
obstacle preventing the aggregation of NiO during the de-
composition of the amorphous citrate mixture (12). After
the NiO-MgO has been reduced at 500°C, the Ni-MgO
catalyst with high Ni content such as 70 wt% had a Ni sur-
face areaas high as 30 m? g~ (13). Therefore, we expect that
the citrate process in CuO-MgO will provide Cu—-MgO with
high Cu surface area.

In this paper, we have developed a novel and conve-
nient method for the estimation of Cu surface area us-
ing temperature-programmed reduction (TPR) combined
with N,O oxidation, which clearly distinguishes surface and
bulk oxidation of Cu. We also estimate Cu surface areas
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of Cu-MgO catalysts together with other catalysts such as
Cu-Al,O3 and Cu-SiO; by using the present method com-
bining TPR measurement with N,O oxidation.

EXPERIMENTAL

Pure CuO was prepared from an equimolar molten mix-
ture of copper (I1) nitrate trihydrate and citric acid mono-
hydrate. All reagents were supplied by Wako Chemical in
Japan. Details of the preparation procedure have been de-
scribed in the previous papers (10, 12). After the metal
citrate precursor had been heated in air at 170°C for 2 h, it
was calcined in air at 550°C for 3 h to provide a pure CuO
sample. CuO-MgO samples with different copper contents
were also prepared using mixtures of copper nitrate, magne-
sium nitrate, and citric acid. Other reference samples were
prepared by either impregnation or the citrate process. The
specific surface area (SA) of the sample was determined
by the BET method using a nitrogen adsorption isotherm
measured in a conventional volumetric gas adsorption ap-
paratus at —196°C.

Figure 1 illustrates the TPR apparatus equipped with a
N,O flow line, which is made of stainless tube. A catalyst
sample (10-30 mg) was fixed in a glass tube with glass wool,
and its temperature was monitored by a thermocouple lo-
cated outside of the tube. A mixture of Hyo/N, (=1/9) was
flowed at atmospheric pressure with a flow rate of 10 cm®
min~?, and the consumption of H, was detected by a thermal
conductivity detector (TCD) cell. N,O with a flow rate of
1 cm®min~!was introduced into the H,/N, flow: the ratio of
N,O/H2/N, was 1/1/9 during the oxidation of Cu. Switching
asix-way valve can change the location of the N,O-injection
port for that of the sample bed.

Table 1 summarizes stepwise procedures of the tech-
nique. A TPR measurement was done from 30 to 300°C
at a heating rate of 10 K min~?, and then the temperature
was held at 300°C for 1 h. The first TPR signal was collected
(Step 1). It was confirmed that no further reduction peak
was observed at higher temperatures. After the first TPR
process, the sample was cooled to an N,O-oxidation tem-
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FIG. 1. TPR apparatusand N,O oxidation flow diagram. 1, Activated

Cu operated at 300°C; 2, TCD; 3, six-way valve; 4, furnace; 5, catalyst
sample; 6, H,O adsorption filter filled with molecular sieve 13x and silica
gel indicator; 7, thermocouple; 8, PC and temperature controller.
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TABLE 1

Stepwise Procedures of the Technique

Step Procedure

1 Acquisition of first TPR signal (A;) from 30 to 300°C at a
heating rate of 10 K min~!

2 Cooling the sample to an N,O-oxidation temperature

3 N,O-oxidation of the reduced sample at 30-110°C for a
prescribed period

4 Stabilization of the TCD signal at the N,O-oxidation
temperature

5 Acquisition of second TPR signal (A;) from the N,O-oxidation

temperature to 300°C

perature, 30-110°C (Step 2). Switching the six-way valve
started the oxidation of the reduced sample through con-
tact with N,O in the Hy/N, flow at a prescribed temperature.
After a prescribed period, a switch back ended the oxida-
tion of reduced Cu (Step 3). After the TCD signal had been
stabilized at the N,O-oxidation temperature (Step 4), the
second TPR was measured from the N,O-oxidation tem-
perature to 300°C at a heating rate of 10 K min~ to reduce
the oxidized Cu surface again (Step 5).

Figure 2 shows typical TPR profiles for pure CuO pre-
pared by the citrate process. The peak area of the first TPR
profile (A;) corresponds to the amount of all CuO in the
sample, and that of the second TPR (A) is the amount
of Cu,O produced by N,O oxidation. A fraction of Cu,O
in the total Cu, D*, is calculated as D*=2A,/A;, which
means an apparent Cu dispersion. We calculated D* using
data from a fresh sample because further TPR signal inten-
sity decreased with repeated oxidation-reduction cycles. If
N,O oxidizes only the surface of Cu, D* is regarded as the
true dispersion (D) defined as the ratio of exposed surface
Cu to total Cu. Thus, we can calculate the Cu metal surface
area per unit weight of catalyst, SAc,, as SAcy (M? ggit) =
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FIG.2. Typical TPR profiles of pure CuO sample. (a) First TPR;
(b) second TPR after N,O oxidation at 30°C.
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DA, Lcy/100 Wey Na, where Ay, Lcy, Wey, and Np are
Avogadro’s number, Cu content (wt%) in the catalyst,
atomic weight of Cu (63.5 g mol™t), and number of sur-
face Cu atoms in unit surface area, respectively. A reported
Na value, 1.7 x 10'® m=2 (17), is used for the calculation of
SAcu, While Na values in the range (1.68-1.35) x 10 m~2
are available for different Cu crystal planes (7).

RESULTS AND DISCUSSION

Figure 3 shows variations in the fraction of Cu,O in the
total Cu (D*) with N,O-exposure time (t) at different tem-
peratures for the pure CuO sample. At any N,O-oxidation
temperatures, the D* values increased rapidly within 1 min,
and they increased gradually with increasing t. The initial
increase in the D* value corresponds to the surface oxida-
tion of Cu by N,O, and the following one is ascribed to
the bulk oxidation. The bulk oxidation proceeds faster at
higher temperatures. Even at 30°C, it is obvious that the
bulk oxidation gradually proceeds during the continuous
contact of N,O with the surface.

Assuming that the bulk oxidation proceeds through the
diffusion process, we can analyze the D*~t data by using a
plarabolic plot (18). Thlus, the D* data are replotted against
tz in Fig. 4. The D*-tz plots fitted with straight lines and
had the same Y-intercept at the temperatures below 100°C.
The second TPR signals were not reproducible at 110°C.
Because the oxidized Cu surface commenced to be reduced
at 110°C, as shown in Fig. 2b, both the oxidation of Cu and
the reduction of oxidized Cu occur simultaneously. The Y-
intercept represents a precise D value for the sample, and
then we calculate SAc, using the D value and Cu content.
The D and SAc, values for the pure Cu sample were 0.0027
and 1.5m?g_}, respectively. We obtained oxygen cover-
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FIG. 3. Variations in D* with contact time (t) of N,O at various tem-
peratures for pure CuO. (a) Oxidized by N,O at 30; (b) 50; (c) 70; (d) 90;
(e) 100°C.
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FIG. 4. Parabolic plots for the D*-t data in Fig. 3. Symbols are the
same as those in Fig. 3.

age 1.15, which is calculated from the specific surface area
(SA) of Cu powder prepared by reducing the pure CuQ,
1.3 m?g_L. The results indicate another important thing:
we had better use D*~t data to obtain a precise SAc, value
at such a low N,O-oxidation temperature as 30°C because
errors are depressed by the smallest slope of the D*-t: line.

Figure 5 shows D*-t? plots for supported Cu cata-
lysts at the N,O-oxidation temperature of 30°C. For the
Cu-MgO catalysts with Cu content of 30 and 50 wt%,
the D*-t? plots also showed linear dependence. D val-
ues calculated from the Y-intercepts were 0.156 and 0.117,
respectively, and SAc, values were 26.1 and 32.6 m? g},
respectively. For Cu-Al,O3; with Cu content of 67 wt%,
the D*-t? plot also showed a straight line, and the D and
SAc, values were 0.0384 and 14.3 m? g, respectively. For
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FIG.5. Parabolic plots for D*-t data of supported Cu samples.
N,O oxidation at 30°C. (a) Cu(30 wt%)-MgO; (b) Cu(50 wt%)-MgO;
(c) Cu(67 wt%)-Al,Os.
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the Cu(50 wt%)-MgO catalyst, it was also confirmed that
D*-t? plots had the same Y-intercept at temperatures of
30, 50, and 70°C.

A D*/D value corresponds to a thickness of surface Cu,O
layer. At low N,O-oxidation temperatures such as 30 and
50°C, the D*/D values were less than 2. Thus, the average
width of the bulk Cu,O layer is thinner than that of the
surface oxide monolayer. A Cu ion rather than an oxygen
anion is thought to be the diffusion species in the bulk oxi-
dation of Cu particles by O, (3). The diffusion of Cu™ from
bulk to surface is probably predominant in the present N,O
oxidation because the size of Cu™ is smaller than that of O?~.
In N,O exposure above 70°C, the D*/D values exceed 2 in
Figs. 4c—4e, indicating that a bulk Cu,O overlayer grows
on Cu.

When the diffusion process controls the bulk oxidation,
the diffusion coefficient depends only on the temperature in
the same material (18). In the D*-t: plot, aslope, S, divided
by the D obtained is directly concerned with the diffusion
coefficient. The S/D values in Fig. 4 are strongly dependent
on the temperature. All the S/D values of the1 supported
Cu samples in Fig. 5 were the same, 0.16 min™2, whilelthe
S/D of the pure Cu sample in Fig. 4a was 0.09 min~2 at
30°C. The same values with different samples suggest that
bulk oxidation through diffusion proceeds at the same rate
in the supported Cu catalysts. Osinga et al. reported that
bulk oxidation of Cu powder needed a temperature about
20 K higher than that for supported Cu catalysts (2). Since
the S/D value for the pure CuO is smaller than that of sup-
ported Cusamples, itis speculated that the diffusion process
depends on the Cu particle size.

The time dependence of D* depicted in Fig. 3 is different
from the Kkinetic data that Scholten and Konvalinka mea-
sured for pure Cu, where it takes several hours to perform
the decomposition of N,O under reduced pressure (Fig. 2 in
Ref. 3). The difference is probably due to the different total
pressures. In contrast, the pulse N,O titration reported by
Evans et al. realizes Cu surface oxidation even in a short
contact time with Cu under N,O flow at atmospheric pres-
sure (6). The measurement conditions are similar to the
present ones, while the difference is whether surface oxide
is directly detected or not. In our preliminary pulse N,O
titration experiment over Cu-MgO at 90°C, we observed
that N,O decomposed even after several pulses of N,O, as
has been reported in Table 2 in Ref. (6). If we assume bulk
oxidation, we can explain the increase in the N,O consump-
tion through the multiple pulses of N,O.

Since no hydrogen liberation was observed in the sec-
ond TPR without N,O oxidation, hydrogen adsorbed can
be negligible at 30°C. Thus, the reaction of surface hydro-
gen atoms with N,O during the oxidation would not inval-
idate the Cu surface area calculation. In addition, even at
a high N,O partial pressure with N,O/H,/N, =2/1/9 in the
oxidation, the same D value was observed for a CuO-MgO
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TABLE 2
Physical Properties of Cu-MgO and Other Reference Samples

Cu content D? SAc? SAP
Sample (Wt%) -) (M geur (M? 9ot
Cu-MgO° 20 0.180 20.1 84.3
30 0.156 26.1 71.6
50 0.117 32.6 62.4
60 0.0643 215 45.2
100 0.0027 15 1.3
Cu-Al,O3° 46 0.0275 7.1 105
67 0.0384 14.3 100
Cu-Sio,? 20 0.0269 3.0 236

2Measured by the present method through N,O oxidation at 30°C.

b Measured by BET method for the unreduced sample.

“Prepared by citrate process, sample was calcined at 550°C.

dPprepared by impregnation method using copper nitrate, sample was
calcined at 550°C.

sample at 30°C. Although the temperature measured is not
always the same as the surface temperature, the possibility
of surface heating invalidating the temperature measure-
ment can be denied because there is no influence of N,O
partial pressure on the present N,O oxidation.

Table 2 summarizes physical properties of Cu-MgO cata-
lysts. In the Cu—-MgO samples, SAcy exhibited a maximum
at a Cu content of 50 wt%o, while both D and specific surface
area (SA) monotonically decreased with increasing Cu con-
tent. It was found that Cu metal surface occupied about half
of the specific surface area in the Cu(50 wt%)-MgO sample.
The prereduced CuO-MgO sample was a mixture of CuO
and MgO as speculated from XRD data (not shown), in
contrast to the case of NiO-MgO, which consists of a solid
solution and has a maximum Ni surface area at 70 wt%
Ni (12). We also tested other reference catalysts, as listed
in Table 2. Cu(20 wt%)/SiO,, prepared by impregnating
Cu(NO3),aq on SiO; gel (specific surface area 295 m? g 1),
and Cu-Al,O3, prepared by the citrate process, had SAcy
less than 14.3 m? gL even on a high-surface-area support.

Inconclusion, we have developed a new technique, a back
titration of surface Cu,O with Hj, which combines a TPR
experiment with N,O oxidation to estimate Cu metal sur-
face area. The technique consists of three steps: a standard
TPR measurement, oxidation of Cu by N,O, and a subse-
guent TPR. The fraction of Cu,O produced by N,O oxi-
dation out of the total Cu was calculated as the ratio of
the TPR peak area of the second TPR profile to the first
one. The fraction of Cu,O varied with N,O exposure time
(t) and had a linear correlation with t: at temperatures
below 100°C. The linear correlation in the parabolic plot
proves that bulk oxidation proceeds through the diffusion
process. The Y-intercept in the parabolic plot corresponds
to the surface Cu,O, which means true dispersion of Cu.
Although bulk oxidation proceeds gradually after surface
oxidation even at 30°C, the Cu metal surface area of sample
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are calculated by the true dispersion and Cu content. The
technique is powerful for estimating Cu surface area under
the conditions where the catalyst support is not reduced in
the TPR process. We additionally found that a Cu-MgO
catalyst with Cu surface area as high as 32 m? g.; colud be
prepared through a citrate process using a molten mixture
of copper nitrate, magnesium nitrate, and citric acid.
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